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ABSTRACT
Wiklund, L. 2002. Role of the 3’UTR in translation and stability of HCV and HPV mRNAs. Acta
Universitatis Upsaliensis. Comprehensive Summaries of Uppsala Dissertations from the Faculty of 
Medicine 1212. Uppsala. ISBN 91-554-5478-X

Hepatitis C Virus (HCV) and Human Papillomavirus (HPV) are two of the most common cancer-
associated viruses worldwide. So far, it has not been possible to develop any effective treatment 
for either of the virus infections. One reason for this is that neither of the viruses replicate 
efficiently in vitro. In order to understand this lack of replication in vitro, it is necessary to study 
the molecular interactions between virus and cell. In this stiudy, we have focused on RNA-protein
interactions.

Virus mRNAs can be divided into functional regions. The focus of this thesis will be to 
investigate the function of one of these regions, the 3’ untranslated region (UTR). The 3’UTR of 
HCV contains a U-rich element and the late 3’UTR of HPV-1 contains an AU-rich element. The 
roles of these regions in translation and stability of HCV and HPV have been studied.

A method was established for studying translation of HCV mRNA in living cells. Non-
infectious minivirus clones were synthesised in vitro and were transfected into cells by
electroporation. This made it possible to bypass the nucleus and to transfer RNA directly into the 
cell cytoplasm. We found that HCV mRNAs that are translated from the HCV internal ribosome 
entry site (IRES) are inefficiently translated in comparison to capped and polyadenylated cellular 
mRNAs. Interestingly, the addition of a cap and a poly(A) tail resulted in a tremendous increase in 
the initiation of translation at the HCV IRES. This was the result of a discontinuous scanning or 
shunting mechanism. We also found that the 3’UTR had a small but not significant effect on the 
virus mRNA translation. Next, we set up an in vitro stability assay to investigate if HCV 3’UTR 
affects the stability of the virus mRNA. We found that the HCV 3’UTR is very unstable but 
interaction with the cellular La protein protects the mRNA from premature degradation. 

In parallel experiments, we studied translation and stability of the HPV-1 late mRNAs. 
By studying an AU-rich sequence in the 3’UTR, we mapped two minimal inhibitory sequence
elements, UAUUUAU and UAUUUUUAU that reduced mRNA half-life. We found that the same 
motifs in the AU-rich element inhibit mRNA translation, demonstrating that the AU-rich element 
acts via a bimodal mechanism to reduce mRNA stability and inhibit translation.
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This is my contribution, a small piece in the big jigsaw puzzle, to increase our 
understanding of how science can help other people.
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1. Abbreviations

ARE AU-rich element
BPV Bovine papillomavirus
BVDV Bovine viral diarrhoea virus 
CSFV Classical swine fever virus 
ER Endoplasmic reticulum
ERG Early response gene 
eIF Eukaryotic initiation factor 
ELAV Embryonic lethal abnormal vision 
EMCV Encephalomycarditis virus
ERG Early response gene 
HAV Hepatitis A virus 
HBV Hepatitis B virus 
HCV Hepatitis C virus 
hnRNP Heterogeneous nuclear ribonucleoprotein 
HPV Human papillomavirus
IFN Interferon
IRE Iron-responsive element
IRES Internal ribosome entry site 
IRP Iron-regulatory protein 
La Lupus antigen protein
LDL Low-density lipoprotein 
NANBH Non-A, non-B hepatitis 
NCR Non-coding region 
NPC Nuclear pore complex 
NS Non-structural
ORF Open reading frame 
Poly(A) tail Polyadenylate tail
PTB Polypyrimidine tract binding protein
RdRp RNA dependant RNA polemerase 
TFA Tubule-forming agent 
Trn 1 Receptor transportin 1
UTR Untranslated region 
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2. Introduction

2.1. History
Viruses have existed since the beginning of life on earth and just as life has developed
and adapted to a changing environment, so have the viruses. Today they are highly 
complex and elusive and have, over time, developed their own protection, means of 
survival, and efficient ways of infecting their hosts. Virus research took an unexpected 
leap forward in 1796, when Edward Jenner first infected a young boy with cowpox virus 
and later exposed him to the lethal smallpox virus. Surprisingly, the boy did not become 
infected and Jenner had in fact performed the first recorded vaccination in history (56,
57, 129). Later work by Louis Pasteur, Robert Koch and Joseph Lister led to the
subsequent formulation of Koch’s postulates for identification of causative infectious 
agents (56, 57). The postulates state that (a) the infectious organism must be regularly 
found in the lesions of the disease, (b) the organism must be isolated in pure culture, (c) 
inoculation of such a culture into a host cell must result in disease and (d) the organism 
must be recovered from the lesion of the host (56, 57). In the late 19th century, results of 
investigations that did not satisfy Koch’s postulates lead scientists to define a new
infectious agent which was named after the Latin word for poison, virus (56, 57, 129).
Modern virus research started in the 1950s, due to an increased understanding of human 
DNA and the development of cell culture methods as a powerful tool for laboratory 
investigations (56, 57, 84, 129).

2.2. Virus infection
Viruses are tiny packages of genetic material with a protective shell of lipids and/or 
proteins. When a virus attacks and infects a living cell, the virus particles, or virions, will 
attach to cell surface receptors and translocate its own DNA and/or RNA into the cell. 
Most viruses use the regular mechanism of DNA to RNA transcription to take over the 
host cell. RNA viruses, however, are made up of RNA instead of DNA. They skip the 
step of incorporating their genetic material into the cell's DNA, and instead mask
themselves as part of the cell's regular messenger RNA to express proteins and other 
building blocks needed to produce new viruses. Defending cells from virus infection is 
one reason why vertebrates have evolved the immune system. Mature viruses can leave 
the cell a few at a time (budding), or by completely destroying the cell membrane (lysis). 

Viral mRNAs contain certain elements that have a regulatory role in infection. This 
thesis will investigate elements in the 3’untranslated region  (3’UTR) and how they
affect translation and stability of the viruses, hepatitis C (HCV) and human
papillomavirus (HPV).
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3. Aims of the study

1. To investigate the role of the HCV 3’UTR in mRNA translation.

2. To investigate if the HCV 3’UTR affects the mRNA half-life.

3. To investigate the role in translation of the AU-rich RNA instability element in 
the UTR of HPV-1 late mRNAs.
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4. Hepatitis C virus

4.1. General background
The first clue to what would become the discovery of hepatitis C virus (HCV) was found 
in 1974, when the development of serological tests for infection by the hepatitis A virus 
(HAV) and hepatitis B virus (HBV) made it possible to investigate the role of these
agents in transfusion-associated hepatitis (TAH) (55). Since it was found that the
majority of TAH cases were not caused by either HAV or HBV infections, this infection 
was renamed non-A, non-B hepatitis (NANBH) (55). Another study on transfusion
associated NANBH in the 1970 led to the conclusion that it often caused chronic
hepatitis, which could progress to liver cirrhosis and consequently to liver failure (16,
90, 208).

In 1978, it was shown that it was possible to transmit NANBH to chimpanzees after in
vivo administration of various human inocula (4, 202). This model led to another
experiment in the early 1980s where sequential episodes of NANBH were induced in 
chimpanzees. The results from this study pointed to the existence of several NANBH 
agents (90), one of which was later referred to as the tubule-forming agent (TFA).

In 1983, by treating infectious inocula with chloroform, the TFA became non-infectious
for chimpanzees, which indicated that the TFA might in fact be a virus with a lipid 
envelope (91, 167). Further experiments showed that the TFA agent was indeed a small 
(smaller than 80-nm), enveloped virus (91, 167). In 1989, An NANBH-specific cDNA 
clone was identified (29), which was derived from a single-stranded RNA molecule of 
approximately 10 000 nt, known by this time as HCV. A full-length HCV clone was 
constructed and it was shown that it was infectious in vivo in chimpanzee (109, 222).
This means that transcripts from a single full-length cDNA clone of HCV are infectious 
when directly injected into the liver of a chimpanzee.

HCV infection is widely spread and more than 170 million people (roughly 1 in every 40 
people) are estimated to be infected worldwide, Figure 1 (212). The number of chronic 
carriers of the virus may be as high as 500 million (46). In some countries, there are 
virtually no infected people, whereas for instance in Egypt, 24% of the population is 
infected with the virus (34). Transmission of the virus is mainly parenteral, for instance 
through contaminated blood transfusions, intravenous drug abuse and injections or
needle-stick injuries within health care . Prenatal and sexual transmissions both occur, 
but with a low frequency (5, 80, 142). For some of the cases, the reason for the infection 
is unknown. In 1990, development of a screening test eliminated the spread of HCV 
through contaminated blood.
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Figure 1: Worldwide prevalence of HCV. (34)

It is not fully known how HCV infection occurs. According to recent evidence, in 15-
25% of the cases the immune system will clear the virus during initial infection (34). The 
remaining cases will develop chronic hepatitis, which in another 20-30 years may lead to 
development of liver cirrhosis (10-20% of cases) or hepatocellular carcinoma (1-5% of 
cases). Currently, there is no effective treatment for HCV infection. The only available 
treatment to date is with Interferon ? (IFN-? ), alone or in combination with the antiviral 
drug, ribavirin. However, this treatment helps only 20-40% of chronically infected 
patients (52, 151).

HCV replicates efficiently in infected people, but does not replicate efficiently in vitro .
This makes it difficult to develop anti-viral drugs and vaccines. Why HCV fails to 
replicate well in vitro  is unknown. 

4.2. Classification genotyping
The Hepatitis C virus belongs to the flaviviridae family, and is the only member of the 
genus hepaciviruses (90). The other genera in the family are the pestiviruses and the 
flaviviruses. HCV has many quasi species, since the RNA-dependent RNA polymerase
(RdRp) of HCV is believed to lack proofreading activity, leading to many errors during
replication (61). Classification is made either by sequence comparisons of the entire 
genome or by comparing subgenomic regions of the HCV, for example, E1 (22), core or 
NS5B (188). There are at least 6 major genotypes (I-VI), or clades, of HCV (169), which 
can be divided into at least 80 HCV subgenotypes (21, 43, 187) based on sequence 
homology. The genotypes are found worldwide but some are restricted to certain 
geographic areas. HCV also appears to be related to tamarin or human viruses such as
GBV-A, GBV-B, and GBV-C (also called hepatitis G virus). At present, GBV-B is the 
closest identified relative of HCV.
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4.3.  The HCV genome and its gene products

Figure 2: The HCV genome , showing the 5’UTR, the ORF and the 3’UTR, and with the structural and non-
structural proteins. Figure is modified from Rosenberg,S.  (170).

HCV is a small, positive-sense, single-stranded, enveloped RNA virus with a length of 
about 9500 nt, Figure 2 (90). It has a unique single, long open reading frame (ORF). The 
ORF is translated into a polyprotein that varies in size between 3010 and 3033 amino 
acids (90). This polyprotein is cleaved cotranslationally into functional products by viral 
and cellular proteases (32, 167). It contains genes expressing structural proteins (C, E1, 
E2 and p7) in the N-terminus and non-structural proteins (NS2-NS5B) in the C-terminus
(90, 133). The structural proteins are involved in the formation of viral particles (14),
whereas the non-structural proteins have been suggested to play an essential role in 
replication (149).

The ORF is flanked by the 5’ and 3’ untranslated regions, both of which are essential for 
viral replication (50, 63, 70, 83, 168). The 5’UTR is highly conserved, and contains an 
internal ribosome entry site (IRES), whereas the 3’UTR is believed to be involved in 
replication and / or translation. 

4.3.1. Structural genes and their proteins
The core protein (C), is a conserved and positively charged 21 kDa protein believed to 
constitute the viral nucleocapsid (176). It is a highly basic protein with a number of 
distinct hydrophobic regions. It is likely that the C-terminal hydrophobic region plays a 
critical role in translocation of viral structural glycoproteins into the endoplasmic
reticulum (ER), where enzymes responsible for peptide processing and glycosylation are 
located.

IRES

Structual proteins Non-Structual proteins5’UTR 3’UTR

Translation and Processing

Host signal peptidase NS2-NS3 protease NS3 protease

RNA-dependent
RNA-polymerase

Phosphoprotein
ISDR ?

Unknown
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The full-length core is primarily found on the cytoplasmic surface of the ER (176). In 
addition, there are two smaller products, generated by secondary cleavage. These are a
19 kDa-product, which is the major product observed following expression in
mammalian cells, and a 16 kDa product (32). Both products will be transported into the 
nucleus.

The core protein binds to HCV 5’UTR and to ribosomal RNA and it may interfere with 
several cellular processes, such as transcription and translation (184), and apoptosis (89,
166, 228). The function of the core protein includes modulation of cellular gene
expression and indirect promotion of cell growth and transformation. It has also been 
suggested that core plays a role in apoptosis, although it is still under investigation 
whether it acts as an inhibitor or activator of this process. The 5’ end of the core protein-
coding sequence may be part of the IRES (211). It has also been suggested that core 
protein binding may be involved in the switch between viral polyprotein synthesis and 
subsequent viral RNA replication (184).

The envelope glycoproteins (E1, E2) are two heavily glycosylated proteins (35kDa and 
70kDa, respectively) (49), released from the polyprotein by host signal peptidases and 
are believed to integrate into the lipid envelope of the virion (33, 154). This is suggested
by the fact that association of E1 and E2 with the membrane is disrupted by detergent 
but not by high salt concentrations (14). They are involved in receptor binding and cell 
fusion. E1 and E2 are believed to be located inside the lumen of ER and golgi, whereas 
the C protein remains on the cytosolic side.

E2 is the most variable region of the HCV genome and the reason for this variation is 
believed to be random mutation and selection of mutants capable of escaping
neutralising antibodies produced by the host. There are two hypervariable regions
(HVR), HVR-1 and HVR-2 located in the E2 protein that may be involved in evasion of 
the host-immune response (191). HVR-1 represents the amino-terminal 34 aa within E2, 
and this region is believed to be especially important in HCV neutralisation because of 
its extreme variability (49). E2 has been shown to inhibit the activity of the PKR, the 
double-stranded RNA-activated Kinase (158, 207). There is another form of E2,
containing a C-terminal 7 kDa protein (p7) of unknown function (167). It consists 
mainly of hydrophobic residues and is cleaved inefficiently from the C-terminus of E2

E1 and E2 can form a heterodimer by non-covalent interaction and it has been shown 
that E1 can associate with the HCV core protein (131). Folding and assembly of the 
heterodimer occurs within the ER and is dependent on the chaperone, calnexin (49).

p7 The function of this (7 kDa) protein is still unknown.
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4.3.2. Non-structural genes and their proteins
Non-structural (NS) proteins are located at the cytoplasmic face of the ER (133). The NS 
proteins seem to be processed by a combination of two proteases, a metalloprotease
responsible for cleavage at the NS2/NS3 junction and a serine protease responsible for 
cleavage at the NS3/NS4a junction and at the downstream NS4a/NS4b, NS4b/NS5a and 
NS5a/NS5b junctions.

Non-structural protein 2 (NS2), is a 23 kDa hydrophobic transmembrane protein with 
the C-terminus located in the lumen of the ER and the N-terminus located in the cytosol 
(177) It contains a putative cysteine protease domain that together with the N-terminal
third of NS3 is a zinc-stimulated protease responsible for cleavage at the NS2/NS3 site 
(90, 149). NS2 is closely associated with the structural proteins, although the biological 
function of NS2 protein is still unclear and it has no known homology to other classes of 
proteases.

Non-structural protein 3 (NS3), is a 70kDa protein located on the cytosolic side of the 
ER. The functions of NS3 include serine protease activity (85), helicase activity (76) and 
RNA stimulated NTPase activity (17). NS3 has a preference for binding to oligo (U) 
nucleotides and binds to the U-rich region of the HCV 3’UTR (101). The NS3 protein is 
the most studied protein expressed in the HCV genome. The NS3 protease is responsible
for proteolytic processing of the whole downstream region of the viral polyprotein and 
the protease activity is located in the amino-terminal part of the NS3 molecule. Stability 
and activity of the NS3 protease is dependent on the cofactor, NS4a, without which NS3
is unstable (217). The helicase activity is needed for viral replication in the chimpanzee 
and it is assumed to be involved in unwinding a putative double-stranded replication 
intermediate, or to remove regions of secondary structure so that RdRp can copy the 
positive and negative strands (111).

Non-structural proteins 4A and 4B (NS4A, NS4B). The NS4 region of the polyprotein 
consists of two proteins, NS4A and NS4B (8kDA and 27kDa, respectively). NS4A 
forms a heterodimer with NS3 and acts as a necessary co-factor for NS3 protease activity 
(217). Since NS3 is rapidly degraded in the absence of NS4A, it may also stabilise the 
NS3 protein (217). The central region of NS4A seems to be needed for cleavage by the 
NS3 serine protease at the NS3/NS4A and NS4B/NS5A sites and stimulates cleavage at 
the NS4A/NS4B and NS5A/NS5B sites. The function of NS4B is unknown, but it may 
play a role in replication (130).

Non-structural proteins 5A and 5B (NS5A and NS5B). NS5A (56kDa) is a
phosphoprotein located in the nuclear periplasmic membrane (94). Basal
phosphorylation can occur without viral proteins while hyperphosphorylation requires 
association between NS5A and NS4A (6, 148). It has been suggested that NS5A is
responsible for resistance to IFN-? ?but the results are contradictory (52, 151) and no 
well-defined function for NS5A has been determined to date.
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The highly conserved protein NS5B (65 kDa) is the key component in HCV replication. 
It associates with cellular membranes and its location is perinuclear, which suggests that 
replication may take place in association with the ER membrane surrounding the
nucleus. The C-terminus has a hydrophobic domain, anchoring NS5B to the membrane 
(93). NS5B contains a GDD motif that is conserved among RdRp species (112). NS5B is 
necessary but not sufficient for specific initiation of replication, and catalyses the
replication that is presumed to start at the 3’ end of the virus genome. The RdRp activity 
of NS5B works through a copy back mechanism (9). In mammalian cells, it has been 
observed that NS5B associates with NS3 and NS4A, both of which are believed to be 
needed for replication (95). It has been shown that NS5B binds to the 3’UTR in vitro
(152) and this may be important for the HCV replication mechanism. Several other non-
structural proteins of HCV, including at least NS3, NS4a and NS5A, seem to be 
important for replication, they can be co-immunoprecipitated with NS5b.

4.3.3. Untranslated regions

Figure 3: The potential structure of the HCV 5’UTR with stem-loop,and the predicted site for IRES. Figure 
is modified from Brown et al. and Honda et al (20,88.).

The 5’ untranslated region (5’UTR) (332 to 341 nt), is the most conserved region of 
the entire HCV genome (20, 90). The HCV 5’UTR is homologous to the 5’UTR of 
pestiviruses, but not to flaviviruses. It contains multiple stem-loop structures that may be 
divided into four domains (I-IV), Figure 3 (123). Domain I contains a stem loop between 
nt 5 and 20. Domain II ranges between nt 44 and 118, and domain III between nt 125
and 325. Both domains II and III have a more complex secondary structure including 
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stem-loops and a pseudoknot in domain III. Domain IV, ranging between nt 332 and 
354, is located next to a pseudoknot structure, includes the translational initiator AUG 
codon and extends into the capsid-coding region (128, 168). This domain appears to be 
absolutely conserved among various HCV genotypes and contains the first 11 nt of the 
ORF (128, 168). Like the HCV 5’UTR, Bovine Viral Diarrhoea Virus (BVDV) and 
Classical Swine Fever Virus (CSFV) also have several AUG triplets upstream of the 
initiation codon and form extensive secondary structures. The multiple stem-loop
structures in the HCV 5’UTR contribute to an IRES (105, 150). It has been shown that 
the IRES interacts specifically with the 40S ribosomal subunit (162) and the eukaryotic 
initiation factor, eIF3 (189).

The IRES in complex with the 40S has been studied by using small angle X-ray
scattering and cryo-electron microscopy and it has been observed that binding of IRES 
to 40S seems to cause a significant conformational change, which aligns the 40S subunit 
to the initiation codon (106, 196). This is probably important for translation initiation of 
the HCV polyprotein.

The 5’UTR interacts with several cellular factors that may mediate and even regulate 
initiation of translation. Five of these have been identified to date: eIF3 (189),
heterogeneous nuclear ribonuclear protein L (hnRNP L) (78), poly(C) binding protein 
PCBP (64, 198), polypyrimidine tract binding protein (PTB) (2) and the lupus antigen 
(La) protein (3, 197).

Conserved
Region (98X)

Variable
Region

Poly(U)
Region

3’ UTR

Figure 4: The potential structure of the HCV 3’UTR with the variable, poly(U) and the conserved (98X) 
region (including SLI-SLIII). Figure is modified from Blight et al. and Kolykhalov et al. (15,110).
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The 3’ untranslated region (3’UTR) is roughly 260 nt but lengths and sequences differ 
within isolates (221). The 3’UTR structure can be divided into three regions: a variable 
region of approximately 40 nt in length, a U-rich region consisting of a homopolymeric 
poly U sequence combined with a polypyrimidine tract of mainly U with interspersed C 
residues, and a novel highly conserved heteropolymeric sequence of 98 nt (98X), Figure
4 (206, 221). The conserved region folds into three stem-loop structures, which are 
nearly identical in all HCV isolates (110). The 98X region is conserved and is located at 
the extreme end of the RNA. By injecting RNA of infectious clones with various
deletions in the 3’UTR, it was shown that the 98X and the U-U/C rich region are both 
required for in vivo replication, whereas the 5’ end of the variable region is not (111,
222).

4.4. The Hepatitis C virus life cycle
The life cycle of HCV is poorly understood, but is assumed to work as follows, Figure 5;
the virus particle binds to the receptor and releases the genomic positive-stranded RNA 
through fusion with the cell membrane. By translation and transcription, virus proteins 
are formed and new viral particles are released. As mentioned before, HCV does not 
replicate efficiently in cell culture (11, 36, 42, 126, 147, 203, 223). This has hindered the 
understanding of replication, and thereby the development of vaccines and anti-viral
drugs.

Figure 5: The presumed HCV life cycle (170,186).

Entry: How HCV enters the cell is unknown, but it may be through a still unidentified 
receptor. However, two molecules have been described as being receptors for HCV: 
CD81 (164, 173, 219), a member of the tetraspani family, which interacts with E2, and 
the low-density lipoprotein (LDL) receptor (1), which binds to unknown components of 
the viral envelope.
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Translation / Replication: The incoming virus particle releases the positive strand RNA
that is probably associated with capsid protein and cellular factors. The RNA is 
translated into a polyprotein by the cellular translation machinery and the polyprotein is 
cleaved co-translationally by cellular and viral proteases into structural and non-
structural proteins (133).

The non-structural proteins are believed to form a replication complex, that synthesises a
negative RNA strand by using the incoming RNA as a template (95, 130). The infective 
positive strand can synthesise several negative strand copies and each of these transcripts 
can be used many times to produce more positive strand RNAs, which in turn can be 
used for translation of additional viral proteins, negative strand synthesis, or packing into 
new viruses (90).

The 5’ and 3’ UTRs are believed to contain signals for initiation and termination of viral 
replication and the 3’UTR in particular is believed to play an important role. There are 
results suggesting that certain segments of the 3’UTR are essential for viral replication, 
whereas other results are contradictory to this (62, 96, 146, 214). Knowledge of HCV 
translation and replication is limited, hence the attempts to establish an efficient cell 
culture system (74). Recently, however, an intracellular replication system has been 
established, based on self-replicating replicons, and future enhancements of this system 
will hopefully allow it to be used for genetic and biochemical analyses (135).

By strand-specific reverse transcriptase (RT)-PCR, it has been shown that HCV probably 
replicates through a negative strand intermediate (126, 178). This has also been shown 
for other viruses such as picornaviruses. NS5B is the RdRp and is essential for RNA 
replication in vivo as well as in vitro (134, 135). It is presumed that initiation of 
transcription by the RdRp in coordination with other virally encoded and host proteins 
occurs in both 3’ and 5’ UTRs.

Translation of cellular mRNAs requires a cap structure at the 5’ end, and the poly(A) tail 
at the 3’ end (172). HCV does not have any of these structures, but instead contains an 
IRES within the 5’UTR, initiating translation.

Assembly and release: This process has not been thoroughly examined (168). Assembly 
probably occurs at the ER or golgi, based on the established location of the glycoprotein 
complexes and involves incorporating viral (but not cellular or negative strand viral) 
RNA into the capsid. It is believed that budding may occur in the ER or in ER-like
structures through the secretory pathway (168), but it is not known how the envelope is 
added to the nucleocapsid or how the budding process works.
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5. Papillomavirus

5.1. General background
Knowledge of different clinical types of warts and the suspicion that anogenital warts 
may be venereally transmitted goes back as far as the Greco-Roman times. In the 1890s, 
further evidence of the infectious nature of warts was found and in 1907, skin wart 
transmission to humans by cell-free wart extracts indicated that viruses might be
involved (31). In 1933, the first model of viral carcinogenesis in mammals was studied 
(185) and in late 1979, with the help of improved DNA technology, many human 
papillomavirus types were identified.

Papillomaviruses are common species-specific viruses that infect epithelial cells in both 
humans and animals (182). Infection can occur in the genital and respiratory tracts, and 
also on the hands and feet. In humans, papillomavirus causes a variety of benign 
proliferations such as warts, epithelial cysts, intraepithelial neoplasias, oro-laryngeal and 
-pharyngeal papillomas, kreatoacanthomas and other types of hyperkeratoses.

In rare cases, certain HPV types can persist and the infection may result in the
development of cancer. HPV infection is the primary cause of cervical cancer, the
second most common type of cancer in women, with 450000 diagnosed cases worldwide
per year (182). Of these cases, approximately 95% are associated with infection of HPV, 
causing 250000 deaths per year.

5.2. Classification and genotyping
HPVs have been found to be remarkably heterogeneous and more than 100 different 
genotypes of HPVs have been identified (12, 44). Generally, geographical differences in 
base composition of individual genotypes are small. The viruses are divided into two 
main groups depending on the epithelium infected: cutaneous or mucosal (182).
Classification can also be regarded as “low risk” or as “high risk” types depending on 
their oncogenic potential (229). Additional classification can be made according to the 
level of virus production as non-productive, weakly productive or productive types (91).
Currently, identification of new types is based on DNA sequence homology.
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5.3. The HPV genome and its gene products

Figure 6: The HPV-1 genome, showing the early and the late genes. The early (pAE) and the late (pAL1/2) 
poly(A) site are indicated.

Papillomaviruses belong to the family Papovaviridae and are small non-enveloped DNA 
viruses, with a circular double stranded DNA of approximately 8000 nt (91). The capsid 
has icosahedral symmetry and consists of 72 capsomers. The genetic information is 
located on one DNA strand and consists of at least eight ORFs, Figure 6. All HPV types 
contain at least six early (E) genes, two late (L) genes and a non-coding region (NCR). 
The early genes are mainly involved in viral DNA replication, transcription and
transformation, whereas the late genes code for viral structural proteins. In all sequenced 
papillomaviruses, the NCR is the least conserved region and is where viral DNA 
replication is initiated. It also contains cis -acting regulatory elements that bind viral and 
cellular transcription factors.

5.3.1. The early genes and their proteins 
The early genes produce proteins that are expressed throughout the epithelium. These 
genes play a role in the regulation of viral transcription and viral DNA replication, and 
also affect host cell growth.

E6 is a nuclear protein located in the nuclear matrix. It has a predicted molecular weight 
of 17 kDa and contains two zinc finger domains (91). The function of these finger
domains is not clear, but they appear to be required for stability and transforming 
functions. During an HPV infection, E6 is one of the earliest expressed proteins with 
several functions enhancing viral reproduction, such as blocking of apoptosis through 
p53 degradation, altering transcription through interaction with p300, and increasing cell 
life span through increased telomerase activity (92). It has been suggested that E6 
contributes to the “progression” stage of carcinogenesis, as well as earlier stages in the 
formation of benign lesions. The mechanism of E6 transformation and tumorigenesis 
may be a combination of many activities in the cells.
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E7 is a nuclear protein, which has a molecular weight of about 12 kDa (91). The N-
terminal half contains two domains, CR1 and CR2, required for the transforming and 
tumorigenic properties of E7. The CR2 domain contains a sequence necessary for
binding pRb, a negative regulator of the cell cycle in the G1 phase (100). The CR1 
domain seems to be crucial for the ability of E7 to cause degradation of pRb.
Hypophosphorylated pRb is associated with the cellular transcription factor E2F,
whereas phosphorylation of pRb by cyclin-associated kinases leads to disruption of the 
pRb:E2F complex. The liberated E2F causes transition of the cell into S phase.
Functional inactivation of pRb leads to unrestrained cell growth.

E1 is a highly conserved nuclear phosphoprotein, which has a molecular weight of 
between 27 and 68 kDa, and is the only enzyme produced by HPV (91). It binds and 
hydrolyses ATP, and has ATP-dependent helicase activity. Together with E2, it is 
essential for initiation of HPV replication (45).

E2 encodes three different nuclear DNA-binding proteins, a full-length protein of 
approximately 48 kDa and two smaller proteins of 30 kDa and 28 kDa (91). They 
function as transcription factors and affect viral gene expression. Together with E1, they 
are also required for replication of the viral DNA genome. 

E4 is a cytoplasmic zinc finger protein, expressed as a late protein in the spinous layer of 
the epithelium (91). Eight different polypeptides are produced from E4 by proteolytic 
cleavage of the full-length protein and their molecular weights are about 10/11 kDa, 
16/17 kDa, 21/23 kDa and 32/34 kDa respectively. It has been speculated that E4 is 
required for viral egress (48).

E5 is a hydrophobic membrane-associated protein of about 5 kDa in size. It is mainly 
distributed in the ER and the golgi, but can also be found in the cytoplasmic membrane 
(91). E5 interacts with and activates receptors such as the epidermal growth factor
receptor, thereby possibly contributing to cell transformation (139).

5.3.2. The late genes and their proteins
The late genes L1 and L2 (together with E4) are expressed during the late or productive 
phase of the viral life cycle, occurring only in terminally differentiated cells in the upper
epithelial layer (91). The late L1 and L2 ORFs encode two structural proteins: L1 
(55kDa) and L2 (76kDa) (91). The papillomavirus capsid consists of 360 copies of the 
major capsid protein, L1, and 12 copies of the minor capsid protein, L2. They can only 
be detected in the nuclei of the terminally differentiated granular layer of the epithelium. 
It is unclear what role in the viral life cycle L2 has, since L1 can form empty capsids by 
itself (77). L2 has been suggested to be responsible for correct assembly of the capsid 
proteins into icosahedral capsids, selective encapsidation of papillomavirus DNA in viral 
capsid, and infectivity of papillomavirus virions (153).
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5.3.3. The non-coding region (NCR) 
The NCR is located between the L1 stop codon and the E6 start codon. It contains 
regulatory sequences acting in cis to control transcription of viral genes and replication 
of the viral genome (190). Replication starts in this region and it contains the late 3’UTR 
as well as promoter and enhancer regions (125). Negative regulatory elements that 
reduce late gene expression have also been found in the late 3’UTRs of some
papillomavirus types, such as bovine papillomavirus (BPV-1) (65, 66), HPV-1 (194,
195), HPV-16 (103, 104) and HPV-31 (38).

5.4. The Papillomavirus life cycle
This is a general outline of the HPV life cycle according to our current knowledge (91,
201). Infection with HPV virus is believed to occur in either the basal or parabasal layer 
of the epithelium, but the mechanism and receptor are still unknown (182). Early genes 
are expressed immediately after infection, whereas expression of the late genes is 
delayed, Figure 7 (91, 124). Although late protein expression is only seen in terminally 
differentiated cells in the upper layers of the epithelium, low levels of the late mRNAs 
can be detected in lower epithelial layers early in the viral life cycle. It is interesting, 
therefore, to speculate on how production of the L1 and L2 proteins is delayed until 
terminal differentiation of the epithelium.

Figure 7: The HPV life cycle. Virus entry occurs at the basal cell layer. The infected cell divides and 
produce daughter cells that migrates upward, and start to differentiate. Viral DNA is replicated 
and capsid proteins are formed.

Entry / Infection of basal cells: Papillomaviruses are believed to enter the basal
epithelial layer through micro lesions (182), by interaction with an unknown cell-surface
receptor. The viral genome then establishes itself as a low copy number nuclear episome 
and replicates to 50-100 copies per cell. In the basal layer, cells will divide and one 
daughter cell will remain in the basal epithelium, while the other will migrate outwords 
and start to differentiate. 
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Transcription of early genes: Initially, early genes will be expressed selectively and 
contribute to the regulated expression of viral genes, viral DNA replication and cell 
growth (91). The infected cell will be stimulated to multiply at a higher rate than an 
uninfected cell, resulting in clonal expansion and formation of a papilloma.

Translation / Replication: Replication of the viral DNA is dependent on the replication 
machinery of the host as well as the viral proteins E1 and E2 (91). Since differentiated 
cells do not contain much replication machinery, the virus will not propagate if cells are 
permitted to differentiate terminally. For this reason, the virus expresses the E6 and E7 
proteins early in infection in the basal and parabasal layers, since these proteins will 
stimulate G1 to S-phase progression. However, at a later stage, terminal differentiation is 
essential for efficient transcription and processing of late viral mRNAs. When infected 
cells move up through the epithelium and partially differentiate, amplification of the 
viral DNA will occur in the granular layer, followed by late gene transcription and 
translation, with viral particle assembly taking place in the cornified layer.

Assembly and release: Virus particles are assembled in the granular layer (91). As 
mature squamous cells are shed from the epithelial surface, new virus particles are 
released to infect a new host, or new sites on the same host.
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6. Role of the 3’UTRs in mRNA processing and utilisation

Using DNA as templates, mRNAs are produced from DNA through a process known as 
transcription and then translated into proteins needed for the function of a particular cell 
type or virus. After transcription, there are several mechanisms involved in processing of 
each mRNA type. These mechanisms utilise several mRNA -protein comp lexes
mediating splicing, polyadenylation, nuclear export, translation, and degradation, Figure
8. The mRNA contains sequences known as  cis -acting elements that are important for 
processes like translation and stability. Many of these elements are located in the 3’ 
untranslated region (UTR). Mutations in 3'UTR can effect protein binding which may be 
associated with disease in humans (35).

Figure 8:  Schematic picture, of several mechanisms involving in mRNA processing and utilisation.

There are two mRNA structures that are essential for efficient processing and utilisation 
of the mRNA, as well as maintenance of transcript stability. The first is a 5’ 7-
methylguanosine cap structure that is incorporated during the process of transcription,
and the second is a 3’ poly(A) tail added by poly(A) polymerase immediately after 
transcription. Removal of either of the two structures efficiently inhibits translation and 
allows rapid degradation of the mRNA (172).

Many, if not all RNA processing steps can be regulated. The level of regulation can be 
determined by cis -acting mRNA sequences. In this respect, the 3’UTR is one of the most 
studied regions in cellular mRNAs. Elements in the 3'UTR may be involved in
polyadenylation, RNA transport, translation and mRNA stability. 
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6.1. Polyadenylation
Upstream sequence elements i.e. those located upstream of the conserved AAUAAA 
sequence in the mRNA 3’ UTR, have been shown to enhance polyadenylation (227).
These elements are found primarily in viral mRNAs and are often U-rich, although a 
consensus sequence has not emerged. Upstream sequences with a negative effect on 
polyadenylation have been described for the U1A mRNA and for the late BPV-1
mRNAs (66, 75). Both elements interact with U1A snRNP protein, which leads to 
inhibition of polyadenylation.

6.2. Transport
Since all proteins are synthesised in the cytoplasm, it is important to understand how the 
mRNA produced in the nucleus is exported there. Certain sequence elements have been 
shown to be important for RNA transport, such as splicing signals, the 5’ cap structure 
and poly(A) tails, and the histone 3’ stem-loop (37, 144). Cellular RNAs are synthesised
in the nucleus and transported out to the cytoplasm in complex with RNA-binding
proteins, so called RNP complexes. To translocate through the nuclear pore complex 
(NPC), the RNP complexes must interact with the NPC components. Export receptors 
and adaptor proteins that continuously shuttle between the nucleus and the cytoplasm 
mediate the transport. Different RNA types use different export pathways. The major 
route of mRNA export from the nucleus occurs via interactions between the mRNA 
adaptor protein Aly/ REF and the export receptor heterodimer TAP:p15, which in turn 
interacts with the NPC. Another export pathway involves the protein, heterogeneous 
nuclear ribonucleoprotein (hnRNP) A1 and the receptor, transportin 1 (Trn 1). There are 
also two nuclear export pathways that are used by the c-fos mRNA (69). One pathway 
involves the adaptor protein HuR (192) and the export receptor Trn2, whereas the other 
involves HuR, its two ligands (pp32 and APRIL) and the export receptor CRM1 (69).
HuR is a member of the embryonic lethal abnormal vision (ELAV) family of RNA-
binding proteins and is of special interest here since the 3’UTRs of early response genes 
(ERGs) mRNA contain AU-rich elements (AREs) that similarly to the HPV-1 ARE, 
interact with HuR (102).
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6.3. Translation

6.3.1.  Introduction
To initiate translation, the small ribosomal subunit is recruited to the mRNA through 
several steps of protein-protein and protein-RNA interactions. This process is dependent
on a number of initiation factors as well as the mRNA cap structure and poly(A) tail, 
Figure 9. In recent years the closed model of translation has been proposed (97a) 
according to this model, the cap and the poly(A) tail interact and circularise the mRNA, 
leading to efficient translation. Below is a short outline of our current knowledge of 
translation (68, 71, 115).

Figure 9: Schematic picture of the Translation initiation.

Most mRNAs in eukaryotic cells recruit ribosomes by a mechanism in which a 43S 
complex, composed of a 40S subunit bound to eIF2-GTP/Met-tRNA, eukaryotic
initiation factor (eIF) 1A and eIF3, is recruited to the capped 5’ end of the mRNA, 
Figure 9(1). Binding of the 43S complex to mRNA involves recognition of the 5’capped 
mRNA by the eIF4E subunit of eIF4F and is greatly enhanced by the poly(A) binding 
protein (PABP) bound to the 3’ poly(A) tail. The cap-binding protein complex, eIF4F,
comprises the eIF4E, eIF4A and eIF4G subunits. eIF4A is a DEAD-box RNA
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helicase/RNA-dependent ATPase that exists both freely and as part of eIF4F. eIF4G 
interacts with eIF3, eIF4A, eIF4E and PABP, coordinating their activities. The
mechanism that recruits the 43S complex onto the mRNA is not known. The 43S 
complex scans the mRNA from the 5’ end until it reaches the first AUG codon, Figure
9(2). At this stage, eIF5 stimulates GTP hydrolysis, initiation factors are released and the 
60S ribosomal subunit joins the 40S subunit and protein synthesis can start, Figure 9(3).
Elongation then starts with loading of aminoacyl-tRNAs with the help of eIF1, and 
continues until the stop codon is reached and the termination factors eRF1 and eRF3 
release the translated polypeptide. 

6.3.2. Scanning mechanism
A model for the scanning mechanism for eukaryotic translation initiation was proposed 
in 1978 (115, 118). This model states that the 43S complex binds initially at the 5’-end
of mRNA and then traverses the 5’UTR. The mechanism by which the ribosome
traverses the 5’UTR is not known, but it is believed that in most cases the 43S complex 
migrates along the mRNA, inspecting each base, until it reaches a translation initiation 
codon (115, 118). The “first-AUG rule” holds for 90-95% of analysed vertebrate mRNA 
sequences (115, 118). GCCGCC(Pu)CCAUGG emerged as the consensus sequence for 
initiation in higher eukaryotes (113-115, 117, 118). A purine at position –3 and a G at 
position +4 characterizes a strong AUG start signal (115, 116, 118). An AUG in a 
suboptimal context may be missed by the ribosome that continues to scan the mRNAs 
for AUGs, a process called "leaky scanning" (115, 118). The nearly simultaneous 
discoveries of the m7G cap and of “silent” 3’-cistrons in many viral mRNAs constituted 
the first strong evidence that eukaryotic ribosomes are somehow restricted to initiating 
near the 5’-end (118). Apart from cap-recognition factor(s), the precise function of the 
initiation factors mediating binding of mRNA to the ribosome is not known.

6.3.3. Shunting mechanism
Shunting is a mechanism whereby ribosomal subunits bind the mRNA in a 5’ cap-
dependent manner and scans downstream until they reach a stable RNA structure that 
may stop the scanning ribosomes or cause them to dissociate from the RNA (81). The 
next step is intramolecular shunting of the ribosomal subunit to a downstream landing 
site, bypassing the RNA structure. The ribosome resumes scanning until the next start 
codon. Initiation usually occurs at the AUG triplet, but the scanning ribosomal complex 
may bypass the embedded AUG by “leaky” scanning. However, the exact mechanism of 
ribosomal shunting is not known. A low proportion of viral and cellular mRNAs have 
very long, highly structured 5’ UTRs that contain multiple AUG triplets. Ribosomal 
shunting has been found to mediate translation initiation on a few viral mRNAs,
including cauliflower mosaic virus 35S mRNA (67, 81) and adenovirus late mRNAs (81,
225) and on the cellular mRNA that encodes heat shock protein 70 (81, 226). Ribosome 
shunting has also been described for sendai virus Y protein mRNA (127).

6.3.4. Internal initiation of translation
In 1988, it was discovered that uncapped picornaviral mRNAs are translated by a
mechanism distinct from scanning and shunting (97, 98, 160). Studies of poliovirus and 
encephalomy ocarditis virus (EMCV) led to the discovery of an alternative mechanism 
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for recruitment of ribosomes to eukaryotic mRNAs via direct binding of the 40S subunit 
to an internal RNA structure, without any involvement of cap and the 5’ end. This 
structure was later named internal ribosome entry site (IRES).

It is likely that HCV mRNAs have neither cap structure nor a poly(A) tail, but does 
contain an IRES within the 5’UTR extending into the coding region. Like picornavirus
(159), HCV has several AUG codons upstream of the authentic start codon (AUG). The 
HCV IRES recruits translation components to form an initiation complex, and then 
orients this complex so that the 40S subunit can bind to the start codon (82, 162, 189).
This interaction has been studied by cryo-electron microscopic reconstruction (196).
Addition of the ternary eIF2/GTP/initiator tRNA complex to IRES/40S subunit
complexes is necessary and sufficient for formation of the 48S complex. In the 48S, the 
anti-codon of initiator tRNA is base-paired with the initiation codon. 

6.3.5.  3’UTR sequences in translation 
Translation starts at an AUG initiation codon and ends at a termination codon, followed 
by the 3’UTR region. The 3’UTR contains elements that are believed to play an
important role in translation regulation. There are several factors that can bind to the 
3’UTR and either activate or inhibit translation. A specific example is the 15-
lipoxygenase (LOX) mRNA in erythroid cells, where it was shown that inhibition of 
translation was controlled by interaction between the 3’UTR and hnRNP K and the Poly 
R(C) binding protein-1 (PCBP-1) (155). The HPV-1 3’UTR contains AU-rich elements 
that regulate translation (213). This will be discussed in detail later. Also, it is of interest
to know how mRNA translation might be regulated by the 3’ UTR. Could the 3’ UTR 
possibly act in a similar way as the poly(A) tail and cause a circularis ation of mRNAs 
lacking a poly(A) tail? 

Although the 5’UTR contains most of the known translational control sequences, for 
example upstream ORFs or the iron-responsive elements (IRE) (141a, 174a) there are 
examples of RNA elements in the 3’UTR that regulate translation (74a, 196a, 39, 40, 73, 
79, 120, 121). For example the 3’UTR plays an important role in the regulation of 
translation in the early development of vertebrates (43a), and has also been studied 
thoroughly in Xenoupus oocytes.

It has been proposed that the 3’UTR of cytokine, lymphokine and proto-oncogene
mRNAs plays a role in translation (196a). These mRNAs contain AU-rich RNA 
instability elements that reduce mRNA stability (see below). The presence of these 
elements on the mRNAs correlates with inefficient protein production and a role in 
translation has been proposed. Similarly, we observed early that mRNAs containing the 
HPV-1 AU-rich elements appeared to be less efficiently utilised than mRNAs lacking 
the element or containing inactive mutants of the HPV-1 ARE (195, 205). The AU-rich
elements interact with multiple cellular factors but it is unclear if these are involved in 
the translation or the regulation of RNA stability. 
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6.4. Stability

6.4.1. Introduction
Steady-state levels of mRNA depend on synthesis rate in the nucleus, speed of transport 
into the cytoplasm, and decay rate. Processes regulating mRNA half-life can affect cell 
growth, response to their environment, and differentiation (172, 175). In order to 
understand these processes, it is necessary to identify mRNA sequence elements that are 
important for half-life and the trans-acting factors involved in regulation of mRNA 
stability.

Decay of eukaryotic mRNAs usually starts with exoribonucleolytic shortening of the 
poly(A) tail, although it is unknown exactly how poly(A) shortening serves as a signal to 
initiate mRNA degradation. In the yeast, Saccharomyces cerevisiae, there seems to be 
two major decay pathways, 5’-3’ and 3’-5’ (171). For both pathways, the poly(A) tract 
will be shortened to 10-15 nt by a poly(A) nuclease. The next step in the 5’-3’ pathway 
is enzymatic removal of the cap structure, followed by exoribonuclease degradation of 
the mRNA 5’-3’. In the 3’-5’ pathway, deadenylation is followed by continued decay of 
the 10 nt polyA tract. 3’-5’ degradation within the 3’UTR then continues via the
exosome, which is a heteropentameric protein complex (consisting of five essential 
proteins Rrp4p, Rrp41p, Rrp42p, Rrp43p, and Rrp44p (Dis3p) (143). All components of 
the exosome are required for 3’ processing of the 5.8S rRNA. Under certain
circumstances, yeast mRNAs can decay by an alternative pathway; for instance by an 
endonucleolytic cleavage event that will limit turnover, since cleavage is independent of 
poly(A) shortening (8, 19). Also, mRNAs that contain nonsense codons decay by a
pathway involving deadenylation-independent decay processes.

For mammalian cells, decay pathways are not as well understood.  In the same way as 
for yeast cells, decay starts by exoribonucleolytic shortening of the poly(A) tract (171,
172). There is evidence suggesting that mammalian mRNAs may decay by a 5’-3’
pathway and that decapping of mammalian mRNAs will occur once the poly(A) tract has 
been shortened below a critical length (172). It is also possible that a 3’-5’ decay 
pathway exists, for instance there is evidence for such a pathway for c-myc mRNA in 
mammalian cells (8, 19). Similarly to yeast cells, this pathway involves an exosome, a 
complex of 3’-5’ exonucleases that is believed play an important role in RNA turnover. 
Several of the exonuclease components have been identified, including hRrp4p,
hRrp40p, hRrp41p, hRrp46p, PM -Scl75, PM -Scl100, hRrp42p and hCsl14p (145).

6.4.2. Cis-acting sequences in the 3’UTR 
The turnover of mRNA is a highly controlled process. Severalsequence elements can 
regulate the rate of turnover of a transcript, either by promoting or by inhibiting decay 
(216). Many cis -acting elements that are involved in mRNA decay have been identified 
and likewise, there are cis -acting sequences within the 3’UTR that play a role in mRNA 
stability (28, 107, 172).
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Pyrimidine-rich sequences  are present in the 3’UTRs of ? -globin mRNAs. Interaction 
of these elements with PCBPs protects the mRNA from degradation, resulting in a long 
mRNA half-life (28). The HCV 3’UTR contains a long pyrimidine-rich region with 
unknown function. However, this pyrimidine-rich sequence is primarily U-rich, whereas 
in the stability element of ? -globin, the sequence is C-rich.

AU-rich sequences (ARE) are found in the 3’UTR of many short-lived mRNAs (27). In 
mammals, they were first identified in mRNAs expressed during the inflammatory 
response. To date, many AU-rich cis -acting elements controlling gene expression have 
been identified in cellular mRNAs (27, 171, 172) as well as in the viral mRNAs
produced by HPV-1 and Herpesvirus saimiri (53). In the 3’UTRs of early response gene 
(ERG) mRNAs, a well-conserved AU-rich sequence containing AUUUA motifs has 
been identified (23, 183). The ERGs such as proto-oncongenes and cytokine genes (10)
are genes where transcription is activated rapidly by extracellular stimuli. The length of 
AREs varies between 50 and 150 nt, and they contain 37-65% Us with 23-44% A 
residues in between. The ARE element has a destabilising effect on many mRNA species 
including interleukins (IL-2), interferons (IFN-? ), granulocyte-macrophage colony
stimulating factor (GM -CSF), and the proto-oncogenes c-myc and c-fos (26, 172). The 
AREs mainly consist of AUUUA repeats or a related nonameric sequence. In general, 
AREs increase the rate of deadenylation and RNA turnover in a translation-independent
manner. An AU-rich element present in the 3’UTR of HPV-1 late mRNAs has been 
shown to be a major regulator of both mRNA stability and translational efficiency (195,
205, 213) and will be discussed in this thesis.

Several ARE-binding proteins have been identified, characterised, and cloned, including 
AUF1/hnRNPD, HuR, TIA-1, tristetraprolin and CarG box-binding factor A (CBF-A)
(171, 215). These factors can have either a negative or positive effect on stability, 
translation, and subcellular localisation of the mRNA. So far, there are only two 
proteins, HuR and heterogeneous nuclear ribonucleoprotein D (hnRNP D) that have been 
shown to affect mRNA stability in living cells (18, 54, 132, 161).

The Elav-like protein, HuR, has an estimated molecular weight of 36 kDa and has been 
shown to bind to various ARE-containing mRNAs (137), e.g. the AU-rich regions in 
HPV-1 mRNA (192). Binding is suggested to occur in the nucleus before transport into 
the cytoplasm, thus protecting the mRNA from pre-mature degradation (102).

Secondary mRNA structures  such as stem-loops can have a stabilising effect. Histone 
mRNAs lack the supposedly stabilising poly(A) tail, but contain a 3’ terminal stem-loop
motif that regulates stability by preventing exo - or endonucleolytic attack (171, 172).
Interestingly, HCV which also lacks a poly(A) tail, has a stem-loop structure at the very 
end of the 3’UTR. The 3’UTR of transferrin mRNA contains IREs, that are stem-loops
that regulate mRNA stability (13, 171, 172). The IRE stabilising function requires 
binding of an iron-regulatory protein (IRP), and therefore transferrin stability is
dependent on intracellular iron concentration (51). A high iron concentration will result 
in lower mRNA stability and vice versa. The long-range stem-loop of insulin-like
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growth factor II (IGF-II) is primarily expressed in foetal cells but is also found in adult 
serum (172). It may play an important role in cell proliferation and differentiation. In the 
IGF-II of human, mouse and rat, there is an interesting stem-loop structure in the 3’UTR 
that acts both as an endonuclease cleavage site and an mRNA stability determinant (171,
172).

Several sequences in the 3’UTRs can influence mRNA stability, but it is important to 
remember that 3’UTRs may also influence mRNA half-lives indirectly, for instance by 
affecting translation or localisation. 

The poly(A) tail consists of approximately 200 bases and has at least two known 
functions in mRNA stability (175). Firstly, together with the poly(A)-binding proteins, it 
protects the mRNA from 3’ to 5’ exonucleases. Secondly, the poly(A) tail is the start site 
for  mRNA turnover. The poly(A) tail can be shortened successively throughout the 
mRNA lifetime in the cytoplasm, and once its length is reduced to 30 to 65 bases, the 
mRNA seems to be  degraded rapidly.

mRNAs that lack a poly(A) tail appear to encode sequence elements in their 3’ UTRs 
that interact with cellular proteins that inhibit premature degradation of the mRNA. The 
Lupus antigen (La) protein (47kDa) is a conserved eukaryotic RNA binding protein, 
(138, 157, 224) which contains two putative RNA recognition motifs in the N-terminus
(210). A yeast homologue of La binds and protects the precursors of U6 snRNA, U4 
snRNA and U3 snoRNA from degradation and also affects formation of specific RNP 
complexes (122, 156, 220). La concentration in the cytoplasm is low, but it still seems to 
play a role in mRNA stabilisation and translation. For instance, it has been observed that 
La stabilises the unpolyadenylated histone mRNA in a cell free mRNA decay system 
(140). We have shown that La is involved in the stabilisation of HCV mRNA in an in
vitro  RNA degradation assay (199) and our data is also consistent with a cytoplasmic 
stabilising function for this protein. In addition, La can stimulate translation in other 
viruses (141). The function of La protein binding to the 3’ UTR of other viruses is still 
unknown, although it is speculated that it affects stability and/or replication (25, 157, 
165).
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7. 3’UTR function in HCV and HPV mRNAs

7.1. Hepatitis C virus 3’UTR
The importance of the 3'UTR for in vivo replication of HCV has been confirmed in a 
chimpanzee model (111, 222). It has been suggested that the conserved regions of the 
HCV 3’UTR can stimulate IRES -dependent translation in reticulocyte lysates, probably
in combination with RNA-binding proteins (96), but the results are controversial (199).

There are numerous proteins that bind to the HCV 3’UTR, especially to its U-rich region 
(136, 200). So far, the following eight proteins have been identified: (PTB) (30, 72, 209),
glyceroaldehyde-3-phosphate dehydrogenase (GAPDH) (163), hnRNP C (72, 200), HuR 
(200), La (197) and three ribosomal proteins (L22, L3, S3) (218). PTB binds both to the 
U-rich and the conserved regions of the 3’UTR and, just like hnRNP C and hnRNP L, 
plays a role in mRNA splicing, export and stability (119). The La protein binds to the 
HCV 3’UTR and inhibits premature degradation of viral mRNA (199). The functions of 
HuR, GAPDH, hnRNP C, and the ribosomal proteins in the HCV replication cycle are 
not yet determined.

Viral proteins may bind to the HCV 3’UTR. The HCV NS3 protein can bind to the 
poly(U) rich region and presumably unwind the RNA secondary structure through its 
helicase activity (101). NS5B binds to both the U-rich and the 98X regions in the HCV 
3'UTR (152). It would be of interest to investigate further if the cellular proteins binding 
to the 3’UTR can affect replication initiation.

7.2. Papillomavirus 3’UTR
HPV is a DNA virus that produces capped and polyadenylated mRNAs and has an early 
and a late polyA signal (91). The function of the early 3’UTR is still unknown, although
instability elements have been identified in the HPV-16 early 3’UTR (99). At least four 
papillomaviruses, BPV-1, HPV-1, HPV-16 and HPV-31, have been shown to contain 
cis -acting inhibitory RNA elements located in the late 3’UTR (7, 179-181).

7.2.1.  BPV-1
The late 3’UTR regulates late gene expression and a 53 nt sequence has been shown to 
reduce steady state levels of cytoplasmic poly(A)-containing mRNAs of an L1-encoding
BPV-1 cDNA (65). Mapping experiments showed that the inhibitory sequence was the 
GU dinucleotide in a 5’splice site-like 9 nt stretch (AAGGUAAGU) (66). This sequence 
interacts with the U1snRNP and has been shown to inhibit polyadenylation (66).

7.2.2. HPV-16
mRNAs of the oncogenic HPV-16 contain inhibitory elements in the 3’UTR and L1 and 
L2 open reading frames (179, 194, 204) and these negative elements may be involved in 
regulation of differentiation-dependent late gene expression. The negative element 
within the late 3’UTR is 79 nt and can be divided into two parts (47, 104). The 5’ end is 
similar to those found in BPV-1, where the negative element contains a GU -rich region 
and multiple, overlapping 5’ splice site-like sequences (47, 66). Both regions are
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required for inhibition since substitution in either of the two will affect the inhibitory 
activity (47). The presence of the negative element on other stable mRNAs reduces the 
mRNA half-life in vitro (104). There are several factors that have been shown to interact 
with the 3’UTR element: the 65 kDa U2 auxiliary splicing factor subunit, U2AF65 , has 
been observed to interact with the GU-rich sequence (47), while the U1 snRNP has been 
suggested to interact with the 5’ splice site-like motif (47). The mechanism of action of 
this element is not yet known. Further, the 64 kDa  cleavage stimulation factor subunit, 
CstF-64, and the Elav-like protein HuR bind to the negative element within the 3’UTR 
(108).

7.2.3. HPV-1
Structure
A previously identified negative element located in the late 3’UTR of HPV-1 has been 
shown to affect mRNA stability and utilisation (192, 195, 205). This negative element is 
located immediately adjacent to the L1 ORF and spans 57 nt (195). The element is AU-
rich (93% A and U residues) (195), and homologous with the AU-rich element found in 
c-fos (179-181, 195). The HPV-1 element consists of two AUUUA motifs located in the 
5’ half, and three UUUUU motifs located in the 3’ half (179-181). Both parts of the 57 
nt element are needed for full inhibitory activity (192). In addition, U-motifs appear to 
be essential, since site-directed mutagenesis of Us to Cs results in inactivation of the 
element (192). One reason for this may be that mutations destroy possible binding sites 
for mRNA binding proteins. We therefore wished to map the HPV-1 ARE in detail. 
Below is a short summary of results that suggest a role for the HPV-1 ARE in mRNA 
transport, stability and translation.

Function
1. TRANSPORT. Since the HIV Rev and RRE, and the SRV-1 CTE, can overcome 

the inhibitory effect of the HPV-1 ARE (205), one may speculate that the ARE 
retains the HPV-1 late mRNAs in the nucleus, leading to rapid mRNA degradation. 
The HPV-1 3’UTR element has been shown to interact with the nuclear proteins,
hnRNP C1 and C2 (195), and with HuR (192). The HnRNP C protein is strictly 
nuclear and binds exclusively to the UUUUU-motifs (193). It is possible that the 
function of the hnRNP C1/C2 proteins is to retain late mRNAs in the nucleus and 
promote their degradation (180, 181). The shuttling protein, HuR binds to both 
AUUUA- and UUUUU-motifs (192) and it has recently been proposed that HuR is 
required for efficient export of ARE-containing mRNAs from the nucleus (69). This 
suggests that HuR may be required for transport of the late HPV-1 mRNAs from the 
nucleus to the cytoplasm. In support of this idea is our previous observation that cell 
lines with high levels of HuR in the cytoplasm display low inhibition of the HPV-1
ARE, and vice versa (24). The exact role of HuR in HPV-1 late gene expression,
however, is still unclear.

2. STABILITY. The most well documented effect of AU-rich elements with AUUUA 
motifs in a AU-rich context is the effect on the mRNA half-life (172). In general, 
mRNAs with AU-rich elements in their 3’ UTRs are less stable than other mRNAs. 
For example, the c-fos mRNA has a half-life of approximately 20 minutes due to the 
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presence of the AU-rich element in the 3’ UTR. The HPV-1 AU-rich element shows 
homology to the c-fos ARE and they interact with the same cellular factors (195,
205, 213). Similarly to the c-fos ARE, the HPV-1 ARE has been shown to reduce 
mRNA half-life (195, 213). This effect was dependent on intact AUUUA and 
UUUUU motifs. Overexpression of HuR has been shown to stabilise mRNAs 
containing the c-fos ARE but the mechanism of stabilisation is unknown (54, 161).
We have previously shown that the HPV-1 ARE is less active in cell lines with high 
levels of HuR in the cytoplasm, suggesting that HuR counteracts the effect of the 
HPV-1 ARE (24). It remains to be investigated if over expression of HuR stabilises 
mRNAs that contain the HPV-1 ARE.

3. TRANSLATION. Since a stronger ARE inhibitory effect was observed at the
protein level compered to the mRNA level, it was suggested that ARE also inhibits 
mRNA utilisation (195, 205). We therefore wanted to study in detail the role of 
HPV-1 late 3' UTR ARE in mRNA translation. 
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8. Results and discussion

8.1. Paper I

Cap and poly(A) tail enhance translation initiation at the hepatitis C virus internal 
ribosome entry site by a discontinuous scanning, or shunting, mechanism.

The Cap structure and poly(A) tail are needed for efficient mRNA translation and act in 
a synergistic manner. HCV mRNA differ from cellular mRNAs since it does not have 
these structures. Instead, HCV has an internal ribosome entry site (IRES) within the 
5’UTR, which has been shown to be required for initiation of translation although the 
exact translation mechanism is still unknown. The role of the 3’UTR in HCV translation 
is unknown.

Here, we have studied the efficiency of HCV mRNA translation compared with
translation of capped and polyadenylated mRNAs in human cells. To do this we
generated non-infectious minivirus mRNAs from an infectious HCV genome (HCV-
H77-C), where we could study the role of the mRNA 5’ and 3’ ends in translation, with 
and without cap and poly(A) tail. mRNAs were synthesized in vitro  and transfected into 
human cells by electroporation, allowing analysis of HCV mRNA translation and
stability in living cells. CAT ELISA and Western blot was used to determine translation 
efficiency, and RNA stability was measured by use of an RNAase protection assay.

HCV mRNAs controlled by the internal ribosome entry site (IRES) were inefficiently 
translated compared to capped and polyadenylated mRNAs. Addition of a cap and a 
poly(A) tail on the HCV mRNAs revealed that these structures interacted with the
hepatitis C IRES in a synergistic manner to load ribosomes onto the HCV mRNAs, 
which strongly enhanced translation. However, the precise mechanism for this
interaction is unknown. HCV RNA has many AUG codons upstream of the initiation 
codon as well as a complex secondary structure that is suggested to prevent ribosomal 
scanning. Possibly, a mechanism similar to shunting or discontinuous scanning is
obtained by cap-binding ribosomes bypassing the upstream AUGs and stem loops. We 
suggest that the ribosomal recruitment to the HCV IRES is inefficient in tissue culture 
due to missing cellular factors that are present in hepatocytes in vivo. This may be one 
reason for the inefficient replication of HCV in vitro .
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8.2. Paper II

Positive and negative effects on translation of the hepatitis C virus 3’ untranslated 
region.

Interaction between the 5’ end and the 3’ end of cellular mRNAs is required for efficient 
mRNA translation. Here we have investigated if the HCV 3’UTR is required for efficient 
translation in vitro  at the HCV IRES in the 5’ end of the HCV mRNA.

To determine the role of the hepatitis C virus 3’UTR in viral mRNA translation in 
transfected cells and in cell extracts, we used non-infectious hepatitis C virus mini 
genome RNAs. Mutant RNAs with various deletions in the viral 3’UTR were transfected 
into cells by electroporation or translated in vitro , and CAT-capture ELISA was used to 
determine translation efficiency.

We found that presence of the hepatitis C virus 3’UTR results in a very modest increase 
in mRNA translation, caused by the variable region of the HCV 3’UTR. This was 
confirmed by in vitro translation in reticulocyte lysates. We found that the positive effect 
correlated with binding of a 45kDa cytoplasmic factor to the hepatitis C virus 3’UTR. 
This protein has yet to be identified, but interacts with both 5’ and 3’UTRs and binds to 
all sub fragments of the 3’UTR. In addition, we also studied how the HCV 3’UTR 
affects translation of capped and polyadenylated mRNAs and showed that the presence 
of the HCV 3’UTR strongly inhibits CAT production from capped and polyadenylated 
mRNA. Inhibition was caused by the U-rich sequence in the hepatitis C virus 3’UTR and 
was the result of hybridisation between the U-rich region and the poly(A) tail which 
probably prevented the interaction between the cap and the poly(A) tail. 

The fact that the HCV 3’UTR only has a modest effect on translation indicates that it 
does not play a major role in mRNA translation. The inhibitory effect of the 3’UTR on 
translation of polyadenylated mRNAs supports the idea that HCV mRNA translation 
occurs independently of a poly(A) tail. In contrast to our results, it has recently been 
published that the HCV 3’ UTR enhances translation of subgenomic HCV mRNAs in 
vitro in reticulocyte lysates whereas other results have confirmed our findings. 
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8.3. Paper III

Binding of the La autoantigen to the hepatitis C vi rus 3’untranslated region 
protects the RNA from rapid degradation in vitro.

We have previously shown that the protein La, which is found in liver, can bind to the 3’
untranslated region (3’UTR) of HCV mRNAs (197). Data from other labs has shown
that La binding to the HCV 5’UTR stimulates translation (41, 87, 141). Since the La 
protein can dimerise, we wished to investigate if La, when bound to the HCV 5’ and 3’ 
UTR could interact and enhance translation. However, as discussed in paper II, we did 
not see a significant increase in translation by the HCV 3’UTR or La binding. Since 
HCV does not have a cap or poly(A) tail, structures which normally protect the RNAs 
from premature degradation, we wanted to investigate if the HCV 3'UTR is sensitive to 
Rnases and if binding of the La protein to the 3’UTR could offer this protection instead. 
An in vitro RNA degradation assay, a previously developed method by Wilusz and Ford 
(58-60) was used to study stability of the cellular HCV mRNA.

We found that HeLa cytoplasmic extracts contain RNases that specifically cleave the 
HCV 3’UTR and we showed that the degradation was inhibited by La protein. Both 
hnRNP C and the La protein bind to the U-rich region in the HCV 3’UTR, but inhibition 
of degradation was seen only with the La protein. Therefore, this is not a general effect 
seen with all proteins binding to the HCV 3’UTR. The La protein has been shown to 
bind and stabilise other cytoplasmic mRNAs (140, 156, 174) that, like HCV, lack a 
poly(A) tail at the 3’ end.

The U-rich region in the 3’UTR is present in all HCV isolates and is probably  essential 
to the HCV replication cycle. Since it has been shown that some cellular RNases in 
mammalian cells have a preference for poly(U) (86), we speculate that the La protein 
binds to the U-rich region and forms a ribonuclear protein complex that prevents 
premature degradation of HCV RNA by cellular RNases in vivo . The majority of La 
protein in the cell is located in the nucleus and only a minor fraction is found in the 
cytoplasm. However, as indicated by our results, only very low concentrations of La are 
sufficient to prevent degradation of the 3’UTR. We speculate that HCV RNAs interact 
with the La protein in infected cells to prevent premature degradation of the viral RNAs.
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8.4. Paper IV

Inhibition of translation by UAUUUAU and UAUUUUUAU motifs of the AU-rich
RNA instability element in the HPV-1 late 3’ untranslated region.

h1ARE is a 57-nucleotide adenosine- and uridine-rich (AU-rich) RNA instability
element in the 3’UTR of human papillomavirus type 1 (HPV-1) mRNAs (195, 205).
Since we have previously shown that the 3’UTR has five motifs previously described as 
two AUUUA motifs and three UUUUU motifs, we decided to map the inhibitory 
element and to investigate the role of each motif and nucleotide for mRNA stability. 
Furthermore, we had previously observed that the inhibitory of the h1ARE was greater at 
the protein level than at the mRNA level, suggesting that the h1ARE inhibits translation 
in addition to its effect on the mRNA half-life.

The entire h1ARE was inserted between a CAT reporter gene, driven by the human 
CMV promoter, and the late HPV-1 poly(A) signals . The constructs were transfected
into HeLa cells. A complete mutational analysis showed that the HPV-1 AU-rich
element consisted of two minimal inhibitory motifs, two UAUUUAU motifs and three 
UAUUUUUAU motifs. To define the role of each motif, we made consecutive
mutations and found that all five sequence motifs in the h1ARE (named I-V) affect the 
mRNA half-life in an additive manner. 

To study the effect of the h1ARE on translation, derivatives of the plasmids described 
above were generated for which RNA could be synthesised in vitro followed by
transfection into cells. This allowed us to study translation of h1ARE-containing
mRNAs in living cells. We showed that the same motifs in the ARE inhibit mRNA 
translation, and that this effect was dependent on the presence of a poly(A) tail in the
mRNA. Since the ARE inhibited the function of the poly(A) tail, we speculated on the
possibility of ARE or ARE-binding factors interacting directly with the poly(A) binding 
protein (PABP), and we were able to demonstrate that this was in fact the case. This may 
inhibit the interaction between PABP and eIF4G, thereby preventing circularisation of 
the mRNA and the subsequent loading of ribosomes on the mRNA. 

The mRNA half-life is reduced by the presence of the ARE in DNA transfection where 
the mRNA is synthesised in the nucleus. However, when the nucleus was bypassed by
introducing the mRNA directly into the cytoplasm, the ARE did not affect mRNA half-
life. This indicates that the ARE-containing mRNAs need to be exposed to the nuclear 
microenvironment in order for rapid mRNA degradation to take place. This suggests that 
mRNAs are either modified in the nuclei or interact with nuclear factors that induce 
premature mRNA degradation. We conclude that the h1ARE inhibits gene expression by 
a bimodal mechanism, reducing mRNA half-life and inhibiting translation.
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