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Abstract

HPV-16 is a causative agent of cervical cancer. Gene expression from the virus is
tightly controlled depending on the differentiation status of the epithelial cells it
infects. Whilst early proteins are produced in undifferentiated cells and are
thought to be continuously expressed throughout differentiation, late proteins are
expressed only in differentiated cells. In particular, expression of the highly
immunogenic capsid proteins, L1 and L2, is confined to the most differentiated
cells, where immune survelllance is low. However, L1 and L2 transcripts have
been detected in less differentiated cells, suggesting mechanisms exist to prevent
their expression in these cells. A number of cis-acting RNA regulatory elements
have been identified within the HPV-16 late region, which may be involved in
regulating late gene expression during differentiation. Of particular relevance is
the 79 nuclectide late regulatory element (LRE), which spans the final 1.1 exon and
ends in the late 3'UTR. This element has been shown to confer negative
regulatory activity upon reporter genes in undifferentiated epithelial cells. In
addition, several cellular proteins with roles during RNA metabolism are known to
associate with the element. One such protein, splicing related SR protein,
SF2/ASF, associates with the LRE indirectly in both undifferentiated and
differentiated HPV-16 infected epithelial cells, potentially via a splicing-like
complex. This protein is also upregulated during differentiation of HPV-16 infected
epithelial cells, and for these reasons, it is the main focus of this project.

The aim of this project was to investigate the role of SF2/ASF in the life cycle of
HPV-16, and to determine how the virus regulates this profein, as well as other SR
proteins. As SF2/ASF is upregulated in cells expressing HPV-16 E2, experiments
were undertaken to determine if SF2/ASF expression is transactivated by EZ2.
Promoter transactivation studies were performed using the CAT reporter gene
fused to the SF2/ASF promoter. Results demonstrate that the promoter is
transactivated in cells expressing E2. Furthermore, to determine a direct role for
E2 in transactivation, chromatin immunoprecipitation assays were used to show
presence of E2 at the endogenous SF2/ASF promoter. However, a direct
interaction could not be observed in vitro, using electrophoretic mobility shift
assays. Whilst direct interaction is possible in vivo, it is likely that one or more
cellular proteins aid the interaction. As the SF2/ASF promoter is as yet undefined,
nothing is known about its cellular reguiation. Therefore, further EMSAs were
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performed to determine if cellular partners of E2 could be found to associate with
this promoter. In the case of Sp1, potential association of the protein with the
SF2/ASF promoter was observed in vifro, using supershift assays. HMHowever,
association of this protein with the promoter was not determined in vive. This
suggests Sp1 may be involved in E2-mediated regulation of SF2/ASF; however,

further experiments are required te confirm this role.

The next aim was to discover if HPV-16 regulates SR proteins, other than
SF2/ASF, during the life cycle. This was achieved using western blot and
immunofluorescence techniques, comparing undifferentiated and differentiated
HPV-16 infected epithelial cells and cell extracts. Whilst elevated lavels of a sub-
set of SR proteins, including SF2/ASF, SRp20, SRpb55, SRp40 and SC35 were
cbserved upon differentiation, this was not the case for all SR proteins analysed.
This suggests the SR proteins which are regulated during HPV-16 infection may
be important for processing of late transcripts in differentiated cells. Furthermore,
SF2/ASF and SRp20 were observed to redistribute from nuclear speckles to
diffuse cytoplasmic localisation upon differentiation. However, redistribution was
observed inconsistently, the reason for which is unclear. To determine if viral
proteins E2 and E1*E4 were involved in regulating potential SR protein shuttling,
they were expressed in undifferentiated and differentiated epithelial cells.
However, this had no effect on SR protein distribution, and little or no co-
localisation was observed. This suggests that either SF2/ASF and SRp20 do not
shuttle during differentiation of HPV-16 infected epithelial cells, or that shuttling is
reliant on other viral proteins or processes. Furthermore, levels of a major protein
kinase for SR proteins, SRPK1, was alsa shown to increase upon differentiation of
HPV-16 infected epithelial cells, and cellular distribution of this protein was
changed upon differentiation.

The final aim of this PhD was to determine a role for SF2/ASF in LRE mediated
regulation of late gene expression. SF2/ASF is shown to interact indirectly with
the LRE in both undifferentiated and differentiated cells. However, protein levels
are elevated and hyperphosphorylated within differentiated cells. This change In
abundancy and/or phosphorylation may be involved in activation of the LRE in
differentiated cells. To study this, undifferentiated epithelial cells were transfected
with reporter constructs containing the late 3'UTR from HPV-18, either including or
lacking the LRE. Undifferentiated epithelial cells were co-transfected with these
constructs and vectors expressing SF2/ASF. Potential changes in reporter gene




(W
expression were then assayed. Results showed no observable change in reporter
protein activity upon overexpression of SF2/ASF. In contrast, changes were
observed at the RNA level. Polyadenylated RNAs seemed to increase upon
expression of SF2/ASF in the presence of the LRE. The data also suggests the
LRE may act as an instability element, and may regulate transport and/or
translation independently of SF2/ASF.
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1 Introduction

1.1 Papillomaviruses

Papillomaviruses (PVs) are small, circular, double-stranded (ds) DNA viruses with
genomes of ~8.0kb. They infect epithelial tissue and are the causative agent in
many benign skin lesions, such as warts and papillomas. Furthermore,
papillomavirus are associated with cervical carcinoma and other tumours in
infected individuals (Walboomers et al. 1998]). The PV family is divided into
different types based on host specificity and genome homology (reviewed by zur
Hausen and de Villiers 1994). Many types have been found infecting a wide
variety of species, including humans, cattle, dogs and rabbits. In humans, over
100 types have been identified which infect a variety of epithelial tissues
throughout the body (reviewed by Bernard 2005). Each type is specific for the
epithelial tissue and in most cases, the anatomical site it infects. For example,
human papillomavirus type 16 (HPV-18) is known to infect the mucosal epithelium
of the anogenital tract, whilst HPV-2 infects cutaneous tissue of the hands.
- Furthermore, host specificity is absolute, although homology is greater between
mucosal types compared with cutaneous types, irrespective of species (reviewed
by zur Hausen 1996).

1.1.1 Classification

PVs were classified as members of the Papovaviridae family, which also includes
polyomaviruses, in the mid-1950s to 1960s. These are non-enveloped DNA
viruses, with circular genomes, which have icosohedral capsids of 45-55nm in
diameter. However, similarities between the two virus types are superficial, with
little genetic homology being observed (Danos et al. 1982). Therefore, PVs were
recently characterised as a separate family (reviewed by de Villiers et al, 2004).
PV classification is based on either serotype or genotype identification. Although
serotype is useful for some HPV types, most phylogenetic research is based on
genetic analysis of PV genomes. Initially, typing was done using Southem blot
hybridisation and restriction patterns, however, more recent methods utilise PCR.
Most commonly a region of the 1.1 gene is analysed as it is thought to be the most
conserved region of the PV genome. A new HPV type is established where L1
sequences differ by at least 10% compared with that of any other HPV type.
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Furthermore, differences of 2-10% define sub-types and less than 2%, a variant.
The designation, e.g. HPV-(number), is given following isolation and complete

genome characterisation.

Following the classification of PVs as a family of viruses, alterations were made in
terminology relating to the phylogenetic tree. This led to the introduction of the
term genus to replace supergroups, and species {o replace groups. Whilst virus
types within a genus are not always associated with similar lesions, each species
is composed of highly related viruses with similar pathogenicity. A phylogenetic
tree based on L1 ORF sequences and showing 118 PV types is depicted in figure
1.1 (reviewed by de Villiers et al. 2004). Here, viruses are classified into 16
genera, alpha-PV being the largest containing 15 species and 61 types. Alpha-
PVs, previously termed supergroup A, are clinically most important, as HPV types
associated with mucosal and genital lesions are found within this genus. Species
7 and 9 contain the majority of the ‘high-risk’ HPV types, so named due to their
association with cervical carcinogenesis. For example, species 7 cantains HPV-
18 and species 9 contains HPV-16 and -31. The second largest genera are the
beta-PVs, which contains epidermodysplasia verruciformis (EV) associated HPVs.
EV is a rare cutaneous disorder characterised by persistent HPV infection. Beta-
PVs are composed of 25 HPV types, divided into 5 species. They mainly cause
flat-to-papillomatous, wartlike benign lesions of cutaneous tissue, however viral
DNA has previously been detected in mucosal epithelial tissue. Species 1 is the
largest group containing 10 virus fypes including HPV-5 and -8, which are
commonly detected in EV-associated squamous cell carcinoma. Furthermore,
virus types from other species within the genus are also associated with matignant
cutaneous lesions. There are a further three genera which contain HPV types, all
of which are less well defined than types from alpha and beta genera. The
remaining genera contain types found in various mammals and birds.
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Taken from de Villiers et al. 2004

Figure 1.1: A phylogenetic tree of papillomavirus types

The tree shows 118 PV types based on L1 ORF sequences. Genera are
given by the outermost semicircles, whilst numbers show species in the
inner semicircles. There are 16 genera, and high-risk mucosal types are
found with the alpha genus.
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1.1.2 Pathogenicity

HPVs infect epithelial cells at three target sites: the skin, the respiratory tract and
the anogenital tract. Each type has a particular tissue tropism, either cutaneous or
mucosal, often for a particular site. Infection occurs through micro-lesion in the
epithelium and the viral genome enters the basal layer cells (see section 1.1.5:
The life cycle). Following infection, the viral genome can be maintained as an
extrachromosomal episome, and replication is linked with the host chromosome,
within basal layer cells. Furthermore, the genome can be amplified during the
productive phase, allowing for completion of the virus life cycle. In these instances
the virus causes benign lesions, such as warts and papillomas. Warts from a
number of HPV types, such as 1, 2 and 7 generally regress spontaneously,
However, the viral genome can also integrate into the host chromosome, which in
some cases resulis in progression of a lesion towards malignancy (Figure 1.2).
The tumourigenic property of papillomaviruses was first elucidated from studies of
cottontail rabbit papillomavirus (CRPV) (reviewed by Howley 1996). This was the
first example of a mammalian tumour virus. It was found to cause papillomas in
cottontail rabbits, extracts from which resulted in disease transmission if inoculated
onto scarified cottontail or domestic rabbit skin {Shope 1933). Malignant
transformation was observed within 6 months in 25% of animals, with the majority
of these progressing to metastatic tumours (reviewed by Breitburd et al. 1997).
Many properties of virus-induced cancer biology were elucidated from CRPV
studies. For example, it was found that productive infection no longer occurs with
malignant progression (Kidd and Rous 1940) and that application of certain
chemicals accelerates the progression rate (Rous and Kidd 1936).
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Figure 1.2: Progression towards malighancy

A Schematic diagram of epithelium, from normal tissue to invasive
carcinoma. Note the increase in thickness from normal tissue to very
mild dysplasia {episomal papillomavirus infection), with increasing
basal:suprabasal cells ratio upon progression of CIN severity (Grade |
to Ill) and in situ carcinoma, indicative of integrated genomes and
mutagenesis of cellular genes. Eventual result is invasion of cells
through the basal membrane.
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HPV types can be divided into ‘high' and low’ risk categories depending on their
capacity to cause HPV-related tumours. For example, cervical cancer is the
second most common cancer of women in the developed world and the major
causative agent is HPV-16 (Walboomers et al. 1999). Other HPV types are known
to infect the anogenital tract. However, only the ‘high-risk’ types, such as HPV-16,
-18, -31, -33 and -45 are frequently found in anogenital malignancies (reviewed by
Shah and Howley 1996). HPV-16 is associated with 50-60% of cervical cancers
(Walboomers et al. 1999}, whilst the next most common, HPV-18, is detected in
10-20% of cases (Koutsky 1997; Sasieni and Adams 2001). Cancer develops
from precursor lesions, known as cervical intraepithelial neoplasias (CIN) (Figure
1.2). These are graded I-l, depending on severity, with CIN 1 resembling
production infection and CIN Il and ill showing progressive increase in the
proliferative phase of the life cycle and increased expression of viral oncoproteins
(reviewed by Doorbar 2005). Time taken to clear infection is thought to be
involved in progression to malignancy, and indeed HPV-16 tends to persist for
tonger periods than other high-risk types {Giuliano et al. 2002). High-risk HPVs
are also associated with carcinoma at a number of lower genital sites; however,
cervical cancer is the most common {reviewed by Canavan and Doshi 2000). This
is suggested to be due to the high susceptibility of the transformation zone, where
cells are rapidly turned over, to carcinogens (reviewed by Shah and Howley 1996).
The ‘low-risk’ types, HPV-6 and -11, cause genital warts (Condylomata
acuminate), which generally regress spontaneously or with treatment and are very
rarely associated with tumours. Studies have shown that whilst HPV-11 is
detected most often in immunosuppressed individuals, control patients are more
often infected with HPV-6 (Brown et al. 1999). Furthermore, these low-risk HPVs
are commonly found in Recurrent Respiratory Papillomatosis (RRP), where
infection of the upper respiratory tract results in growth of papillomas, which may
cause airway obstruction. HPV-6 and -11 cause the vast majority of RRP cases,
with HPV-11 causing more severe disease (Maloney et al. 2006). Virus
transmission is believed to be vertical during birth; however, cases have been
identified in individuals born by caesarean section (reviewed by Shah and Howley
1996). Therefore, in utero transmission is also suggested to be the route of
transmission in rare cases. There is a similar relationship between HPV fypes and
other malignancies such as EV-associated squamous cell carcinoma (SCC)
{(Harwood et al. 2004; reviewed by Sterling 2005). EV is rare condition in which
sufferers develop warty and scaly areas of skin, especially on sun-exposed sites.
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Generally lesions progress to SCC before the age of 40. In this case, HPV-5 and -
8, are highly correlated with tumour formation, and are found in about 90% of
cases. However, integration of the viral genome into the host chromosome is not
required for progression to malignancy (Harwood et al. 2004).

1.1.3 Risk factors

HPV infection is associated with a number of risk factors. For example,
immunosupression is known to result in development of HPV-associated lesions
more frequently than in normal patients (Brown et al. 1999) and sexual activity
(Kjaer et al. 2001), as well as age of first intercourse (Parazzini et al. 1992), are
also known to play a role in acquisition of HPV. Furthermore, certain types of
sexual behaviour, such as multiple partners results in increased HPV incidence
(Clavel et al. 1998; Clavel et al. 1999). In general, HPV infection is cleared by the
immune system, with only a relative few high-risk HPV infected women developing
high-grade cervical lesions {Frisch and Goodman 2000; reviewed by Goodman
2000). In addition, incidence of high-grade lesions increases in women using oral
contraceptives, suggesting this affects disease progression, rather than HPV
infection (Negrini et al. 1990). Although, there are general risks factor, such as
smoking, infection with other STl's, diet, multiple pregancies and family history,
studies have shown that social class, religion and economic opportunities also
play a role, with incidence of cervical cancer showing regional and cultural
differences (Drain et al. 2002), Furthermore, infection with more than one HPV
type is also associated with higher-grade lesions (Fife et al. 2001).

1.1.4 Detection and treatment

Detection of genital HPV infection is currently not performed on a population basis.
instead techniques using clinical diagnosis of potential pre-cancerous cells are
employed. Techniques, each with different strengths, are Papanicolaou (Pap)
smears and colposcopic morphology. During a Pap smear exfoliated genital cells
are examined for increased nuclear/cytoplasmic ratic with darker and more
irregular nuclei {dyskaryosis). Dyskaryosis can be used as a marker for severity of
the CIN lesion, with very severe dyskaryasis indicating invasive cancer (reviewed
by Hudson 1990). Whilst this technique is very specific (~90%), it has poor
sensitivity for HPV infection (reviewed by Trofatter 1997). Upon persistence of
abnormal pap smears, a patient is referred for colposcopy (Gamzu et al. 2002). In
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this case cells of the cervix are swabbed with acetic acid and a colposcope is used
to view the cells, with dysplasia showing as white areas. A biopsy is taken,
followed by removal of abnormal cells. Colposcopy is very sensitive buf, like pap

smears can only detect clinically apparent infection (reviewed by Trofatter 1997).

Whilst population based Pap smear testing has reduced the incidence of cervical
cancer, it is costly, time consuming and prone to human error. Furthermore, this
type of screening is not performed in developing countries. Consequently,
research is ongoing to produce reliable methods to detect infection with high-risk
HPVs. Two such methods are PCR-ELISA and Hybrid Capture il (HC-ll). PCR-
ELISA involves labelled probe detection of a PCR product, generally amplified
from the E7 or 1.1 ORFs (Venturoli et al. 1998; Zerbini et al. 2001), whilst direct
interaction of an RNA probe with viral DNA, followed by antibody recognition and
chemiluminescent detection is the basis of HC-Hl (Ferris et al. 1998; Poljak et al.
1999). Both techniques show high correlation for HPV detection, and can be used
to determine viral types, however HC-Il is less complex {(Venturoli et al. 2002).
One problem with HC-Il is its inabllity to detect integrated genomes (Clavel et al.
1998), suggesting a combination of approaches may increase sensitivity and
specificity of HPV detection,

Treatment against HPV infection generally involves physical removal of [esions.
For example, periodic laser ablation of RRP lesions is currently the most effective
treatment for the disease. However, this is costly and can be distressing for
patients. Therefore, research is ongoing into production of vaccines targeting
primarily cervical cancer associated HPV types, but also those associated with
RRP. In June 2006 the American Food and Drug Administration (FDA) licensed a
vaccine for prevention of cervical cancer and associated diseases (Gardasi,
produced by Merck). This vaccine composes prophylactic quadrivalent virus like
particles, comprising L1 protein from HPV-16, -18, -6 and -11. Furthermore,
GlaxoSmithKline (GSK), have developed a bivalent vaccine containing VLPs for
HPV-16 and —18. Phase [ll trails for Gardasil and phase |l for the GSK vaccine
show no side effects and 99.7% of those vaccinated develop an antibody
response (Koutsky et al. 2002; Harper et al. 2004; Villa et al. 2005). There is
some debate as to when HPV vaccines should be administered. Studies suggest
immunisation of pre-adolescent girls is most effective, however this is somewhat
controversial, as these HPVs are sexually transmitted.
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1.1.5 The life cycle

Epithelial cells become more differentiated and less metabolically active the closer
they move towards the surface of the epidermis, and the only layer that is
mitotically active is the basal layer (Figure 1.3). Upon division, one daughter cell
becomes committed to differentiation and moves into the spinous layer (reviewed
by Fuchs and Byrne 1994). Spinous layer cells are metabolically active and are
mainly involved in production of keratins, K1 and K10 (reviewed by Fuchs 1993).
Lysine-rich envelope proteins, such as involucrin, begin to be produced in the
upper spinous and granular layer (reviewed by Fuchs 1990). In the upper granular
layer cells stop producing keratins and begin to express components of the
cornified envelope and keratin filament matrix proteins. Intracellular degradation
begins as cells reach the cornified layer; cells become flattened and are sloughed
from the surface, Major morphological changes associated with terminal
differentiation of normal epithelial tissue are disintegration of the nucleus,
extensive keratinisation (cross-linking of keratin intermediate filaments), formation
of cornified envelopes and lipid secretion {reviewed by Madison 2003). These
changes are required to form a physical barrier against the environment.
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Figure 1.3: Uninfected and HPV infected epithelial tissue

A Schematic diagram of epithelial tissue, both uninfected and HPV
infected.  Epithelial tissue is composed of basal layer cells, capable of
division and a number of suprabasal layers, cells of which become more
differentiated and less metabolically active the closer to the surface they
become. Upon HPV infection, the nucleus is retained to allow viral
replication and gene expression. Whilst not depicted here, extensive
keratinisation is required to allow virus exit from the outer layers of the
gpithelium. Expression of capsid proteins, L1 and L2 is restricted to only
the most differentiated cells; however, transcripts are observed in less
differentiated cells.
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PVs gain entry into basal epithelial cells through micro-lesions, via a receptor on
the surface of the cell. There is some controversy as to the identity of the receptor
with both heparan sulphate (Giroglou et al. 2001} and g integrin (Evander et al.
1997) being implicated. Giroglou et al. have shown that infection using HPV-16
and 33 pseudovirions can be blocked by heparin, a heparan sulphate ligand
(Giroglou et al. 2001). Furthermore, HPV-16 VLPs interact with heparan sulphate,
and binding can be inhibited by increasing heparin concentration {Shafti-Keramat
et al. 2003). MHowever, other studies indicate heparan sulphate is not required for
HPV-31b infection of human keratinocytes, although it is necessary for infection of
some other cells (Patterson et al. 2005). Furthermore, HPV-6b VLP interaction
with cells can he blocked by anti-gg integrin antibodies (Evander et al. 1997}, and
expression of ag integrin in negative cells lines results in VLP binding (McMillan et
al. 1989). HPV-16 L1 VLP binding to cells also correlates with g integrin
expression (Yoon et al. 2001). In addition, HPV-11 virions and VLPs interact with
laminin 5 (LN5), a ligand of agintegrin (Culp et al. 2006). Expression of dgintegrin
is shown to be essential for infection of LN5 bound particles. In contrast, BPV-4
infects ag integrin positive and negative cells with similar efficiency (Sibbet et al.
2000). It has been proposed that binding to a secondary receptor is required for
infection (Kawana et al. 2001; Yang et al. 2003}. HPV-16 L2 interacts with an
unknown cell surface protein and enhances infection, a process which is thought
to be partly involved in epithelial tropism (Kawana et al. 2001). [n addition, Yang
et al. showed that regions of HPV-16 and BPV-1 L2 are required for infection but
are dispensible for binding to the cell surface (Yang et al. 2003), and Embers et al.
showed neutralisation of HPV-16, -6 and 11 infection using anti-L2 antibodies
(Embers et al. 2004). It has been suggested more recently that internalization of
virions is relatively slow and that endocytosis of clathrin coated vesicles is reguired
(Day et al. 2003; Culp and Christensen 2004, Embers et al. 2004). BPV-1 virions
co-localise with AP-2, a clathrin adaptor molecule, and HPV-16 VLPs co-localise
with BPV-1 virions (Day et al. 2003). HPV-16 L1 VLPs endocytosis is also
inhibited by nystatin, an inhibitor of clathrin mediated endocytosis {Bousarghin et
al. 2002), However, the same study indicates that infection with HPV-31 L1 and
L1+L2 VLPs is not inhibited by nystatin and instead endocytosis is mediated by
another pathway. Translocation to the nucleus and nuclear entry are thought to be
mediated primarily by L1 and L2, and are discussed further in section 1.1.6.5; L1
and L2, Once in the nucleus, the genome is established as an episcme at ~10-
200 copies per cell. It is thought that a productive phase follows initial infection,
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resulting in an increase in the number of basal cells containing the viral episcme
(reviewed by Doorbar 2005). PV-infection of basal layer cells allows persistence
of the viral genome, as it is maintained and segregated equally into daughter cells
at each cell division. This is achieved via association with the host chromosome
and the genome replicates via theta structures in a bi-directional fashion,

Upon initiation of differentiation, virus infected cells of the spinous layer are
induced to divide once more. Blockage of the cell cycle at Gy is then thought to
create an environment for massive amplification of the virus genome via
vegetative replication (Davy et al. 2002). Rolling circle replication of viral DNA is
thought o ocour here as multiple coples of the genome are genefated from ohe
initiation event (reviewed by Lambert 1991; Flores and lLambert 1997). In
accordance, the nucleus is retained not only to allow replication but also to enable
expression and processing of late gene transcripts (Figure 1.3). Following genome
amplification, capsid proteins are expressed and virions are produced. This is
thought to occur at PML bodies within the nucleus, as these may be the sites of
viral DNA replication (Day et al. 1998; Swindle et al. 1999). The virus is thought to
escape desquamated cornified cells (DCCs), which are continuously shed from the
stratum corneum. DCCs are shown to have fragile envelops and are suggested to
act as a vehicle for delivery of virions to fresh sites of infection (Bryan and Brown
2001).

1.1.6 Gene expression

Although there are many differences between HPV types, and PVs infecting other
organisms, the genome structure for all is largely similar (reviewed by Shah and
Howley 1996). PV gene expression is divided into early (E) and late (L.} phases.
E and L genes are encoded on one strand of the dsDNA genome and are
produced depending upon the differentiation state of the cell (Figure 1.4)
(reviewed by Laimins 1996). Replication and transcription are controlled by cis-
acting sequences within a region of the PV genome called the Long Control region
(LCR) (reviewed by zur Hausen 1996). Production of viral proteins as well as
commencement of genome amplification occurs at differing stages of
differentiation depending on the PV type. For example, genome amplification is
observed in the mid or upper layers for alpha-PV types, such as HPV-16, where as
HPV-1, a Mu-PV type, previously found in supergroup E, begins genome
amplification as soon as cells leave the basal layer (Middleton et al. 2003). Gene
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expression is highly complex and is controlled at both transcriptional and post-
transcriptional levels. A number of polycistronic RNAs are expressed using
various promoters and polfyadenylation signals. Furthermore, cis-acting RNA
elements are involved in directing the appropriate splice patterns depending on
cell differentiation. Transcripts produced by HPV-16 in infected undifferentiated
and differentiated epithelial cells have been mapped using RT-PCR and primer
extension (Figure 1.5) (Milligan et al., 2006; Wildridge and Graham, unpublished).
Extensive splicing is observed and a number of splice sites and promoters were
found to be used. Transcripts with the potential {0 express novel, as well as the
well-established proteins described below, were found. There are thought to be
two major promoters, Pgz, immediately upstream of the E6 ORF (reviewed by
Smotkin and Wettstein 1886; Grassmann et al. 1996), and Pg7o, the differentiation
specific promoter in the E7 ORF (Grassmann et al. 1996). Promoters are found at
similar positions within the genome of other HPV types, such as HPV-18 and —31
(Schneider-Gadicke and Schwarz 1986; Hummel et al. 1992; Ozbun and Meyers
1998). It is suggested that switching occurs between the two promoters several
times during the virus life cycle. Further promoters have been proposed for HPV-
16; Ps4p and Pagz, in front of the E7 ORF (Braunstein et al. 1999); P30, P41, Paas,
Pass, and Pasg, within E6 {(Rosenstierne et al. 2003); Psagz, within E4 and Paoszss4.
within in ES (Milligan et al., 2006), each of which is thought to contribute to overall
protein expression.

In terms of polyadenylation signals, HPV-16 seems to be complex. There are 3
polyadenylation signals: the early signal (pAE) at nt 4213, upstream of the L2
ORF, and two late signals (pAL), at nts 7286 and 7343 (Kennedy et al. 1990).
Polyadenylation is regulated in both undifferentiated and differentiated cells by cis-
acting RNA elements, particularly in the early and late 3'UTRs. For example, a
region of the early HPV-16 3'UTR which is U rich and interacts with components of
the polyadenylation and cleavage machinery, enhances polyadenylation from the
pAE in HelLa cells (Zhao et al. 2005). In addition, the pAL signals differ in
strength, with the more downstream containing a good consensus GU-rich region,
which would bind polyadenylation factor CstF with more efficiency (see section
1.2.3: Cleavage and Polyadenylation); however, both are used jn vivo, with the
major site at nt 7343 being used only in differentiated HPV-16 infected epithelial
cells (Milligan et al., 2006).
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Figure 1.4: Papillomavirus genome structure

A Schematic diagram of a linearised version of the HPV-16 genome
(not to scale). The major promoters, Py, and Pg,,, as well as the early
and late polyadenylation signal are shown. ORFs are depicted as
coloured rectangles, with a summary of major gene functions given
below each. The LCR is located after the L1 ORF.




Sarah Mole Chapter 1, 15

P P Pga0 P Early poly(A) Late poly(A)
: L‘ L—‘ ﬁi‘ ‘Mns
~ | Se— | SR
E6 &7 El E2 E4 5 L2 L1
880 5637 e o
1 94 m—m_ >  E6*E7TEILI
226 409
7 _mmmmm 3632
2 &ﬂd—'—%o E6**E4 L1
Mj_%
i 784] —mmm mmmmmm 00000000000 3357 sewm >  E6*E7EI"E4L1
5 696 == 2 (EI"LI2laa) LI
6 730 _Rd_d_ss_g;—_x_’_,_,__,_—% EI"E4 L1
7 3397 L1 %
L1 only - L2 spliced out
605, 615, 634, 639 _M_'_'_‘J?7__———$ EI"E4 ESL2L1 *
696, 720, 826 i ;
720, 826 -\"‘"7&?7#_ 2 EI"E4 ESL2LI
= 3689
10 140 mm1302 > E17E2 (E8) E1"E4
218 3357 ESL2LI
11 9 mmm__smm 00 02002 = > E6*E7" E1"E4 ES
743 3360 L2L1
12 - S —> S L2 L1

3400

L1/L2 - L2 retained

Figure 1.5: Transcripts produced by HPV-16 in differentiated
W12E cells

A Schematic diagram of transcripts terminating at poly(A) Late
produced by HPV-16 in differentiated infected epithelial cells (not to
scale). A linearised version of the genome is shown at the top with
transcripts depicted below. ORFs are shown as open rectangles with
the late genes, L1 and L2, in green. Arrowheads represent
promoters, whilst thick bars indicate polyadenylation signals. Within
the transcripts, diagonal thin lines represent regions that are removed
by splicing and coding potential of each transcript is given to the right.
Arrows indicate inferred but not tested termination at the late
polyadenylation signal. Red stars indicate the most abundant
transcripts. Transcripts containing E1 and E2 ORFs have been
detected in differentiated cells, but terminate at poly(A) Early, and
therefore are not shown on this figure.
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1.1.6.1 E6 and E7

Two early HPV proteins are E6 and E7, which are inveolved in inhibition of
apoptosis and promotion of the cell cycle in basal layer cells, and are the major
transforming proteins of the virus {reviewed by Mantovani and Banks 2001;
reviewed by Munger et al. 2001). Both proteins are expressed at low levels in
basal layer cells (Stanley et al. 1989) and continue to be expressed as the cell
differentiates. E6 and E7 protein from both high and low-risk HPVs are thought to
be involved in episomal maintenance, extending their roles within the virus life
cycle (Thomas et al. 1999; Oh et al. 2004). Mutant E6 or E7 HPV-31 genomes
were able to replicate in transiently transfected cells; however, only genomes with
functional E6 and E7 were maintained in high copy number (Thomas et al. 1999).
Similary, HPV-11 genomes lacking E6 or E7 expression were also unable to
maintain the episomal genome in transfected cells (Oh et al. 2004). It is
suggested that E6 and E7, modify the cellular environment to prevent removal of
the extrachromosomal viral genomes.

£6 is ~150 amino acids in length and contains two zinc finger-like motifs (Barbosa
et al. 1989). It interacts with a number of cellular profeins involved in tumour
suppression, apoptosis and transcription, amongst other things. The most
extensively studied interaction with E6 is that of tumour suppressor p53. pb3 is
activated in response to DNA damage and halis the cell cycle at specific
checkpoints, at which point damage is repaired or the cell is committed to the
apoptotic pathway (Lowe et al. 1994; Wu and Levine 1994). It is phosphorylated
by cellular kinases ATM and ATR, and the phosphorylated form acts fo
transcriptional activate expression of genes involved in growth arrest and
apoptosis (reviewed by Mercer et al. 2007). HPV-16 and -18 E6 are shown fo
interact with p53 in vifro (Wemess et al. 1990). Furthermore, Lechner & Laimins
showed binding affinities varied between p53 and EB from different HPV types
(Lechner and Laimins 1994). HPV-16 E6 bound most strongly, followed by -31, -
18 and lastly —11, suggesting affinity may contribute {0 oncogenic potential. The
HPV-18 E6-p53 interaction is important in vivo to stimulate ubiquitin mediated p53
proteasome degradation {Scheffner et al. 1990). Furthemore, the half-life of p53 is
significantly reduced in cells expressing HPV-18 EG (Lechner et al. 1992). This is
thought to be involved in inhibition of p53 mediated growth suppression and allows
the G1/S checkpoint, which normally serves as a control for DNA-damaged cells,
to be bypassed. For example, expression of HPV-16 E6 leads to reduction in p53,
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which correlates with itf's ability to block actinomycin D induced growth arrest
(Foster et al. 1994). In addition, inhibition of DNA synthesis in the epidermis
following treatment with ionising radiation is abrogated in transgenic mice
expression HPV-16 E6 (Song et al. 1998). Degradation of pS3 is mediated via
interaction with cellular protein, E6-associated protein {(EBAP). EGAP is an E3
ubiquintin ligase and via interaction with HPV-16 and —18 ES, it mediates p53
ubiquitination (Huibregtse et al. 1991; Huibregtse et al. 1993; Scheffner et al.
1993). The role of EGAP in p53 degradation is also observed in Hela cells, where
overexpression results in decreased levels of p53 (Talis et al. 1998). Furthermore,
a catalytically inactive EBAP can act as a dominant negative upon p53 regulation.
No such effects were observed using an HPV negative cell line, suggesting E6AP
mediates p53 degradation only in the presence of E6 (Talis et al. 1998). High-risk
E6 also associates with other pro-apoptotic proteins, such as Bak (Thomas and
Banks 1998). Bak is a Bcl-2 family member which is invalved in reinforcing
upstream apoptotic signals to push cells through apoptosis and is highly
expressed in differentiating keratinocytes (Krajewski et al. 1996). HPV-18 E6 is
shown to induce degradation of Bak, again via association with EG-AP, a process
that inhibits apoptosis {Thomas and Banks 1998).

E6 is also implicated in the degradation of PDZ-domain containing proteins,
human discs large (hDlg), MAGI-1, -2 & -3, MUPP1 and human scribble (hScrib).
These proteins are thought to act as tumour suppressors, and hDlg, MAGI-1 and
MUPP1 are strong inhibitors of cellular transformation (Massimi et al. 2004),
Furthermore, HPV-18 EB6 can overcome the growth suppression effects of hDig.
Kiyono et al. showed interaction between hDIg and both HPV-16 and —18 E6 via a
PDZ-binding domain in the C-terminal region of E6 (Kiyono et al. 1997). This
interaction was not observed with HPV-11 and -5 E6, suggesting it is a unique
function of high-risk cervical HPVs. [n addition, expression of HPV-16 but not
HPV-11 E6 results in downregulation of hDIlg via proteasome mediated
degradation (Gardiol et al. 1999). A similar situation has been observed for MAGI-
1, -2 & -3, MUPP1 and hScrib, where an interaction is necessary for proteasome
mediated degradation (Glaunsinger et al. 2000; Lee et al. 2000; Nakagawa and
Huibregtse 2000; Thomas et al. 2002). In addition to degrading hScrib, HPV-16
E6 expression is shown to result in loss of integrity of tight junctions, as shown by
the relocalisation of tight junction component ZO-1 (Nakagawa and Huibregtse
2000). However, there is some debate as to the mechanisms involved in
degradation. In the case of hScrib, HPV-39 EB acts via EBAP, in a similar manner
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as described above for p53 (Nakagawa and Huibregtse 2000). HPV-16 E8
interaction with E6-AP is also implicated in hDlg and hScrib degradation
(Matsumoto et al. 2006). However, Pim et al. showed that mutant HPV-16 and -
18 E6 proteins which are unable to bind EGAP and do not degrade p&3, are still
able to target hDlg for degradation (Pim et al. 2000). In addition, immunodepletion
of EBAP from rabbit reticulocyte lysate inhibits HPV-16 E6 induced p53 but not
MAGI-1 degradation (Sterlinko Grm et al. 2004). This suggests that mechanisms
involved in PDZ-domain containing protein degradation may differ for each protein
and possible HPV types. Regardless of the mode of degradation, the C-terminal
PDZ-binding domain of HPV-16 and —18 EB is necessary for cell transformation
(Kiyono et al. 1997). In addition, transfections using PDZ-binding E6 mutant
HPV-31 genomes, showed retarded growth and reduced viral copy number when
compared to wild type (Lee and Laimins 2004), and mutant HPV-16 E6 was
unable to induce epithelial hyperplasia in transgenic mice, despite retaining the
ability to inactivate p53 (Nguyen et al. 2003). This indicates that PDZ-domain
containing protein binding by high-risk EG is an important function of £G.

Apart from its function in degradation of a number of cellular proteins, EB is
involved in transcriptional regulation. In particular, interaction of HPV-16, 18 and
BPV-1 E6 with, and subsequent inhibition of transcriptional activity of co-activatars
CBP/p300, is required for optimal transforming activity (Patel et al. 19898,
Zimmermann et al. 1999; Zimmermann et al. 2000). CBP/p300 play roles in
activation of a number of genes involved in cell cycle regulation, differentiation and
immune responses. HPV-16 E6 is shown to downregulate p53-mediated
transcriptional regulation via interaction with CBP/p300 (Zimmermann et al. 1989),
This is achieved in an E6AP independent manner, and E6 can displace the
CBP/p300-p53 interaction, which is required for p53 to transactivate cellutar
promoters. Therefore, HPV-16 E6 not only causes degradation of p53, but alsa
inhibts its activity. Furthermore, expression of HPV-16 E6 decreases the ability of
CBP/p300 to activate p53 and NF-kappaB responsive promoters (Patel et al.
1999). NF-kappaB can regulate genes such as interleukins (ll.s), and IL-8
expression, which is involved in the local Immune response, requires NF-kappaB,
CBP/p300 and related co-activator p/CAF for activation (Huang and McCance
2002). HPV-16 EB represses IL-8 expression by competing with NF-kappaB for
CBP/p300 binding. Furthermore, HPV-16 and —18 EG6 also interact with other co-
activators, such as hADAS, the yeast homologue of which bridges transcription
factors with histone acetylation and the basal transcription machinery (Kumar et al.
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2002). E6 is shown to cause hADAS degradation in vivo and also abrogates its
co-activation function with p53.

E7 is a small protein of ~100 amino acids and contains an LXCXE motif and two
zinc finger motifs (reviewed by Hebner and Laimins 2008). An important function
of high-risk E7 oncoprofeins is interaction with and degradation of the Rb family of
proteins. Rb is a downstream target of p53 and is involved in cell-cycle control at
the G4/S phase checkpoint, via differential phosphorylation. Hypophosphorylated
Rb interacts with E2F, preventing it from activating transcription of genes involved
in § phase. Expression of HPV-16 E7 is shown to cause failure of G1 arrest
following gamma-irradiation; however, whilst decreased hypophosphorylated Rb is
detected, p53 levels are elevated (Demers et al. 1994; Slebos et al. 1994). In
Caski cells, which express HPV-16 E7, both Rb and E7 are regulated by ubiquitin
mediated proteasome degradation (Wang et al. 2001). E7 is shown to promote Rb
ubiquitination, and inhibition of proteasomal degradation leads to an increase in
hypophosphorylated Rb; however, Rb is not observed to complex with E2F,
suggesting that E7 acts to block this interaction. Furthermore, HPV-18 E7 is
shown to disrupt the Rb-E2F interaction in HelLa cells, without affecting E2F-cyclin
A asscciation, a complex that promotes E2F mediated transactivation and
proliferation {(Pagano et al. 1992). Although this is thought to be important to E7
function, blocking the Rb-E2F interaction is not sufficient for HPV-16 E7 to inhibit
anti-preliferative signals {Helt and Galloway 2001). Furthermore, a number of
studies have revealed that inactivation of Rb by E7 is not the only factor involved
in E7-induced transformation. For example, Balsitis et al. showed that Rb
inactivation in transgenic mouse models does not account for the entire phenotype
observed in mice expressing HPV-16 E7 in undifferentiated epithelial cells, and
expression of E7 in Rb null mice was shown to increase hyperplasia and dysplasia
{Balsitis et al. 2003; Balsitis et al. 2006). Furthermore, when HPV-16 E7
transgenic mice were crossed with Rb mutant mice, in which Rb was unabie to
bind E£7, a modest delay in terminal differentiation was observed (Balsitis et al.
2005). Indeed, HPV-16 E7 complexed with E2F-cyclin A/cdk2 in S phase (Arroyo
et al. 1993)., HPV-16 E7 interacts directly with E2F and synergism is seen
between the two proteins upon activation of an E2F responsive promoter for cyciin
E (Hwang et al. 2002). Thlis is also observed in Rb negative cells, showing that
this function of E7 is Rb-independent. Interaction of E7 with other Rb family
members has also been observed. Whilst HPV-16 E7 disrupts association of E2F
with Rb, and family members p107 and p130, HPV-6 E7 only affects p107 and

ARy R T T R N e S e B e g R VAR Tl R,




Sarah Mole, 2007 Chapter 1, 20

p130 interactions with E2F (Armstrong and Roman 1997). This possibly reflects
the transforming potential of the two E7 proteins.

E7 proteins are also shown to interact with cyclins and cyclin dependent kinases
(cdk's), as well as cyclin kinase inhibitiors (CKls). HPV-16 E7 is thought to interact
with cdk2, via cyclin A, an interaction which does not require Rb {Tommasino et al.
1983). In addition, HPV-18 E7 associates with cyclin E in vifro and in vivo
(Mcintyre et al. 1996). Interaction is shown to be via p107 and the complex
phosphorylates p107, a function which is dependent upon cyclin E. HPV-16 E7 is
also able to repress the CKI, p21°F" inhibitory activity upon cyclin E/cdk2 (Funk et
al. 1997). This is achieved via direct interaction between the two proteins and is
thought to allow uncoupling of proliferation and differentiation in HPV-16 E7
expressing keratinocytes (Jones et al. 1997). HPV-16 E7 aiso interacts with CKI
p27""1 (Zerfass-Thome et al. 1996). This represses p27~"" inhibition of cyclin E
and also its suppression of transcription of cyclin A. In addition, expression of
HPV-16 E6 or E7 is suggested to cause genomic instability, which is likely
involved in malignant progression, For EB this is thought to be achieved via
inactivation of p&3 (White et al. 1994); whereas, E7 is shown to cause abnormal
centromere duplication when expressed in human keratinocytes (Duensing et al.
2000). Expression of mutant HPV-16 E7 that cannot inactivate CKI p21“"’, does
not induce centromere abnormalities. Furthermore, inhibition of cdk2, which is
involved in linking centromere duplication with the G1/S transition, also abrogates
E7s ability to induce cenfrosomal abnormalities (Duensing et al. 2000). In
addition, HPV-16 E7 induces mis-segregation and aneuploidy, requiring the region
spanning the Rb binding domain, butin a pRb independent manner (Duensing and
Munger 2003). Expression of HPV-16 E6 or E7 in human keratinocytes also
results in un- or misaligned chromesomes and an increase of genetic material is
observed at metaphase (Duensing and Munger 2002). The anaphase checkpaint
is also by-passed and a number of anaphase bridges, which reflect structural
chromosomal abnormalities, are observed. However, expression of HPV-6 E6 and
E7 have no effect on centromere or chromosomal stability, suggesting this is a
function specific to the high-risk oncoproteins (Duensing and Munger 2002). This
function for HPV-16 E6 and E7 is also evident in basal epithelial cells transfected
with HPV-16 genomes (Duensing et al. 2001). In addition to the role in malignant
progression by mutation of cellular genes, it is suggested that genome instability
may also stimulate integration of viral genomes (Melsheimer et al. 2004).
Melsheimer et al. showed that a greater proportion of HPV-16 associated cervical
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lesions with integrated genomes show aneuploidy, when compared with the lower
percentage of aneuploid cell lines without integrated HPV-16 genomes.

1.16.2E5

The E5 protein also has a role in cell transformation in some PV types, such as
BPV-1 (DiMaio and Mattoon 2001}, however, E5 is not detected in HPV
associated tumour cells (DiMaio and Mattoon 2001). This does not rule out a
proliferation stimulating activity of ES, which may function in benign lesions or in
initiation of the carcinogenic process. E5 is predominantly expressed upon
differentiation, although low levels are thought to be present in undifferentiated
cells. Although there seems to be functional homology between ES from different
papillomavirus types, there is little sequence homology. In agreement, E5 from a
number of papillomavirus types are known to down-regulate the major
histocompatablilty complex {MHC) class | (Ashrafi et al. 2002; Ashrafi et al. 2005).
MHC class | {or HLA [ in humans) is involved in antigen presentation, followed by
lysis by cytotoxic T lymphocytes of infected cells. The molecule is a ternary
complex composed of heavy chain, B2 microglobulin and peptide (Solheim 1999).
Down-regulation is achieved by several mechanisms including inhibition of heavy
chain gene transcription or protein stability, and repression of complex assembly
and/or transport (Ashrafi et al. 2006). HPV-16 ES is known to cause retention of
HLA | in the Golgi apparatus, hence preventing its transport to the cell surface
(Ashrafi et al. 2005). This is achieved via interaction with the heavy chain
component of the complex (Ashrafi et al. 2006). HPV-16 E5 also interacts with the
16KkD subunit of the vaculolar H-ATPase and leads to increased presentation of
the epidermal growth factor receptor (EGFR) on cells expressing E5 (Straight et al.
1993; Straight et al. 1995). Furthermore, HPV-16 E5 interacts with ErbB-4, a
growth factor receptor which is related to EGFR (reviewed by Carpenter 2003).
This interaction inhibits ErbB-4 induced c¢-jun expression and phosphorylation,
resuiting in increased cell proliferation {Chen et al. 2007). These data suggest
HPV-16 E5 may have a proliferative stimulatory function, which may function
within benign lesions.

1.1.6.3 E1 and E2

E1 and E2, the viral replication and maintenance proteins are expressed at early
stages in differentiated cells to massively increase the number of viral genomes by
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vegetative replication (Mohr et al. 1990; Winokur and McBride 1992). Although E1
and E2 expression is observed throughout the PV life cycle, the highest levels are
observed upon differentiation when vegetative viral genome replication occurs
(Maitland et al. 1998). Interaction of E2 with the viral LCR is thought to facilitate
interaction of E1 with the proximal AT-rich, E1 binding site, via direct E1-E2
interaction, whilst E1 ATP-dependent heiicase activity is then involved in DNA
unwinding and recruitment of cellular replication factors. Kuo et al. showed that
both E1 and E2 are essential for HPV-11 DNA replication in a cell-free system
complemented with cell extracts (Kuo et al. 1994). Furthermore, E2 is shown to
inhibit E1 driven origin-independent replication. HPV-11 E1 DNA binding is largely
non-specific and an E1 binding site is not essential for high affinity E1/E2 complex
formation on the origin (Dixon et al. 2000). HPV-16 E1 is aiso unable to associate
with the origin in the absence of E2, and origin interaction is shown to require
direct binding between E1 and E2 (Masterson et al. 1998). Similarly HPV-31b E1-
arigin association requires E2 binding sites and is enhanced by E2 (Frattini and
Laimins 1994). In contrast, BPFV-1 replication using a cell-free system
complemented with mouse or Hela cell exiracts, show that E2 is not an absolute
requirement for replication (Muller et al. 1994). However, at low levels of E1, E2
stimulates E1 origin binding and origin-specific unwinding, without affecting
heiicase activity {Seo et al. 1993). In addition, like HPV-11 E2, BPV-1 E2
suppresses non-origin dependent replication by E1 (Bonne-Andrea et al. 1997).
HPV-1a E1 is also sufficient for replication of HPV-1a and BPV-1 origin containing
plasmids in vivo; however, both HPV-1a E1 and E2 are required for replication
from HPV-6b and HPV-18 origins (Gopalakrishnan and Khan 1994). This
suggests the intrinsic strength of the E1 binding site, rather than the E1 protein
itself, may determine whether E2 is required or not. However, in either case, E2
seems o ensure replication from the viral origin and not any other site.

in addition to E1 and E2, papillomavirus replication is shown to require a number
of cellular proteins. For example, HPV-11 cell-free DNA replication requires the
HPV-11 origin sequence, DNA polymerase o and &, replication protein A and
topoisomerase | and It (Kuo et al. 1994), DNA polymerase o/primase is the key
enzyme involved in initiation of DNA synthesis and is composed of four subunits:
p180, the polymerase, p58 and p49, with primase activity and p70, a cell cycle
dependent phospho-protein, HPV-16 and HPV-11 E1 interact with the p70 subunit
(Masterson et al. 1998; Conger et al. 1898). In addition, HPV-11 and BPV-1 E1
associate with the p180 subunit (Park et al. 1994; Conger et al. 1999). Interaction
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of HPV-11 E2 with both p70 and p180 subunits was shown to be essential for viral
DNA replication (Conger et al. 1999). In addition, antibody’s recognising p180
inhibited BPV-1 viral replication in cell-free systems (Park et al. 1994). This
suggests that recruitment of DNA polymerase o/primase to the viral origin is
essential to replication. Furthermore, BPV-1 E1 interacts with the replication
protein A {RPA) complex (Han et al. 1999). The RPA complex, which is
composed of three subunits, associates with single stranded DNA (ssDNA) and
has roles during DNA replication, repair and recombination. Loo and Melendy
showed that BPV-1 E1-RPA Iinteraction can be inhibited by increasing
concentrations of ssDNA (Loo and Melendy 2004). It is suggested that disruption
of the E1-RPA complex results in continuous recruitment of RPA to the replication
fork, due to the proximity of ssDNA from the fagging strand throughout replication.
More recently, HPV-11 and BPV-1 E1 have been found to interact with
topoisomerase | (topo ), a protein involved in decreasing torsional stress of
supercoiled DNA (Clower et al. 2006). Interaction was shown to stimulate topo |
relaxation activity upon the PV origin (Clower et al. 2006) and viral DNA unwinding
mediated by HPV-11 E1 requires topo [, as well as RPA, to proceed (Lin et al.
2002). In addition, recruitment of BPV-1 E1 to the viral origin was stimulated by
topo |, but not RPA or DNA polymerase a/primase, in vifro. HPV-11 E2 also
interacts with topo | (Clower et al. 2008). This interaction stimulates DNA
relaxation activity in an origin independent manner, but does not affect E2 DNA
binding.

Other cellular proteins involved in PV replication include chaperones. HPV-11 E1
associates with molecular chaperons hsp70 and hsp40 (Liu et al. 1998). These
interactions independently enhance E1-origin binding and replication in a cell-free
system, however no synergism was shown between the two proteins. Whilst E1
predominantly binds DNA as a hexamer in the absence of chaperons, hsp 40
promotes di-hexamer formation (Liu et al. 1998). As E1 functions as a hexamer in
DNA unwinding, formation of di-hexamers would provide enough E1 for bi-
directional unwinding of DNA. Phosphorylation of E1 is also important, and BPV-1
and HPV-11 E1 interact with cyclin E/cdk complexes, via cyclin E, a regulator of S
phase during the cell cycle {Cueille et al. 1998; Ma et al. 1999). Phosphorylation
of HPV-11 E1 is important for replication (Ma et al. 1999) and is shown to be
achieved using one or more cyclin/cdk complexes in vivo (Cueille et al. 1998).
Deng ef al. showed that non-phosphorylated E1 has cytoplasmic localisation due
to a nuclear export signal (NES) (Deng et al. 2004). This was inactivated by cdk
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phosphorylation, resulting in E1 nuclear retention, where it is available to regulate
viral DNA replication. In contrast, cyclin A/lcdk2 phosphorylation of BPV-1 E1 on
Serine 283 is not required for viral replication {Hsu ef al. 2006). Instead this
promotes nucleo-cytoplasmic shuttling in S phase, when cyclin Alcdk2 is active, a

process thought to prevent viral replication.

E2 is a well-studied protein of approximately 42 kDa, and has many roles in both
undifferentiated and differentiated cells. The E2 protein has been functionally
divided into three regions: (1} the N-terminal, transactivation domain, (2) the C-
terminal, DNA binding and dimerization domain and (3) the hinge region joining
the two (Hegde and Androphy 1998; Antson et ai. 2000). In BPV-1, spiice
variation results in expression of three forms of the protein: E2-TA
{transactivation), containing all three domains, and two truncated versions, E2-TR
and E8/E2-TR (trans-repression) {Choe et al. 1989). E2-TR contains the hinge
and C-terminal domain, whilst the E8 ORF, which is located in the E1 ORF spliced
to the E2 mRNA, also containing the C-terminal region, encodes E8/E2-TR. it is
thought that E2-TR and E8/E2-TR act as dominant negatives of E2-TA, as they
retain DNA binding and dimerization activity but lack the ability fo control
transcriptional regulation (Lambert et al. 1987). The transactivation and DNA
binding domains are largely conserved among different PV types; however, the
hinge is variable in both length and sequence (McBride et al. 1989; Gauthier et al.
1991).

In basal layer cells E2 is known to tether virus genomes to the cellular
chromosome to ensure equal partitioning to daughter cells during cell division. For
example, BPV-1 genomes, as well BPV-1 E2 are shown to associate with mitotic
chromosomes, in a DNA binding independent manner, via the N terminal region,
throughout mitosis (Skiadopoulos and McBride 1998; Bastien and McBride 2000),
In contrast, HPV-11, -16 and —18 E2 co-localise with mitotic chromosome during
prophase and metaphase and migrate fo the central spindle microtubules at
anaphase, requiring the C-terminal region (Dao et al. 2006). This is again
achieved via interactions with cellular proteins and recently interaction with mitotic
chremosome binding protein, Brd4 was observed between the E2 protein of some
PV types (You et al. 2004, Baxter et al. 2005). You et al. have shown that BPV-1
E2 Interacts with Brd4 via the Brd4 C-terminal domain (Brd4-CTD) and that
expression of Brd4-CTD inhibited viral episome association with mitotic
chromosomes and BPV-1 mediated cell transformation, in a dominant negative
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fashion (You et al. 2004). Brd4 was seen (o relocate from diffuse coating of
condensed chromatin, to random punctuate dots in BPV-1 E2 expressing cells
(McPhillips et al. 2005). Furthermore, studies using yeast plasmids containing an
autonomous replication site (ARS) and E2 binding sites to replace the centromeric
(CEN) maintenance element, have shown that Brd4 is required for BPV-1 E2
induced maintenance of the plasmid (Brannon et al. 2005). Stable expression of
Brd4-CTD in BPV-1 transformed cell lines also results in morphological reversion
and complete elimination of viral DNA (You et al. 2005). HPV-16 E2 was also
shown to interacts with Brd4 and abolishment of binding eliminates chromosome
association (Baxter et al. 2005). However, further analysis has revealed that this
interaction is not required for viral replication and instead Brd4 acts to regulate
HPV-16 E2-mediated transcription {Schweiger et al. 2006). In support of this, co-
localisation of HPV-16, as well as ~11, -31 and -57 E2 with mitotic chromosome
does not require Brd4 interaction (McPhillips et al. 2008) and no interaction is
observed between HPV-11, -16 and —18 E2 with Brd4 during mitosis {Dao et al.
2006). Therefore, Brd4 interaction with a-PV E2 proteins is suggested to regulate
transcription rather than replication or maintenance of viral genomes. It is also
thought that binding of HPV-11 E2 to E1BS proximal sites within the LCR may play
a role in preventing binding of negative regulators, such as CCAAT displacement
protein (CDP) to the origin of replication (Narahari et al. 2006). CDP association
with the origin is decreased in E2 expressing cells. Furthermore, E2 is shown to
alleviate CDP mediated inhibition of replication (Narahari et al. 2006).

Ancther cellular process E2 is known to be involved in is apoptosis. HPV-18 and
BPV-1 E2 have been shown to repress endogenous E6G/E7 expression in Hel.a
cells {Desaintes et al, 1997). An increase in p53 transcription activity is observed,
which is required for E2-induced G1 arrest but not apoptosis. Furthermore, HPV-
18 and BPV-1 E2 do not activate the main p53 responsive gene involved in
promotion of apoptosis, Bax, even though p53 levels are increased (Desainfes et
al. 1999). p53 accumulates after E2-induced apoptosis has begun, suggesting it is
not involved in this process. In contrast p21"WAF"C"! a3 downstream target of p53
is transcriptionally activated by E2 expression, feading to G1 arrest (Desaintes et
al. 1898). HPV-16 E2 has also been shown to interact directly with p53 via the C-
terminal domain (Massimi et al. 1999). This interaction correlates with the ability
of p53 fo inhibit HPY DNA replication. Furthermore, HPV-16 E2 expression in
HPV transformed cells results in decreased growth and cell death (Sanchez-Perez
et al. 1997; Webster et al. 2000). HPV-16 E2 also promotes apoptosis in non-HPV
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transformed cells, which correlates strongly with p53 binding (Parish et al. 2008).
However, HPV-18 E2 can induce apoptosis in pS3 negative cells (Demeret et al.
2003). This is found to be achieved via activation of Caspase 8 by autocleavage
(Demeret et al. 2003; Blachon et al. 2005). In addition, p53 binding is dispensable
for E2-induced apoptosis in HPV-transformed cells, in agreement with previous
data (Parish et al. 2006). In the same study, HPV-6 and —11 E2 failed to induce
apoptosis and did not interact with p53. Blanchon et al. show that induction of
apoptosis by E2 proteins from different PV types may be a consequence of cellutar
localisation (Blachon et al. 2005). HPV-16 and —18 E2 are found to shuttle
between the nucleus and the cytoplasm, whereas HPV-6 and —11 E2 are
predominantly nuclear. Cytoplasmic location is shown to correlate with apoptosis
(Blachon et al. 2005).

E2 proteins are known to transcriptionally activate/repress the viral LCR, via a
number of E2 binding sites (E2BSs). In the case of HPV-16 and other mucosal PV
types, such as HPV-18 and BPV-4, 4 E2BSs are present within the LCR, each
differing in E2 binding affinity (Figure 1.6) (reviewed by Kalantari and Bernard
2006). Differential binding of E2 to these sites, which is at least partly due to E2
levels, is known to affect the repression/activation of E6 and E7 {or E5 and E7 in
the case of BPV-4), as well as viral genome replication, via the early promoter
(Steger and Corbach 1997; Morgan et al. 1998). For example, at low to
intermediate concentrations BPV-4 E2 activates ES/E7 transcription (Morgan et al.
1998). Conversely, as E2 levels rise, ES/E7 expression is inhibited and mutation
of E2BS1, which is 3bp upstream of the TATA-box, results in abrogation of trans-
repression by E2. A similar situation is observed for HPV-18, where low E2
expression allows transactivation at the early promoter, whereas high E2 causes
repression (Steger and Corbach 1997). HPV-18 E2 has high affinity for BS4,
binding of which is thought to be involved in transactivation of the early promoter.
Furthermore, affinity for E2BS1 is low; suggesting binding of this site at high
concentrations of E2 is involved in repression. In agreement, BPV-1 E2 binds
£2BS1 from the HPV-18 LCR with high affinity and is able to repress the promoter
more efficiently than HPV-18 E2 (Steger and Corbach 1997). The proximity of
E2BS1 with the TATA-box is suggested to inhibit recruitment of TBP to the
promoter, and hence to prevent Pre-initiation complex formation, as in the case of
BPV-1 (Dostatni et al. 1991). Indeed, mutation of E2BS1 in the BPV-4 LCR inhibits
repression of the early promoter at high levels of E2 (Morgan et al. 1998). For
HPV-18, E2BSs 1-3 are required for full repression of the early promoter in
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epithelial cells, and displacement of Sp1 when E2 occupies BS2 is thought to
contribute to this (Demeret et al. 1997). HPV-16 E2 is also shown to displace Sp1
from the overlapping Sp1 BS when bound fo BS2, and E2BS1 & 2 are again
shown to be necessary for repression (Tan et al. 1994). S5p1 is elevated in
epithelial cells, such as HaCaT cells, when compared with fibroblasts, and it is
suggested to be a major celiular factor controlling expression from the HPV-16
early promoter (Apt et al. 1996). In addition, Sp1 can transactivate the HPV-18
LCR via the promoter proximal binding site overlapping E2BS2 (Hoppe-Seyler and
Butz 1992). This suggests displacement of Sp1 from the E2BS2 proximal Sp1
binding site within mucosal PV LCRs is important to repression of the early
promoter by E2. However, binding of HPV-16 E2 to BS1 & 2 results in increased
repression, compared with binding to either site alone, indicating that displacement
of both Sp1 and TBP are required for efficient repression (Tan et al. 1992; Tan et
al. 1994). In confrast, Bechtold et al. reported that high expression of HPV-16 E2
represses £6 and E7 from integrated HPV-16 genomes; however, no such
repression was observed In cells containing episomal copies of HPV-16 (Bechtold
et al. 2003). This is suggested to be due to the closed conformation of the HPV-
16 p97 promoter in episome containing cells. However, it is not clear at what
stage of differentiation cells were assayed for EG/E7 repression and it is possible
that the chromatin conformation of the promoter may change throughout
differentiation to help control EB/E7 expression. Therefore, HPV-16 E2 may be
able to repress the p97 promoter in episomally infected celis only at certain stages
of differentiation.
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In addition to E2 responsive regions and Sp1 binding sites, a number of other
cellular transcription factor (TF) binding sites are found within the LCR, and
interaction of E2 with cellular proteins is known to affect transcriptional activity. A
region between E2BS 3 and 4, the tissue specific enhancer, is shown to cause
transactivation in only keratin expressing cells via synergism of a number of
cellular TFs {Figure 1.6). For example, expression from the HPV-18 LCR is
specifically enhanced in epithelial cells (Bernard et al. 1989). Similarly, sequences
in the HPV-16 LCR respond to cellular factors in keratinocytes and cervical cancer
cells, but not fibroblasts (Cripe et al. 1987). The BPV-4 LCR, and specifically a
region between E2BS3 & 4, is also shown to confer expression of reporter
constructs in keratinocytes, but not fibroblasts (Morgan et al. 1999). In addition,
BPV-4 E2 shows similar tissue specificity with respect to BPV-4 early promoter
regulation (Morgan et al. 1998) This was found to be a promoter specific affect, as
E2 was able to transactivate the BPV-4 LCR, when it was fused to an SV40
promoter, in both epithelial celis and fibroblasts. HPV-16 E2 is also shown to
activate the BPV-4 early promoter in epithelial cells (Vance et al. 1999). In this
study, a thymidine kinase (tk) promoter was fused to the & region of the LCR
containing the early promoter and E2BS1 & 2, with 6 adjacent consensus E2BSs
upstream. HPV-16 E2 activated this promoter with 10-fold more efficiency in
epithelial cells, compared with fibroblasts. Therefore, epithelial specificity of E2 is
not reliant on the enhancer region (Vance et al. 1999). As well as E2, cellular
proteins are suggested to be Involved in tissue specificity via the LCR. As
discussed, Sp1 levels are elevated in epithelial cells, suggesting this may be
involved (Apt et al. 1996). Furthermore, cellular factors, such as C/EBP and AP-1
are shown to associate with the HPV-31 LCR enhancer region in vitro (Sen et al.
2004). Similarly, binding sites for several TFs, including C/EBP, AF’-1, NF1, and
Oct-1 are found within the HPV-16 LCR (Sibbet and Campo 1990; Chong et al.
1991). Using DNAse | protection a number of footprints are observed within the
HPV-16 LCR in the presence of Hela extracts in the epithelial enhancer region
between E2BS3 & 4 (Gloss et al. 1989). In addition to E2 responsive elements
and the epithelial specific enhancer, there are aiso repressor sequences within the
L.CR. A region of the BPV-4 LCR, upstream of E2BS2 and overlapping the origin
of replication, confers repression in the context of the LCR, as well as the SV40
promoter {Vance et al. 2001). This element binds a 50Kda cellular protein in
epithelial cells and fibroblast, suggesting its repressive activity is ubiquitous. A
similar element is found within the HPV-16 LCR, which contains two similar
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sequences, found to bind the same complex in vitro (O'Connor et al. 1898). This
element also represses in the context of the $V40 enhancer and tk promoter, and
is found to be orientation-independent but position-dependent. A silencer, which is
acted upon by YY1, is also located within the HPV-16 LCR (O'Connor et al. 1996),
Repression is achieved by inhibition of AP-1 transactivation via interactions with a
binding site within the silencer region (O'Connor et al. 1998). In addition, siRNA
mediated knock-down of Brd4 is shown fo reduce repression of the E6 promoter in
Hela cells (Wu et al. 2008). EZ2 association with the LCR is enhanced in
increasing Brd4 concentrations, whilst there is a reduction in TFIID and RNA
polymerase ll recruitment. This suggests the LCR of mucosal PV types is
complex and is acted on by a number of ceilular factors to ensure correct
transcriptional regulation during the viral life cycle.

E2 is known to regulate cellular genes, for which cellular factors are again
necessary. For example, BPV-1 E2 interacts with Sp1, a cellular transcription
factor, an interaction which can target E2 to promoters lacking E2 binding sites,
resulting in regulation of transcription (Li et al. 1991). Sp1-E2 interaction aiso
facilitates downregulation of telomerase via Sp1 binding sites within the hTERT
promoter, a function common to both high and low-risk types, HPV-6, -11, -16 and
-18 (Lee et al. 2002). In addition, HPV-8 E2 has been shown to interact with Sp1

and activate p21WAFICIP?

expression via a region proximal to the transcription start
site containing a number of Sp1 binding sites (Steger et al. 2002). In this case, the
HPV-8 E2 hinge region is shown to be necessary for synergism with Sp1, whereas
HPV-18 E2 transactivation domain mutants are unable to support p21WAFYCIPt
transactivation. Other cellular proteins HPV-8, -16, -18 and BPV-1 E2 are known
to interact with include C/EBPa and B, which are involved in regulation of
keratinocyte differentiation in the epithelium (Hadaschik et al. 2003). The
interaction is mediated by the C-terminal region of HPV-8 E2 and synergises
transcriptional activation from both a synthetic promoter containing C/EBPS and
the proximal involucrin promoter containing C/EBPo sites. Transactivation is
independent of E2 binding sites within the DNA, but is dependent upon interaction
of E2 with C/EBP, as mutant forms of E2 that do not interact with C/EBP, do not
synergise fransactivation. This suggests E2 may promote Kkeratinocyte
differentiation.  In addition, HPV-8 and —18 E2 downregulate p4-integrin
expression, which is involved in detachment of keratinocytes from the basement
membrane {Oldak et al. 2004). Whilst HPV-18 E2 is also shown to induce
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apoptosis, HPV-8 does not and can bind the B4-integrin promoter directly, which
results in displacement of one or more cellular factor.

Like many viral transcriptional regulating proteins, E2 from several PV types is
known to interact with a number of components of the basal transcription
machinery. Interaction with these components can affect formation of the pre-
Initiation complex (PIC), composed of a number of TF complexes and RNA
polymerase W itself, and can therefore affect the frequency of transcription
initiation.  For example, interaction has been observed between BPV-1 E2, and
TATA-box binding protein (TBP), via the C-terminal region and TFIIB, via the
transactivation domain (Rank and Lambert 1995; Benson et al. 1997). TBP is a
component of TFID that binds DNA directly via the TATA-box, whilst TFUIIB is
recruited to the complex following TFIIA and TFIID, but prior to RNA polymerase |l.
HPV-8 E2 also associates with TBP, requiring its C-terminal region {Enzenauer et
al. 1998), whilst HPV-16 E2 interacts with TFIIB {Benson et al. 1997). In the case
of BPV-1, co-operative association of TBP and E2 to a minimal promoter
containing only E2 binding sites (E2BSs) and a TATA element is involved in E2
mediated transcriptional control, depending on the distance between the elements
(Dostatni et al. 1991; Steger et al. 1995). When E2BSs are placed 3nt from the
TATA-box, TBP binding is inhibited. In the case of HPV-11, repression of
transcription is not alleviated by pre-formation of TBP-TATA complex, suggesting
E2 does not simply cause steric hindrance but represses PIC formation at a stage
later than this (Hou et al. 2000). However, for BPV-1 E2, with 8nts separating
E2BSs and the TATA-box the two proteins interact with the promoter co-
operatively, requiring the E2 hinge region (Ham et al. 1994, Steger et al. 1995). In
this case E2 is shown to activate transcription not by increasing recruitment of
TBP, but by decreasing its dissociation rate with the TATA element, thereby
stabilising formation of the PIC (Ham et al. 1994). HPV-8, -18 and BPV-1 E2
proteins are also known to inferact with other components of TFIID, known as
TBP-associated factors (TAFs) (Enzenauer et al. 1998; Carrillo et al. 2004), HPV-
8 E2 interacts with TAFIIS5 in vitro via the hinge and C-terminal region (Enzenauer
et al. 1998), whilst HPV-18 and BPV-1 associate with TAFII80 and TAFII250
(Carrillo et al. 2004). Interaction with TAFII250, which inhibits binding of TBP to
the TATA-box (Liu et al. 1998), was found to differ in strength between the two
BPV-1 and HPV-18 E2 proteins (Carrillo et al. 2004). As TAFII250-E2 interaction
has the potential to affect TBP-promoter association, this difference may reflect
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the fact that BPV-1 E2 is a stronger viral fransactivator than HPV-18 EZ2.
However, both E2 proteins interact with TAFII80 with similar strength, suggesting
this interaction may be important to the transcriptional activity of E2 proteins in

general.

Further to interactions observed with cellular transcription factors, E2 also interacts
with co-activators, which affect transcription via indirect association with DNA. For
example, HPV-18 E2 interacts with cellular co-activator, CAMP response element-
binding protein-binding protein (CBP} and p300, via the N-terminal transactivation
domain {Lee et al. 2000). CBP/p300 has a role in preventing the G¢/G4 transition
during the cell cycle and its transactivation function is necessary for E2-mediated
growth arrest in Hela cells. This interaction was found to be necessary for HPV-
18 E2 dependent transcription as sequestration of CBP/p300 by Adenovirus E1A,
a protein known to interact with it, resulted in inhibition of E2 activated transcription
from constructs containing E2 binding sites within the promoter (Lee et al. 2000).
Furthermore, CBP/p300 contains Histone Acetyl Transferase (HAT) activity, which
when lacking from the protein synergises with HPV-18 E2 only modestly,
suggesting this may be necessary for E2 mediated transcription. HPV-8 E2 also
binds to p300, an interaction which again synergises transcription {(Muller et al.
2002). p300 is shown to he upregulated during epithelial differentiation in this
report, suggesting it may be involved in differentiation specific transcriptional
regulation by E2. Furthermore, a similar co-activator, which is known to interact
with CBP/p300, p300/CREB-binding protein-associated factor (p/CAF), also
contains HAT activity and can synergise HPV-18 E2 transcription in a similar
fashion to CBP/p300 {Lee et al. 2002). Interaction was observed between p/CAF
and HPV-18 E2 in vive and with HPV-6b, -11 and -16 E2 jn vitro, requiring the
fransactivation domain. |ndeed, overexpression of both CBP/p300 and p/CAF
increases HPV-18 E2 mediated transcription to greater extent than either protein
alone, suggesting possible co-operative recruitment of the two proteins by E2.
Furthermore, as for CBP/p300, the HAT function of p/CAF is essential as HAT
mutants are shown to inhibit transcription {Lee et al. 2002). HPV-16 E2 also
interacts with topoisomerase [l B-binding protein 1 (TopBP1) (Boner et al. 2002),
TopBP1 has 8 BRCA1 domains, which are involved in the response to DNA
damage, transcription and replication, in its C-terminal region. Interaction is
mediated via the N-terminal domain of E2 and Is shown to enhance transcription
and possibly replication. E2 mutants within the N-terminal domain do not support
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TopBP1 mediate transactivation; however this domain does not act as a dominant
negative (Boner et al. 2002), suggesting TopBP1 may not be an essential cellular
partner for E2-mediated transcription.

E2 has also been found to interact with other papillomavirus proteins. As
discussed, E2 binds to E1 to facilitate viral genome replication (Mohr et al. 1990;
Berg and Stentund 1997). Furthermore, E2 is known to associate with both viral
oncoproteins E6 and E7 (Grm et al. 2005; Gammoh et al. 2008). HPV-16 E2 is
shown to cause redistribution of HPV-18 E6 from diffuse staining throughout the
cells to predominantly nuclear localisation (Grm et al. 20058). Direct interaction
with HPV-16 E6 is shown to be mediated by HPV-16 E2 C-terminal sequences,
This interaction results in increased E2 transcriptional activity but inhibits E2
mediated replication. The ability of HPV-16 and -18 EB to degrade MAGI-1 and
MAGI-3 is also disrupted in cells expressing HPV-16 E2 (Grm et al. 2005).
Furthermore, binding of HPV-16 E2, via the hinge region, o HPV-16 E7 is thought
to inhibit cellular transformation by E7 (Gammoh et al. 2006). As expression of E2
results in stabilisation of E7, it is suggested that E2 inhibits transformation by
sequestering E7 to mitotic chromosomes. For HPV-186, interaction of E2 with the
minor capsid protein L2 is also known to inhibit E2 mediated transactivation;
however, replication was unaffected (Okoye et al. 2005). An L2-E2 interaction is
not essential for inhibition. E2 levels were seen to decrease in HaCaT but nof
C33A cells, upon co-transfection with L2. This suggests L2 may not act by
decreasing E2 levels, as a similar degree of transactivation inhibition was
observed in each cell line. Although it is not known whether E2 can
simultaneously interact with factors controlling replication and transcription, it Is
possible that the choice of interaction may influence the replication and
transcription states of the virus (Rank and Lambert 1995). Furthermore, the
choice of interaction, with both viral and cellular proteins, may also regulate which
genes are up and down-regulated by E2 in a particular cell.

1.1.6.4 E1°E4

As the cell differentiates, late proteins begin to be expressed. E4, which is
expressed as a chimera with five amino acids from the N-terminus of E1 and is
known as E1°E4, was named an early protein due to its position within the
genome. However, aithough it is expressed throughout the life cycle, it is most
abundant at later times during productive infection {(Doorbar et al. 1997). E1°E4 is
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a small protein which accumulates in the cytoplasm and there is little sequence
homology between different HPV types (Doorbar et al. 1989; Roberts et al. 1997).
HPV-1 E1%E4 is progressively cleaved from the N-terminus to produce 4 isoforms:
17K, 16K, 11K and 10K, The protein is also known to oligomerise and little is
thought to be in monomeric form within infected cells (Doorbar et al. 1996;
Ashmole et al. 1998). 1t is a multifunctionai protein and there is some debate as to
the functions of E1~E4 from different viral types. For example, interaction with
keratin intermediate filaments is observed for both HPV-1 and -16 E1*E4 (Doorbar
et al. 1991; Roberts et al. 1924). This is achieved via a LLXLL motif in the N-
terminal region (Roberts et al. 1924). HPV-16 E1*E4 binds keratin 18 directly via
this motif and can homo-oligomerise via the C-terminus, providing a mechanism
whereby E1°E4 can cause filament cross-linking (Wang et al. 2004). Whilst the
cytokeratin network is seen to collapse in cells overexpressing HPV-16 E1°E4, this
is not the case in HPV-1 E17E4 expressing cells (Doorbar et al. 1991; Roberts et
al. 1983). In addition, mutations in the C-terminus of HPV-16 E14E4 are shown to
inhibit cytokeratin collapse, indicating that homo-oligomerisation of the protein may
be important to this function {Roberts et al. 1997). Following network collapse
HPV-16 E1AE4 associates with mitochondria, causing their detachment from
microtubules (Raj et al. 2004). This results in a reduction in the membrane
potential and induction of apoptosis, which is suggested to make cells more fragile
ready for virion egress.

HPV-16 E1°E4 has been shown to block cells in G2 of the cell cycle possibly
creating an environment for vegetative replication of the genome to occur (Davy et
al. 2002). A region within the N terminus containing a putative NLS, cyclin-binding
site and cdk phosphorylation site is shown to be required. HPV-11 and -18 E1°E4
cah also induce G2/M arrest (Davy et al. 2002; Nakahara et al. 2002). In contrast
HPV-1 E1%E4 is shown in one study to cause arrest (Knight et al. 2004}, however
in another no such phenonmenon is observed in E1°E4 expressing cells (Davy et
al. 2002). The discrepancy is probably due to expression of different E1°E4
isoforms, as the latter study focused on the full length 17K form, whilst Knight et al.
used the N terminal truncated 16K isoform. In all instances studied so far
however, G2/M arrest is achieved by retaining cdk1/cyclin B1, the cyclin kinase
complex required for progression into mitosis, in the cytokeratin networks of
infected cells (Nakahara et al. 2002; Knight et al. 2004; Davy et al. 2005). For
HPV-16, E1*E4 mutants which are unable to bind cdk1 are unable to induce G2
arrest (Davy et al. 2005). Furthermore, HPV-16 E12E4 associates with cyclin A2,
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which is involved in the G2/M transition (Davy et al. 2006). This interaction is
observed in G2 cells and results in redistribution of cyclin A2 to the cytoplasm.
The requirement for E1*E4 for vegetative viral genome replication is also
somewhat controversial. Studies investigating this use keratinocytes transfected
with E12E4 null mutant genomes in raft culture. Whilst HPV-11 E1*E4 is shown to
be dispensable for viral genome ampilification (Fang et al. 20086), both HPV-16 and
-31 E1°E4 seem to be necessary (Nakahara et al. 2005; Wilson et al. 2005).
Furthermore, HPV-16 E1%E4 is shown to contribute to episome replication in
undifferentiated cells, and low levels of expression are observed in these cells
(Nakahara et al. 2005); however, HPV-31 E1°E4 does not affect episome
maintenance or early gene expression (Wilson et al. 2005). In addition, HPV-186,
but not HPV-1 or -6, E1*E4 associates with E4-DEAD box protein (E4-DBP), via
the C-terminal region (Doorbar et al. 2000). E4-DBP is a shuitling protein with
RNA helicase activity. Interaction between the two proteins results in cytoplasmic
relocalisation of E4-DBP, and loss of E1*E4 keratin binding activity causes both
proteins to become localised to the nuclecli. E1°E4 is also shown to partially
inhibit the RNA helicase activity of E4-DBP. Furthermore, E4-DBP is known to
interact with HPV-16 late RNAs, suggesting HPV-16 E1°E4 may have functions
during post-transcriptional processing of late transcripts (Doorbar ef al. 2000).

1.1.6.5L1and L2

.1 and L2 encode the major and minor capsid proteins, respectively, and are
expressed following genome amplification in the upper layers of the epithelium.
Each HPV-16 capsid contains 256 copies of L1 and 72 copies of L2, forming a
capsomere icosohedral shell (Modis et al. 2002). Virus-like particles are known to
form in the absence of L2, however L2 is thought to enhance packaging and
infectivity. During infection the capsid proteins are involved in cell contact,
endocytosis (see section 1.1.5: The life cycle), translocation across the cytoplasm
and nuclear entry. HPV-16 L2 binds p-actin, which is thought to facilitate transport
across the cytoplasm during infection (Yang et al. 2003). [n support of this, BPV-1
L1 co-immunoprecipitates with tubulin, and virions co-localise with micro-tubules in
the cytoplasm by electron microscopy (Liu et al. 2001).  Furthermore, HPV-16 L2
is suggested to be required for endosome escape as pseudovirions containing L1
only are retained in the vesicular compartment (Kamper et al. 2006). Nuclear
entry is facilitated by L2. L2 protein from a number of PV types interacts with
Karyopherin (Kap) subunits, which are nuclear import adaptor/receptor proteins
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also known as importing (Darshan et al. 2004; Fay et al. 2004; Bordeaux et al.
2006; Klucevsek et al. 2006). Kap's form heterodimers of one o and one §
subunit, and L2 from different PV types is shown to interact with Kap az, B4, B2,
and B3 via nuclear localisation signals in the L2 N and C-terminal regions. L2 is
also involved in viral DNA binding and it is suggested that it is responsible for
translocation of the genome to the nucleus (Day et al. 2004; Fay et al. 2004,
Bordeaux et al. 2008; Klucevsek et al. 2006).

L2 also has functions during production of mature virions. HPV-33 L2 contains an
ND10 localisation domain, which is necessary for L2 induced recruitment of Daxx
and loss of Sp100 from ND10 domains (Becker et al. 2003). This is thought to be
important as ND10 domains are suggested to be the sites of viral DNA replication.
Furthermore, involvement of PML, a major component of ND10 domains, is
somewhat controversial. Whilst authentic BPV-1 infection is elevated in PML
positive cells, as compared to PML negative cells (Day et al. 2004), assembly of
HPV-33 into VLPs requires L2 to be in the nucleus, but neither ND10 localisation
or PML are necessary (Becker et al. 2004). Formation of L1 capsomeres occurs
in the cytoplasm, followed by ftranslocation to the nucleus via the Kap o281
heterodimer (Merte et al. 1999; Nelson et al. 2002). HPV-16 and —45 L1 interacts
with Kap o2 to facilitate import and this requires RanGDP and GTP (Neison et al.
2002). HPV-11 L1 also enters the nucleus using the same adapter heterodimer
via interaction with Kap o2 (Merle et at. 1999). In addition, interaction of L1 with
Kap B2 in the case of HPV-16 and —45, and Kap B3 for HPV-11 is shown to cause
inhibition of import of cellular proteins containing an M9 NLS, such as hnRNP A1
(Nelson et al. 2002; Nelson et al. 2003). it is suggested that this import is inhibited
during the productive phase of the life cycle.

1.1.6.6 Tumour Progression

In tumour cells, E6 and E7 of high-risk HPVs, are expressed at high levels, which
drives proliferation (Durst et al. 1981). The high levels of expression are
commonly caused by integration of the viral genome into cellular DNA resulting in
loss of expression of other HPV genes. Specifically, E2 is lost and the break
points of integration are often within the E2 ORF. EZ2 is thought to transcriptionally
down-regulate E6 and E7 in episomally infected cells, during differentiation (see
section 1.1.6.3: E1 and E2} (Dowanhick et al. 1995; Goodwin et al. 2000). Loss of
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this down-regulation may result in uncontrolled EB and E7 expression. In addition,
endogenous expression of Sp1 which is thought to be a major transactivator of the
HPV-16 EB/E7 promoter, is elevated in transformed cells (Apt et al. 1996).
Furthermore, steady-state E6/E7 mRNA levels are increased upon integration of
the HPV-16 genome in HPV-16 infected epithelial cells {(Jeon and Lambert 1995).
However, this is not only due to elevated transcriptional activation but is also a
product of increased RNA stability (Jeon and Lambert 1995). As the E6/E7
transcripts that are produced in cells with integrated genomes are not
polyadenylated using the HPV-16 early 3UTR, it was suggested this region might
contain an instability element. Indeed, when fused to the p-giobin gene, the HPV-
16 early 3'UTR was able to substantially reduce stability of B-globin transcripts in
fibroblasts (Jeon and Lambert 1995). In addition, deletion of the HPV-16 early
JUTR from a truncated version of HPV-16 genome containing only the early
region, driven by a CMV promoter, increases mRNA steady-state levels in Hel.a
cells (Zhao et al. 2005). This suggests that increased mRNA stability, as well as
more efficient transactivation of the early promoter, results in the high levels of
E6/E7 expression observed in transformed cells. However, this has not been
shown to be sufficient to cause tumour progression and mutagenesis of cellular
genes plays a role. This is backed up by cell culture observation, in which
integration of the genome results in a growth advantage over episome-containing
cells and loss of differentiation but cells are not tumourigenic (Jeon et al. 1995).
However, expression of BPV-1 E2 in Hela cells to repress HPV-18 E6 and E7
expression results in inhibition of cellular DNA synthesis, and p53 and pRb
induction (Goodwin et al. 2000). Furthermore, expression of HPV-16 E6 and E7
expression alleviates E2-mediated growth inhibition; suggesting continued E6 and
E7 expression is necessary for optimal proliferation of transformed cells. In
transgenic mice expressing HPV-16 E6 or E7 in undifferentiated epithelial cells,
treatment with carcinogens known to act at different stages of tumour progression,
reveals differing roles for E6 and E7 at different stages of tumourigenesis (Song et
al, 2000). E7 primarily affects the promotion stage, whilst E6 acts more strongly in
malignant conversion. fn vivo, the eveniual result is loss of differentiation

capabilities, uncontrolled growth and progression to invasive carcinoma.
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1.1.7 Tissue culture

Due to the tight assaciation of the PV life cycle to epithelial differentiation, tissue
culture analysis has been problematic. Many cell lines have been derived from
cervical carcinomas in which the HPV genome is integrated. Although the
transforming mechanisms of the E6 and E7 proteins can be studied in these
systems, they are not indicative of the natural life cycle of HPV. W12 is a cell line
derived from an HPV-16 infected CIN | lesion, in which the genome is episamal
and is maintaining the natural pattern of HPV infection (Stanley et al. 1989), A
sub-clone of W12 cells, W12E has been derived which whilst maintaining the
features of W12 cells, can also be maintained in culture for more passages (up to
18) before genome integration occurs (Jeon et al. 1995). These cells also exhibit
typical epithelial cell morphology consistent with CIN | lesions and can be
differentiated in vitro, allowing for the comparison of gene expression and the
effects thereof, between undifferentiatied and differentiated cells. For example, in
monalayer culture the density of W12E cells influences the state of differentiation.
At low density cells are undifferentiated, whereas higher density results in
differentiation (McPhillips et al. 2004). Cells can be harvested at different time
points after seeding to obtain undifferenfiated and differentiated samples.
Furthermore, cells can be grown in organotypic-raft cultures fo allow the formation
of epithelial tissue in vitro. This tissue can be used in staining experiments, to
detect when and where within a three-dimensional structure, certain RNAs and
proteins are expressed.

1.2 RNA processing

To understand fully the relevance of the protein complexes binding papillomavirus
cis-acting RNA elements, it is necessary to outline the mechanisms of RNA
processing. In eukaryotic cells, there are a number of proteins that direct the
appropriate processing, transport and stability of pre-mRNAs. These processes,
as well as transcription itself, are intertwined, creating a complex machine from
which mature mRNA transcripts are produced (reviewed by Minvielle-Sebastia and
Keller 1999). RNA processing factors are known to associate with the RNA
polymerase [l C-terminal domain, and are thereby in close proximity to the nascent
transcript as soon as it is produced. Each process will be discussed in isolation,
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but links will be drawn where relevani, particularly with respect to interacting
proteins involved in each process.

1.2.1 Capping

The first process to occur during RNA processing is capping of the &' end of the
pre-mRNA (reviewed by Shatkin and Manley 2000). This occurs in nucleus after
synthesis of ~20-25 nts, when a 7-methylguanosine friphosphate &' cap is added
(reviewed by Bentley 2002). Methylation of the cap stabilizes mRNAs against &'
exonuclease activity and is involved in inhibiting decapping (reviewed by Furuichi
and Shatkin 2000). Capping is achieved via three enzymes: RNA triphosphatase,
guanylyltransferase (GT) and 7-methyltransferase (MT). GT and MT associate
with the Serine 5 phosphorylated CTD of RNA palymerase 1l (reviewed by Bentley
2002). Whilst RNA triphosphatase and GT are released from the mRNA following
capping, MT can be found associated with the CTD at the 3' end of the gene.
Furthermore, MT is shown to associate with importin a, a molecule which along
with importin B is involved in nuclear import of proteins containing nuclear
localisation signals (reviewed by Nakielny and Dreyfuss 1999). This interaction
promotes targeting of MT to its substrate and also increases cap methylation. A
complex composed of two subunits, 20 and 80KDa, called the cap-binding
complex {(CBC) associates with the mRNA cap (reviewed by |zaurralde and Adam
1998). Capping and polyadenylation are linked during mRNA processing. CBC
may be involved in cleavage at the 3’ end of an mMRNA as its depletion from Hela
nuclear extracts, results in decreased levels of cleavage (Flaherty et al. 1997). It
is thought that interaction between CBC and 3' end processing complexes,
stabilises 3' end complex formation. [n addition, transiation of uncapped RNA is
reduced in in vifro translation assays (Both et al. 1975; Muthukrishnan et al. 1975).
The cap associates with eukaryotic transtation initiation factor 4F (elF4) family and
this promotes ribosome attachment which in turn results in increased initiation of
translation (Gingras et al. 1999). Circularisation of the mRNA via cap and poly(A)
tail complex interactions also increases translation initiation (reviewed by Sachs et
al. 1997). Therefore, the cap is essential to the stability, processing and

translation of an mRNA molecule.
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1.2.2 Splicing

In eukaryotic cells splicing occurs via formation of a number of complexes, E, A, B
and C (Figure 1.7). The E splice complex is formed via RNA-RNA, protein-RNA
and protein-protein interactions. This involves recognition of the 5" and 3’ splice
sites. The 5 splice site is defined by one sequence (GURAGU, where R
represents a purine), whilst the 3’ splice site composes three parts; a branch point
site (BPS) (YNYURAY, where Y is a pyrimidine and N is any nt), a poly-pyrimidine
tract and the splice site itself (YAG/N) (reviewed by Graveley 2000). Splice sites
within eukaryotic genomes can be highly degenerate and recognition often
depends on nearby cis-acting elements, which either repress or enhance splicing
from a particular site via the action of a number of RNA-binding proteins (see
section 1.4:. SR proteins). Association occurs between the U1 small nuclear
riboncleoprotein (U1 snRNP) complex and a 5’ splice site (Wassarman and Steitz
1992), whilst the U2 snRNP auxiliary factor (U2AF) complex, containing U2AF®
and U2AF®, forms by interaction with the 3’ splice site and polypyrimidine tract,
respectively (Figure 1.7E). One or more SR proteins, so called because of the
arginine/serine rich (RS) domain contained in the C-terminal region, bridge the gap
between U1 snRNP and the U2AF complex, via protein-protein interactions,
creating a splice site recognition complex necessary for the latter stages of
splicing (reviewed by Smith and Valcarcel 2000). In subsequent stages many
more components join the complex, such as snRNPs, SR proteins and splicing
factor-associated proteins (SAPs), resulting in production of two molecules: an
intronless mMRNA and a lariat intron (Figure 1.7A-C) (reviewed by Reed and
Palandjian 1997). Briefly, in formation of the A complex, U2 snRNP associates
with the BPS, followed by displacement of U1 snRNP by a U8/U4.US tri-snRNP
particle to form the B complex, in the pre-spliceosome to spliceosome transition.
L.oss of U2AF then results in the C complex and catalysis is completed, producing
the intronless MRNA and the lariat intron, associated with U2, U5 and U6 snRNPs.
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Figure 1.7: Splicing

E) shows the early (E) complex with U1 snRNP (red) bound at the 5
splice site, U2AF (purple) bound at the 3’ splice site and one or more SR
proteins (yellow) bridging the gap to adjoin the two. A) Shortly after E
complex formation, U2 snRNP (green) binds the branch point site (BPS)
to form the A complex. B) U1 snRNP is displaced by a U6/U4.US tri-
snRNP particle (blue). C) U2AF is lost from the complex and catalysis is
completed to produce the lariat intron, associated with U2, U5 and U6
snRNPs and the intronless mMRNA.




Sarah Mole, 2007 Chapter 1, 42

1.2.3 Cleavage and Polyadenylation

In processing of the 3' end of most mRNAs, the transcript is cleaved and
polyadenylated, two processes which are tightly coupled. There are a number of
factors involved in these processes, and, as with splicing, RNA sequences are
required. The core polyadenylation signal is almost invariable, consisting 5'-
A(AJUJUAAA-3', located approximately 10 to 30 nucleotide upstream of the
cleavage and polyadenylation site, and a more variable GU or U rich element is
often found 10 to 50 nuclectides downstream (Figure 1.8A) (reviewed by
Proudfoot 1991). The downstream element may be involved in modulating
efficiency of polyadenylation from a specific site. A third sequence, UGUA, can be
found in one or more copies at variable distance upstream of the cleavage site (Hu
et al. 2005). Protein complexes involved in cleavage and polyadenylation include,
poly (A) polymerase (PAP), cleavage and polyadenylation specificity factor
(CPSF), cleavage stimulatory factor (CStF), cleavage factors (CFI/CFIl) and
poly(A) binding protein Il (PABII) (Figure 1.8). The first event is thought to be
interaction of the CPSF complex, composed of 4 subunits of 30, 70, 100 and
160KDa, with the A(A/JU)UAAA sequence within the core element (Jenny et al.
1994; Murthy and Manley 1995}, CstF, composed of CstF-77, CstF-64 and CstF-
50, associates with the GU rich region via CstF-64 and stabilises CPSF-RNA
interactions by direct protein interaction (Weiss et al. 1991; MacDonald et al.
1994). PAP then binds to the complex, followed by cleavage. It is suggested that
requirement for PAP within the complex prior to cleavage may ensure tight
caupling between cleavage and polyadenylation (reviewed by Keller 1995). CFl
and CFil are also required for cleavage. Although their exact functions are as vet
undefined, CFI interacts with the UGUA sequence and can allow polyadenylation
in the absence of an A(A/U)UAAA motif via recruitment of CPSF and PAP (Brown
and Gilmartin 2003; Venkataraman et al. 2005). Polyadenylation then proceeds
rapidly requiring PAP, CPSF and PABIl. PABII icins the complex shortly after
polyadenylation starts to regulate efficiency and tail length (Wahle 1991; Bienroth
et al. 1993). It stimulates the reaction after addition of approximately 10
nucleotides, and then slows polymerisation when the tail reaches 200-250
nucleotides (reviewed by Wahle and Keller 1996). As length of the poly{A} tail is
consistent amongst different transcripts, it is thought that A’'s are counted by
continued binding of PABII (Figure 1.8E) (Wahle 1995).
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Figure 1.8: Cleavage and Polyadenylation

A) CPSF interacts with the A(A/U)UAAA sequences and CstF associates

with the GU or U rich region cooperatively. CFl interacts with a further
sequence, UGUA at variable distance upstream of the cleavage site.
Although the RNA is shown linearised here, it is likely that the complex is
formed by bending of the molecule. CFll is also required; however it's
binding properties are not known. PAP then enters the complex via
interactions with CPSF. B) Following cleavage, CstF and CFl and Il are lost
from the complex. C) Approximately 10 A’s are added to the cleaved RNA
before PABII associates with the complex. D) PABII binds the poly(A) tail
and induces productive polyadenylation. E) Continuous PABII binding is
thought to regulate tail length.
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1.2.4 Exon definition

In many lower eukaryotes, splicing complexes are formed across the relatively
small introns. This results in each splice junction contributing to the splicing of
only one intron (Figure 1.8A). However, in mammalian celis where introns can be
thousands of base pairs In length and exons small in comparison, the complex
often forms across the exon in a process called ‘exon definition’ (Figure 1.9B)
(reviewed by Berget 1995). Interaction then occurs between compiexes formed at
adjacent introns to facilitate splicing. Here each splicing complex contributes to
the splicing of two introns, on each side of the exon in question. For internal
exons the process of exon definition is adequate; however, problems arise when
splicing the terminal introns. An E complex cannot form over the §' and 3’ most
exons due to the lack of a 3’ splice site at the start of the first exon and %' splice
site and the end of the last. In this situation it is thought that the splicing
machinery interacts with end processing machinery to facilitate splicing (Figure
1.9C). For example, interaction of the CBC associated with the 5’ cap interacts
with U1 snRNP which enhances splicing of the first intron (reviewed by 1zaurralde
and Adam 1998). Similarly, splicing machinery bound at the 3’ splice site of the 3’
most exon interacts with cleavage and polyadenylation factors, thus creating a
complex capable of splicing the final intron. For example, U1A, a component of
the U1 snRNP complex, interacts with cleavage and polyadenylation specificity
factor (CPSF) (Lutz et al. 1996). This interaction affects both polyadenylation rate
and tail length by stabilising A(A/U)UAAA-CPSF interactions, Furthermore, U1A,
whilst complexed in U1 snRNP, hinds the upstream efficiency element (USE) of
the SV40 late polyadenylation signal (Lutz and Alwine 1994). U1A also is known
to inhibit polyadenylation of its own mRNA (Gunderson et al. 1994), whilst U1-70K
is involved in inhibition of BPV-1 late gene transcript polyadenylation (Gunderson
et al. 1998). Another component of U1 snRNP, U1 snRNA also interacts with the
SV40 late and adenovirus L3 polyadenylation signals (Wassarman and Steitz
1993). For SV40, addition of a 3’ splice site upstream enhances binding and
polyadenylation (Niwa et al. 1990). In addition, mutation of the polyadenylation
signal inhibits splicing of the 3' most intron in vitro (Niwa and Berget 1991).
Furthermore, presence of a §’ splice site within the 3’ most exon has been shown
to repress polyadenylation in vifro and in vivo (Niwa et al. 1992). Interaction
between U2AF®® and poly (A) polymerase (PAP) has also been observed, which is
believed to facilitate splicing (Vagner et al. 2000). Furthermore, mRNAs which
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have been spliced but not polyadenylated have never been observed in vivo.
Therefore, the relationship between splicing and polyadenylation is of great
important to correct post-transcriptional processing in mammalian cells.

1.2.5 mRNA transport

All communication between the nucleus and the cytoplasm is mediated via the
central channel of nuclear pore complexes (NPCs) (reviewed by Taura et al
2005). For many molecules and complexes this is using Ran-dependent transport
via importins. 1n contrast, export of bulk cellular mRNA is mediated by Ran-
independent mechanisms. The majority of mRNA is thought to be exported from
the nucleus via nucleo-cytoplasmic shuttling, export receptor, TAP (reviewed by
Cullen 2003: Taura et al. 2005). TAP forms a heterodimer with p15/NXT1, which
then associates with both polyadenylated mRNA and NPCs. Interaction between
TAP and p15/NXT1 is essential to the shutiling activity of TAP and also stimulates
NPC association (Katahira et al. 2002; Wiegand et al. 2002). However, TAP is not
a good RNA binding protein and is thought to associate with mRNAs via
components of the mRNP complex. For example, AlWREF1, which forms a
complex with a number of other proteins ~20-24 nts upstream of the exon-junction,
termed the exon-junction complex (EJC), interacts with TAP (Le Hir et al. 2000;
Zhou et al. 2000; Rodrigues et al. 2001). Aly is also a shuttling protein, which is
shown to enhance mRNA export in vivo (Zhou et al, 2000). In addition, TAP is
known to associate with splicing associated proteins such as U2AF* (Zolotukhin
et al. 2002) and SR proteins, SF2/ASF, SRp20 and 9G8 (Huang et al. 2003).
However, although splicing may seem to be imporiant for export of mRNAs, those
facking introns are still efficiently exported from the nucleus to the cytoplasm in
transfected cells. Furthermore, RNA interference mediated knock-down of
Aly/REF1 shows this protein is not essential for bulk mRNA export, suggesting the
EJC and splicing may not be essential for export of mRNAs (Gatfield and
lzaurralde 2002). In addition, mRNA export is tightly linked to cleavage and
polyadenylation. [t is thought that this is achieved via protein-protein interaction
between cleavage and polyadenylation faciors and export proteins. In support of
this, yeast strains defective for certaln mRNA 3’ end processing proteins, such as
PAP, also show defective mRNA export (Hammell et al. 2002). However, at
present litle is known about how export is coupled with cleavage and
polyadenylation.
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Figure 1.9: E complex formation in eukaryotic splicing

A) A U1 snRNP complex forms on the 5' splice site, whilst U2AF65 and
U2AF35 bind the 3' splice site. The complex is bridged by SR proteins.
B) In mammalian cells where introns are much larger than exons the E
complex forms over exons. However, this becomes a problem when
splicing terminal exons, which is overcome by interaction of the splicing
machinery with end processing factors. C) depicts the possible
interaction at the 3'end.
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1.2.6 mRNA stability

Another imporiant mechanism for controling gene expression post-
transcriptionally is by regulating RNA stability. Half-lives of different mRNA
molecules can differ markedly from several minutes, in the case of human cytokine
mRNAs (reviewed by Ross 1995), to many hours, as for globin family members
(Weiss and Liebhaber 1995). Whilst cis-acting RNA elements regulating stability
can be found in coding regions, they are most commonly found within the 3'UTR.
In particular, AU-rich elements (AREs} are often found to regulate stability of an
mRNA in a cis-acting manner. AREs act via interaction with cellular proteins
known as ARE-binding proteins, which includes the Hu family. The Hu family
contains 4 members; HuC and HuD, which are expressed only in neurons, HuB,
which is expressed in neurons and gonads, and HuR, which is ubiquitously
expressed in proliferating cells. As HuR is known to associate with cis-acting RNA
elements within the late region of HPV-1 and —16, we will focus of this member of
the family. HuR is shown to interact with AREs within the 3'UTR of some mRNAs,
and act as a nuclear export adapter. For example, HUR is shown to interact with
pp32 and APRIL, which associate with nuclear export factor CRM1 (Brennan et al.
2000). In addition, inhibition of CRM1 mediated export specifically represses
export of mMRNAs containing a ¢-fos ARE, to which HuR is known to bind, in the
3'UTR. Once in the cytoplasm, HUR is thought to regulate stability of the bound
MRNA molecule. Overexpression of HUR in mouse cells, results in increased
cytoplasmic stability of mRNAs containing a ¢-fos ARE (Peng et al. 1998). This
correlates with HuR binding to the ARE, as confinement of HUR in the cytoplasm
via inhibition of transcription, increases HUR-ARE interaction and also increases
cytoplasmic mRNA stability.

1.3 Papillomavirus late gene expression

Papillomavirus capsid proteins are highly immunogenic and their expression is
tightly controlled until productive genome replication is complete. For different PV
types, expression is observed at different stages of differentiation. HPV-16 has a
late productive phase compared with other mucosal HPVs, resulting in expression
of capsid proteins in only the most differentiated cells. However, late unprocessed
RNAs can be detected in less differentiated infected cells during the HPV-186 life

cycle (Milligan et al., 2006). Therefore, regulatory mechanism must exist at the
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post-transcriptional level to prevent late gene expression in undifferentiated cells.
In accordance, many PV late franscripts have been the subject of studies
investigating this and a number of elements have been found which result in
down-regulation of late gene expression in undifferentiated epithelial cells, as well
as conferring repression upon reporter gene constructs (Kennedy et al. 1990;
Furth and Baker 1891; Kennedy et al. 1991, Yes: Schwartz 1998; Sokolowski et al.
1998; Cumming et al. 2002). These sequences can be found in both coding and
non-coding regions of the RNA and seem to be divergent between papillomavirus
types. However, for some there are similarities with respect to sequence and
proteins binding, which may indicate a largely similar mechanism of late transcript
down-regulation by different papillomavirus types (Sokolowski et al. 1999, Koffa et
al. 2000; Collier et al. 2002; Cumming et al. 2003; McPhillips et al. 2004;
McPhillips et al. Unpublished).

1.3.1 Late 3’UTR Regulatory Elements

Although down-regulation of late gene expression is observed in the presence of
cis-acting elements found within PV coding regions, it has also been shown that
stronger negative elements are often found partially or fully within non-coding
regions (Sokolowski et al. 1999; Cumming et al. 2002). For example, a 53nt
element immediately upstream of the poly (A) signal in the late 3'UTR of the BPV-
1 genome is known to affect late gene expression {(Furth and Baker 1991). The
element inhibited reporter gene expression ~6-10 fold in undifferentiated cells,
when cloned upstream, but not downstream of the polyadenylation signal.
Furthermore, deletion of the 53nt element from L1 expression vectors containing
the BPV-1 late 3'UTR resulted in increased levels of cytoplasmic L1 mRNA, but
did not alter the stability of the molecule (Furth and Baker 1991). Therefore, it has
been postulated that presence of this regulatory element reduces efficiency of
RNA processing. In agreement with this, a consensus &' splice site is contained
within the 53nt element: a 9nt region which coincides with inhibitory activity (Furth
et al. 1994). This study suggests that that U1 snRNA (small nuclear RNA), a
component of U1 shRNP, which associates with 5’ splice sites during splicing (see
section 1.2.2: Splicing), interacts with the BPV-1 LRE, via the 5’ splice site, and
interaction is necessary for inhibition of gene expression. In addition, a U1 snRNP
complex, containing U1 snRNA, U1A and U1-70K, is shown to form on the &'
splice site in vitro (Gunderson et al. 1998). Inhibition of gene expression is shown
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to be caused via by U1-70K, via interaction with and subsequent inhibition of poly
A polymerase (PAP) (see section 1.2.3: Polyadenylation).

A similar, yet more complex element has been found within the late region of the
HPV-16 genome (described in more detail in Chapter 5). Termed the late
regulatory element (LRE), this element resides at the 3' end of the L1 coding
region and spans into the late 3'UTR (Kennedy et al. 1990; Kennedy et al. 1891).
It is 79nt in length and contains 4 weak &' splice sites within its 5' region and a 3'
GU rich region, of which both regions have been shown to confer negative
regulatory activity fo some degree upon reporter gene expression in
undifferentlated epithelial cells (Cumming et al. 2003). Within the &’ region, the 4
5’ splice sites are shown to act in an additive manner, the second of which is the
closest to 5' splice site consensus sequence and has the most inhibitory activity.
Furthermore, many proteins have been shown to interact, either directly or
indirectly with the LRE, via both the § and 3’ regicns, and of those identified, all
have roles in RNA processing, transport or stability (Table 1.1) (Dietrich-Goetz et
al. 1997; Koffa et al. 2000; McPhillips et al. 2004; McPhillips et al. Unpublished).
For example, CstF-684 and HuR interact, requiring the 3’° GU rich element of the
LRE (Cumming et al. 2002). CstF-64 is sub-unit of the cleavage stimulating factor
CstF, which is known to stabilise the formation of polyadenylation and cleavage
complexes (see section 1.2.3: Cleavage and polyadenylation) (Wilusz et al. 1980)
and HuR is involved in stabilisation of mRNA in the cytoplasm and transport of
from the nucleus to the cytoplasm (see section 1.2.6; mRNA stability) (reviewed by
Keene 1999). Heterogenous nuclear riboprotein (hnRNP) A1, a cellular splicing
regulatory protein known to antagonise the action of SF2/ASF in terms of splice
site selection, is also shown to associate with the HPV-16 LRE (Veerapraditsin et
al. unpublished). hnRNP A1 associates with cis-acting RNA elements, known as
exonic splicing silencers (ESSs), and directs splicing to more distal splice sites
(Eperon et al. 2000). This is achieved by interfering with U1 snRNP binding to
proximal 5’ splice sites. In addition, the protein has roles during mRNA export and
can affect mRNA stability in the cytoplasm (lzaurralde et al. 1997; Mili et al. 2001).
A further protein complex thought to bind the LRE bears similarity to a splicing
early (E) complex (see section 1.2.2: Splicing). It has been shown that a U1
snRNP like complex, containing 8m and U1A, interacts via U1 snRNA with the &’
region of the LRE (Cumming et al. 2003), whilst U2AF® binds the 3' GU rich
region (Koffa et al. 2000). This is in accordance with their binding properties as
observed in an E complex. Further studies have shown that a splicing related SR
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protein, Splicing Factor 2/Alternative Splicing Factor (SF2/ASF) also interacts with
the LRE indirectly when complexed with U2AF® (McPhillips et al. 2004).
Therefore, there is the potential for a splicing-like complex, similar to that formed
over an exon during exon definition (see section 1.2.4: Exon definition), to form on
the LRE (Figure 1.10). This complex may facilitate andfor interfere with
processing of late ftranscripts and in particular may exert effects on
polyadenylation and splicing of the final intron (see Chapter §).

. Element Associated cellular | Publication

proteins

E4 ESE Not Known

L2 Polyadenylation | hnRNP H Oberg et al. 2005

enhancer CstF-64

L1 ESS | hnRNP A1 Zhao et al. 2004

LRE U1 snRNP-like complex | Cumming et al. 2003
U2AF-65 Dietrich~-Goetz et al. 1997
SF2/ASF McPhillips et al. 2004
CstF-64 Koffa et al. 2000
HuR Koffa et al. 2000
hnRNP A1 Veerapraditsin and

Graham, Unpublished

Table 1.1: Cellular RNA processing factors interacting with HPV-16 late cis-acting
RNA elements

Cis-acting RNA elements are also found within the late 3'UTRs of HPV-1 and ~31.
For HPV-31, a 101nt region spanning the L1 coding region and late 3’UTR, was
shown to have significant sequence similarity to the HPV-16 LRE (Cumming et al.
2002). This region contains 3 weak consensus 5’ splice sites and a 3' GU rich
region. When the HPV-31 late 3'UTR, encompassing this element was fused to a
reporter gene, reporter activity was reduced to a similar extent as observed for
comparable constructs containing the HPV-16 3'UTR. However, precise deletion
of the 101nt element increased gene expression only ~2-3 fold (Cumming et al.
2002). Additional deletions of the 3'UTR, 3 of the proposed negative element,
spanning a 130nt region, further increased reporter activity. Moreover, deletion of
110nt region downsiream of the late polyadenylation signal also alleviated
repression of gene expression to some degree. This suggests that the HPV-31
late 3'UTR contains two cis-acting RNA regulatory region, termed the major
inhibitory element (MIE), containing the LRE-like element, and the minor element
(SIE}, downstream of the polyadenyiation signal (Cumming et ai. 2002). UV cross-
linking and electrophoretic mobility shift assays (EMSAs) indicated that the MIE
interacts with a number of proteins also known to associate with the HPV-16 LRE
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(Cumming et al. 2002). For example, GST-tagged CstF-64 was able to cross-link
with an MIE probe. In addition, HUR and U2AF® could be affinity purified from
MelLa nuclear extracts using MIE probes. An Inhibitory element has also been
found in the HPV-1 late 3'UTR (Tan and Schwartz 1995; Sokolowski et al. 1997).
A region spanning nt 6939-7184 was able to inhibit reporter gene activity and the
amount of cytoplasmic polyadenylated mRNA produced from constructs containing
the entire HPV-1 3'UTR was reduced, compared with those containing a deletion
in this region (Tan and Schwartz 1995). A near consensus 5’ splice site was found
in this region; however, this was not found to be required for inhibitory activity and
instead an AU-rich element, termed the h1ARE, located between nts 6938 and
7014, is associated with repression (Tan and Schwartz 1995; Sokolowski et al.
1997). This region contains two AUUUA and three UUUUU sequences, and U to
C mutation within these sites abolishes inhibitory activity (Sokolowski et al. 1997).
Co-immunoprecipitation of h1ARE UV cross-linked proteins revealed that hnRNP
C1 and C2 interact with this element (Sckolowski et al. 1997). In addition, GST-
HuR is able to bind the h1ARE, via the AUUUA and UUUUU sites, in EMSA and
UV cross-linking experiments (Sokolowski et al. 1999). HuR bi