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Summary

The enteric adenoviruses were first identified from stool samples of infants with acute
gastroenteritis (Flewett e al., 1973). Although enteric adenovirus particles were shed in
large numbers from the gut, they were unable to be cultivated on conventional cell lines
used to propagate other adenoviruses (Flewett et al., 1973; Madeley et al., 1977, Retter et
al., 1979). However, they would grow in 293 cells, a human embryo kidney (HEK) cell
line which had been transformed with the Ad5 E1 region (Graham et al., 1977; Takiff et al.,
1981), albeit at reduced levels compared to other serotypes. This observation suggested
that functions encoded in the E1 region were poorly expressed or of intrinsically lower
activity in certain cell types, thereby implicating the E1l region in the restrictive growth
properties of the enteric adenoviruses. Previous work had demonstrated that the Ad40 E1B
region played a significant role in this phenotype (Mautner et al., 1989; Steinthorsdottir,
1991; Gomes et al., 1992). However, the Ad40 E1A region had also been implicated due to
a delay in the onset of Ad40 E1A mRNA expression when compared to Ad5 E1A mRNA
expression (Ullah, 1997), and the observation that the Ad40 E1A proteins appeared to be
weaker trans-activators when compared to the AdS E1A proteins (van Loon et al., 1987b;
Ishino et al., 1988).

Therefore to investigate the involvement of the E1A region in the restricted growth of
Ad40, a preliminary characterisation of sequences which were important for basal and
trans-activated transcription was undertaken. Comparison of the intact Ad40 El1A
promoter with the intact AdS E1A promoter in transient transfection assays, revealed that
basal transcription from the Ad40 E1A promoter was lowered by approximately 6 fold
when compared to basal transcription from the AdS E1A promoter. To identify sequences
important for basal transcription within the Ad40 E1A promoter, a series of promoter
deletions were constructed using Bal 31 nuclease digestion, revealing a region between
-349 to —140, relative to the cap site at +1, to be important for basal transcription from the
Ad40 E1A promoter. Comparison of the Ad40 E1A promoter with the transcription factor
database, held at EMBL (Ghosh, 1990), revealed that this region contained a number of

possible transcription factor binding sites similarly arranged to the Ad5 E1A promoter. To



map sequences within the region —349 to —140, a series of deletions were constructed which
deleted transcription factor binding sites known to be important for basal transcription from
the Ad5 E1A promoter. The deletions were characterised in parallel with the intact and
Bal 31 deletion mutants of the Ad40 E1A promoter by transient transfection assays, which
revealed that the Ad40 E1A transcriptional control region contains an enhancer element
located between —328 to —235 relative to the Ad40 E1A cap site at +1 similar to that in the
AdS5 E1A promoter (Hearing and Shenk, 1983a, 1986; Bruder and Hearing, 1989, 1991).

To investigate whether the Ad40 E1A 249R (equivalent to the Ad5 E1A 13S mRNA which
encodes a 289R protein) and 221R (equivalent to the Ad5 E1A 12S mRNA which encodes
a 243R protein) proteins were involved in the aberrant expression of the Ad40 E1A region,
a cDNA equivalent to the AdS E1A 13S mRNA was generated by RT-PCR of Ad40
infected cell extracts, then cloned into a CMV expression plasmid. An Ad40 equivalent to
the AdS E1A 12S mRNA was not generated by RT-PCR of Ad40 infected cell extracts
However,a library of Ad40 E1A specific cDNAs were generated, and four novel Ad40 E1A
specific cDNAs were characterised. Comparison of trans-activated transcription from the
Ad40 E1A promoter by the Ad40 E1A 249R protein and the AdS E1A 289R protein,
revealed that trans-activated transcription from the Ad40 E1A promoter was approximately
6 fold lower in the presence of the Ad40 E1A 249R protein. To map sequences which were
important for trans-activated transcription from the Ad40 E1A promoter, cells were co-
transfected with either the intact or deleted Ad40 E1A promoter and the AdS E1A 289R
protein or the Ad40 E1A 249R E1A protein, revealing a region between —328 to —235,
relative to the Ad40 E1A cap site at +1, to be important for Ad5 E1A 289R activated
transcription from the Ad40 E1A promoter. Ad40 E1A 249R activated expression for both
the Ad5 and Ad40 E1A promoters was not discussed, due to an equipment (incubator)
problem which rendered the experimental data unreliable. Comparison of the ratios of Ad5
E1A 289R activated expression to basal expression within the Ad5 and Ad40 promoter
constructs indicated that no single sequence element could be identified which was
uniquely important for trans-activated expression. Rather those elements which affected

the level of basal expression seemed to have an effect on the level of trans-activated



expression observed in the presence of the Ad5 E1A 289R protein. Thus the Ad5 E1A
289R protein probably activates gene expression through the basal transcription apparatus,
as demonstrated by the Ad5 E1A promoter.

To investigate the number and size of Ad40 E1A proteins, and the interactions of the Ad40
E1A proteins with other cellular and viral proteins during an Ad40 infection in vitro and in
vivo, antisera were generated to conserved region (CR) 3 and the C-terminus of the Ad40
E1A 249R protein. The antibodies to CR3 and the C-terminus of the Ad40 E1A 249R
protein reacted with peptide in ELISA but did not efficiently detect Ad40 E1A products in
western blots of infected cell extracts or cell extracts overexpressing the Ad40 E1A 249R

protein, or in immunoprecipitations of Ad40 infected cells.

In summary, the work in this thesis suggests that in addition to the previously observed
defects in the function of the Ad40 E1B region, the failure of Ad40 to propagate in cell
lines used to propagate other adenoviruses can in part be attributed to: (i) the intrinsically
lower activity of the Ad40 E1A promoter; (ii) aberrant splicing of E1A mRNAs; (iii)
intrinsically lower trans-activator function of the Ad40 E1A 249R protein. These
observations indicate that the Ad40 E1A region is of intrinsically lower activity in tissue
culture than the Ad5 E1A region, which would considerably affect progression of Ad40 into
the late phase of the infectious cycle.



Acknowledgements

I would like to thank Dr. Roger Everett for all his supervision, help and encouragement
throughout the course of my last year of research. I am grateful for his advice on and
critical reading of this thesis, especially in the last few weeks. Next time though Roger,
please do not resort to such drastic measures as walking off a cliff to avoid reviewing
my work!

I would like to thank Dr. Andy Bailey for his supervision throughout the first two years
of my research. I am particularly grateful for his practical advice within the laboratory
and for his support of my application to attend the adenovirus conference at Cold Spring
Harbor.

I would also like to thank Dr. Vivien Mautner for her active interest in my work, in
particular for providing valuable feedback on the proposed contents of this thesis.

Thanks should also go to my initial supervisor Dr. A. Bailey for his supervision in the
laboratory.

Many thanks go to Angela Rinaldi, Gaie Brown and Anne Orr who made the lab a
friendly and fun environment in which to work in and for their continued friendship.

I would like to thank all members of the MRC Virology Unit at Glasgow University for
their continual support and their willingness to share knowledge and pass on expertise,
especially Anne Cross for her invaluable advice on the production and characterisation
of antibodies.

Special thanks go to my mum and dad, my husband Craig and my children Elizabeth
and Isaac for being very understanding during the highs and lows of the research. Their
love and support has proven invaluable. Furthermore, Gran and Grandpa Boult have
been amazing, in providing not just moral support but also a loving home to myself and
Elizabeth for a year whilst Craig was working in England.

Finally, my thanks go to Professor Richard Elliott and especially Professor Duncan
McGeoch for overseeing the change of supervisors midway through my research and for
being very supportive throughout my time in the department, particularly whilst I was
on maternity leave with Elizabeth.

Funding of this work was provided by the Medical Research Council. Except where
otherwise stated all results were obtained by the author’s own efforts.



A

aa
ABTS
Ad
ADP
Adpol
APS
AR
ara-C
ATP
bp
BSA
bZIP
C
C-terminal
cAMP
CaPO,
CAR
CAT
CBC
CBP
cdk
cDNA
C/H2
Ci
CMV
cpe
cPLA2
cpm
CPSF
CR
CRE
CStF
CtBP
CtIP
CTL

o

Da
DBP
dCMP
ddNTP
DE
DNA
DNase
dNTP
DPE

Abbreviations

adenine

amino acid
2,2-Azino-di-[3-ethylbenzthiozoline sulphonate (6)]
adenovirus

adenovirus death protein
adenovirus DNA polymerase
ammonium persulphate

auxiliary region

cytosine arabinoside
adenosine-5'-triphosphate

base pair

bovine serum albumin

leucine zipper

cytosine

carboxy-terminal

cyclic adenosine-5’-monophosphate
calcium phosphate

coxsackie adenovirus receptor
chloramphenicol acetyl transferase
cap binding complex

CREB binding protein
cyclin-dependent kinases
complementary DNA

Cys/His-rich region

Curie

cytomeglovirus

cytopathic effect

cytosolic phospholipase A2

counts per minute

cleavage and polyadenylation specificity factor
conserved region

cAMP-responsive element

cleavage stimulatory factor
C-terminal binding protein
C-terminal interacting protein
cytotoxic T-lymphocyte

standard deviation

Dalton

DNA binding protein
2'-deoxycytidine-5’-monophosphate
dideoxyribonucleoside-5'-triphosphate
downstream element
deoxyribonucleic acid
deoxyribonuclease
2'-deoxyribonucleoside-5'-triphosphate
downstream promoter element




DTT
DwW

E. coli
EDTA
ELISA
EM

EP

ER
FCS

ffu

FIP
FITC
FLL
FLLAB
FLL:RLL

GON
gpl19K

HAT
HDACI1
HEK
HEPES

HSV

ITR

MCS
MHC

min

MLP
M-MulLV
moi

dithiothreitol

distilled water

early region

Escherichia coli

sodium ethylenediamine tetra-acetic acid
enzyme linked immunosorbent assay
electron microscopy

glutamic acid-proline repeats
endoplasmic reticulum

foetal calf serum

fluorescent focus unit

14.7 kDa-interacting protein

fluorescein isothiocyanate conjugate
firefly luciferase luminescence

firefly luciferase luminescence assay background
ratio of firefly luciferase luminescence to Renilla luciferase luminescence
gram

guanine

group of nine hexons

19 kilo-Dalton glycoprotein

hour

histone acetyl-transferase

histone deacetylase 1

human embryo kidney
N-2-hydroxyethylpiperazine-N'-2-ethane-sulphonic acid
heterogeneous ribonucleoprotein particles
herpes simplex virus

immediate early

leader sequence

inverted terminal repeat

kilo

kilo base pair

kilo Dalton

leftward transcription

litre

late region

firefly luciferase

modified firefly luciferase

milli

molar

mean

micro

monoclonal antibody

multiple cloning site

major histocompatibility complex

mock infected

minute(s)

major late promoter

Moloney murine leukaemia virus
multiplicity of infection




mRNA
m.u.

n

nm
N-terminal
NCS
ND10
NF
NFAT
NLS
NPC
nt

OD
ORF

g)2P

p23
p300
p/CAF
p/CIP
PCR
pfu

p-i.

PIC
PKA
poly A
pp
PP2A
pTP

r

R

Rb
RLL
RLLAB
RNA
RNase
pm

RT
RT-PCR
S
SAPK
SDS
SDS-PAGE
sec
snRNP
ss DNA
SV40

T

TAF
TAP

messenger ribonucleic acid

map unit

number

nanometre

amino-terminal

newborn calf serum

nuclear domain 10

nuclear factor

nuclear factor of activated T cells
nuclear localisation signal
nucleoprotein complex

nucleotide

optical density

open reading frame

precursor

phosphorus-32 radioisotope

cysteine protease

300kDa cellular protein

p300/CBP associated factors

p300/CBP interacting protein
polymerase chain reaction

plaque forming unit(s)

post-infection

pre-initiation complex

protein kinase A

polyadenylic acid

polypeptide

protein phosphatase 2A

precursor terminal protein

rightward transcription

residue

retinoblastoma gene product

Renilla luciferase luminescence

Renilla luciferase luminescence assay background
ribonucleic acid

ribonuclease

revolutions per minute

room temperature

reverse transcription — polymerase chain reaction
sedimentation coefficient unit
stress-activated protein kinase

sodium dodecyl sulphate

SDS polyacrylamide gel electrophoresis
seconds

small nuclear ribonucleoprotein particles
salmon sperm DNA

simian virus 40

thymine

TBP-associated factor(s)

transporter associated with antigen presentation



TBP
TEMED
TLC
TLU

TNFRI1

TATA-box binding protein
tetra-methyl-ethylene-diamine
thin layer chromatography
transmitted light units

tumour necrosis factor

TNF receptor 1

terminal protein

TNF-related apoptosis-inducing ligand R1
transcriptional adaptor motif
unit

uridine

upstream stimulating factor
ultra violet

volts

virus-associated

volume

varicella-zoster virus



1. INTRODUCTION



1. INTRODUCTION

1.1 The Adenoviridae
1.1.1 Classification

The adenovirus family is divided into two genera, mastadenoviridae and
aviadenoviridae. The mastadenoviridae genus includes human, simian, bovine, equine,
porcine, ovine and canine viruses. Rowe et al (1953) first discovered human
adenoviruses in explants of adenoid tissue. To date there have been 49 serotypes of
human adenoviruses identified, which are classified into six subgroups (A-F) based
upon their immunological properties, oncogenicity in rodents, DNA homologies and
morphological properties (table 1.1.1) (Hierholzer et al., 1991). Two further candidate
serotypes 50 and 51 have been identified in immunocompromised patients (de Jong et
al. 1999). The human adenoviruses are pathogens associated with a number of
infectious diseases including respiratory, ocular, urinary and gastrointestinal.
Adenoviruses are widely used as model systems in molecular biology; their use as
important biological tools particularly as vectors in gene therapy has been extensively
reported (reviewed in Haddada et al., 1995; Strayer, 1998). In the following sections it
will become apparent that much of our current understanding of the human adenoviruses
comes from extensive studies with adenovirus (Ad) type 2 and the closely related

serotype AdS.

1.1.2 Morphology

The adenovirus particle is approximately 90 nanometers (nm) in diameter, and consists
of a nonenveloped, icosahedral particle (Horne et al., 1959), within which is a linear
double strand of deoxyribonucleic acid (DNA) (approximately 20-30x10° Dalton (Da))
and at least eleven viral encoded polypeptides, which have been localised (figure 1.1.2)
(Burnett, 1997). The capsid consists of 252 capsomers (Horne et al., 1959), 240 of
which are hexon capsomers (virion protein II) located on the facets, the other 12 are
penton base capsomers (virion protein IIT) located at the vertices, arranged in a ring-like
configuration with a central cavity (Ginsberg et al., 1966). Inserted into each cavity is a

fibre protein, which is a trimer of virion protein IV.
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Figure 1.1.2 Structure of the adenovirus particle. A. A schematic view of the Adenovirus
particle. A schematic view of the adenovirus particle based on current understanding of its
polypeptide components and viral DNA. No real section of the icosohedral virion would contain
all these components. (reproduced from Stewart and Burnett, 1995). B. A diagram of the
Icosohedral Adenovirus Capsid. The 240 copies of the hexon trimer are organised so that 12 lie
on each of the 20 facets. The penton complex formed from the penton base and fibre lies at
each of the 12 vertices. The central 9 hexons in a facet are cemented together by 12 copies of
polypeptide IX. Dissociation of the virion releases the pentons, peripentonal hexons and the
planar groups-of-nine hexons. (reproduced from Burnett et al, 1985).



Hexon is the major structural component of the virus capsid and consists of a trimer of
three identical polypeptide chains of protein II, with a hexagonal base facing the inside
and a pyramidal top to the outside of the capsid (Griitter and Franklin, 1974; Roberts,
M.M. et al., 1986, Akusjirvi et al., 1984; Athappilly et al., 1994). Hexons are found as
either groups of nine hexons (GONs) which make up the facets, or as peripentonal
hexons which link the facets i.e. they link the GONs and the pentons. Adjacent facets
are linked by protein IIla spanning the capsid. Polypeptide IX stabilises GONs, whilst
protein VI anchors the ring of peripentonal hexons by bridging with the DNA core (van
Oostrum and Burnett, 1985; Furcinitti et al., 1989; Stewart et al., 1993; Mathews and
Russell, 1995).

The penton capsomer consists of a penton base made up of five subunits, which are
arranged in a ring-like structure with a central cavity (van Oostrum and Bumnett, 1985;
Furcinitti ez al., 1989; Stewart et al., 1993). Inserted into the cavity is the trimeric fibre,
which consists of three 62 kiloDalton (kDa) subunits (Devaux et al., 1990; Ruigrok
et al., 1990; Stouten et al., 1992). The fibre protein consists of an N-terminal region
which interacts with the penton base, a shaft region and a C-terminal globular head
responsible for binding to the cell surface receptor designated coxsackie and adenovirus
receptor (CAR), which binds all adenovirus serotypes except those belonging to
subgroup B (Ruigrok et al., 1990; Bergelson ef al., 1997; Roelvink et al., 1998). Most
human adenoviruses have one fibre gene, although Ad40 and Ad41 have two (Pieniazek
et al., 1990). The other minor proteins VIII, X, XI and XII have not been localised

within the capsid, however it is likely that they are contained within the capsid.

The DNA core of the virion is condensed with proteins V, VII and p (a minor
component); it is also covalently linked to terminal protein (TP) at each 5' end of the
genome (reviewed in Shenk, 1996). The organisation of the DNA within the capsid is
not well understood however, two models have been suggested. The first model
suggested the DNA is organised into 12 globular domains (Brown et al., 1975;
Newcombe et al., 1984) which fit into the 12 vertices of the icosahedral capsid of the
virus. The second model involves winding of the DNA around protein VII in the form

of nucleosomes (Corden et al., 1976; Nermut, 1980; Vayda et al., 1983; Chatterjee et



al., 1986). Also inside the adenovirus capsid are 10 to 50 copies of the cysteine protease

(p23) (Anderson, 1990; Mathews and Russell, 1995; Mangel et al., 1997).

1.1.3 Genome structure

The complete nucleotide sequences for human adenoviruses type 2 (Roberts et al.,
1986), type 5 (Chroboczek et al., 1992), type 40 (Davison et al., 1993), type 12
(Sprengel et al., 1994) and type 17 (Zabner et al., 1999) are now available. The
organisation of the Ad2 genome is shown in figure 1.1.3. It consists of a linear double
stranded DNA molecule (approximately 35 kilo-base pairs (kbp) in size) which is
divided into 100 map units (m.u.), and the two strands are denoted r and 1 for rightward

and leftward transcription.

The deoxycytidine at the 5’ end of each strand of the genome is covalently linked via a
serine phosphoryl bond to a 55kDa TP (Robinson et al., 1973; Rekosh et al., 1977,
Desideiro and Kelly, 1981). The TP is generated late in infection from an 80kDa
precursor terminal protein (pTP) (Webster et al., 1993). The ends of the genome
contain inverted terminal repeats (ITR) which vary in length (102 to 165bp) depending
upon the serotype (Wolfson and Dressler, 1972; Shinagawa and Padmanabhan, 1980;
Ishino et al., 1987). The ITRs contain a number of cis-acting elements, which are
involved in the initiation of viral DNA replication (Tamanoi and Stillman, 1983), as
well as a number of frans-acting elements capable of acting as upstream enhancers
(Yoshida et al., 1995). Several regions within the ITRs are conserved in all serotypes,
for example the minimal origin of DNA replication, which is located in the terminal
18bp and contains a 10bp region which is highly conserved amongst all adenoviruses
(Stillman et al., 1982; Tamanoi and Stillman, 1983; van Bergen et al., 1983; Challberg
and Rawlins, 1984; Lally et al., 1984; Wides et al., 1987; Harris and Hay, 1988). The
minimal origin binds a heterodimer of virion proteins, pTP and adenovirus DNA
polymerase (Adpol) (Miralles et al., 1989; Chen et al., 1990; Temperley and Hay,
1992). The minimal origin is separated from two host cell protein binding sites by a
defined spacer region (Wides et al., 1987); transcription factors which bind to the
aforementioned sites stimulate the initiation of replication by different mechanisms

(reviewed by Hay et al., 1995; van der Vliet, 1995; de Jong and van der Vliet, 1999).
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1.1.4 The lytic cycle
1.1.4.1 Viral entry into cells

The adenoviruses enter their host cell via receptor mediated endocytosis (reviewed in
Greber, 1998; Nemerow and Stewart, 1999). Initially the adenovirus attaches to the
cellular receptor via the fibre protein (Philipson et al., 1968; Henry et al., 1994; Louis et
al., 1994). A common receptor, CAR, was reported for coxsackie B viruses and
adenoviruses (Bergelson et al., 1997; Tomko et al., 1997) and shown to be a cellular
receptor for subgroups A, C, D, E and F (Roelvink et al., 1998). An alternative receptor
has also been identified as MHC class I (Hong et al., 1997). Entry is facilitated by the
RGD sequence (Stewart et al., 1997) within the penton base binding with o35
integrins (Wickham et al., 1993; Bai et al., 1994), allowing viral endocytosis into
clathrin coated pits (Svensson, 1985; Varga et al., 1991; Bai et al., 1993; for detailed
review see Nemerow and Stewart, 1999), at which point the fibre protein dissociates

(Greber et al., 1993).

The virus particles then penetrate into the cytoplasm via endosomes; the endosomes are
eventually lysed releasing viruses into the cytosol (Dales, 1978; Pastan et al:, 1986).
Lysis of the endosomes is thought to be catalysed by a viral factor which is activated by
low pH (Pastan et al., 1986; Wohlfart, 1988; Varga et al., 1990). Stepwise uncoating of
the viral particle continues through the cytoplasm (Greber et al., 1993) until the virion
reaches the nucleus. Release and dissociation of the viral DNA requires the cysteine
protease p23, which is activated by a redox-dependent conformational change, enabling
degradation of protein VI thus weakening the cytosolic capsid (Greber et al., 1996,
Mangel et al., 1997). Entry of viral DNA and the associated proteins V, VII, TP and p
into the nucleus, requires interaction between the weakened cytosolic capsid and the
nuclear pore complexes (NPC) (Greber et al., 1997). The TP p55 is covalently attached
to the viral DNA and contains a nuclear localisation signal (NLS), which may function
in threading the viral DNA through the NPC (Zhao and Padmanabhan, 1988; Schaack et
al., 1990). The viral DNA is then tethered via the TP to the nuclear subregion
characterised by the nuclear domain (ND10) antigens (Ishov and Maul, 1996).



1.1.4.2 Transcription

The adenovirus genes are expressed in two distinct phases termed early (E) (E1A, E1B,
E2A, E3, E4 and L1) and late (L) (E2B, L1, L2, L3, L4 and L5) separated by the onset
of DNA replication. However, several other genes are expressed at intermediate times
(ppIX, IVa2, VAl and VA2 RNA). VA RNAs are transcribed by cellular RNA
polymerase III whilst the other adenovirus genes are transcribed by cellular RNA

polymerase II (Price and Penman, 1972; Weinmann et al., 1976).

Early Transcription

Early region 1A

The early region 1A (E1A) transcription unit is situated on the r strand between 1.5-4.5
m.u. (figure 1.1.3) (Jones and Shenk, 1979). A common nuclear precursor RNA or
primary transcript is differentially spliced to produce five messenger ribonucleic acids
(mRNA) known as 13S, 128, 118, 10S and 9S mRNA; each mRNA differs in size as a
result of the excised intron size, which is determined by different splice donor sites
linking to a common splice acceptor site (figure 1.1.4.2). The 138, 128, 118, 10S and
9S mRNAs share common 5’ and 3' ends (Berk and Sharp, 1978; Chow et al., 1979,
Stephen and Harlow, 1989; Ulfendahl et al., 1987). The 13S and 12S mRNAs are:
predominant in infection producing two proteins of 289 residues (R) and 243R
respectively. These proteins differ in an internal 46 amino acid (aa) region that is
present only in the 289R protein (Perricaudet et al., 1979). The 289R protein is
primarily responsible for trans-activation of the E1A region and the other early regions
(Jones and Shenk, 1979; Ricciardi et al., 1981; Montell et al., 1982; reviewed by Berk,
1986). The 11S and 10S mRNAs are present late in infection, but are only minor
species of mRNA (Stephens and Harlow, 1987). The 9S mRNA is predominant late in
infection (Spector et al., 1978; Chow et al, 1979). An in depth review of the E1A

region is undertaken in section 1.2.

Early region 1B (E1B)
The early region 1B (E1B) transcription unit lies downstream of the E1A region
between 4.6-11 m.u.. Transcription from the E1B promoter is maximised by a

cis-dominant property of the early viral template, which does not allow transcription to



CR1 CR2 CR3 ARl  AR2
138 — / ///A — |— 289R
128 — I = |—— 243R
118 —| =~ |— 27R
108 — — 171R

Figure 1.1.4.2 The Ad2 E1A mRNAs and protein products. The mRNA is denoted by black
lines; introns are denoted by caret symbols; open reading frames are denoted with boxes;
conserved regions 1, 2 and 3 denoted by CR1, CR2 and CR3; and auxiliary regions 1 and 2
denoted by AR1 and AR2. The size of the mRNA is denoted on the left-hand side and protein
size indicated on the right-hand side (modified from Jones, 1992).



terminate between the E1A gene and the E1B gene, instead readthrough transcription
occurs offering maximum early E1B gene expression (Maxfield and Spector, 1997). A
common precursor mRNA is then differentially spliced to produce a 22S, 14.5S, 1485,
13S and 9S mRNA which share common 5’ and 3’ termini (Berk and Sharp, 1978,
Pettersson ef al., 1983). The 22S mRNA is predominant early in infection and encodes
a 19kDa protein using the first AUG and a 55kDa protein using the second AUG
(Halbert et al., 1979; Bos et al., 1981; Glenn and Ricciardi, 1988). The 19kDa proteins
function is to suppress p53-dependent and p53-independent induced apoptosis during
adenovirus infection; correct localisation of the 19kDa protein is essential for this
function, and the interaction of the 19kDa protein with lamin A/C may represent a
means for nuclear envelope localisation (Rao et al., 1997). The 19kDa protein is also
capable of inhibition of tumour necrosis factor (TNF) cytolysis (Gooding e al., 1991).
The 55kDa protein is a multifunctional phosphoprotein, which is required for complete
oncogenic transformation of rodent cells, viral DNA replication and late viral RNA
translation (Harada and Berk, 1999). The 14.5S and 14S mRNAs are minor species
which are similar to the 13S mRNA, but have an additional third exon and encode for
the 55kDa and 19kDa proteins (Anderson et al., 1984; Virtanen and Pettersson, 1985).
The 13S mRNA however, is predominant at intermediate times after infection and also
encodes the 19kDa protein (Halbert ef al., 1979; Bos et al., 1981). The 9S mRNA is
transcribed from a separate promoter within the E1B region at intermediate times after
infection and encodes the structural ppIX which is associated with the hexon-hexon

interfaces of GONs within the capsid (Furcinitti ez al., 1989; Stewart et al., 1993).

Early region 2 (E2)

The early region 2 (E2) transcription unit is situated on the 1 strand and lies between
75.4-11.3 m.u. (Chow et al., 1979). It differs from other adenovirus transcription units
by having two alternative promoter sites, E2A and E2B, which are used at different
times in infection (Chow et al., 1979). The E2A promoter is activated by the E1A and
E4 ORF6/7 gene products (reviewed in Swaminathan and Thimmapaya, 1995), whilst
the E2B promoter is repressed by the E1A gene products (Rossini, 1983). Early in
infection E2A transcripts are expressed from a promoter at 75.4 m.u., then terminate
using the polyadenylation (poly A) site at 62.4 m.u.; following the early to late phase

transition E2B transcripts are expressed from a promoter at 72.2 m.u., then terminate



using the poly A site at 11.3 m.u. (Nevins et al., 1979; Stillman et al., 1981; Glenn and
Ricciardi, 1988). The E2A primary transcript is differentially spliced to produce two
mRNAs which vary in length by approximately 100 nucleotides (nt) (Berk and Sharp,
1978); both mRNAs encode a 72kDa single stranded DNA binding protein (DBP)
(Lewis et al., 1976). DBP is essential for viral DNA replication (section 1.1.4.3)
(reviewed in de Jong and van der Vliet, 1999), and is involved in the regulation of viral
gene expression (Klessig and Grodzicker, 1979; Babich and Nevins, 1981). DBP also
regulates its own synthesis and enhances transcription from the E1A promoter, the E2A
promoter and the major late promoter (MLP) (Morin et al., 1989; Chang and Shenk,
1990; Zijderveld et al., 1994; Swaminathan and Thimmapaya, 1995). The E2B primary
transcript is differentially spliced to produce three mRNAs (Stillman et al., 1981; Shu et
al., 1988), two of which encode an 80kDa pTP and a 140kDa adenovirus DNA
polymerase (Adpol). pTP acts as a primer for DNA replication (Smart and Stillman,
1982; Salas, 1991) and is cleaved by p23 late in infection to produce the 55kDa TP
(reviewed Challberg and Kelly, 1989; Hay et al., 1995). Adpol functions in the
initiation and elongation of viral DNA replication (Stillman et al., 1982; Hay et al.,
1995; van der Vliet, 1995).

Early region 3 (E3)

The early region 3 (E3) transcription unit is situated on the r-strand between 76.8-85.9
m.u.. The E3 primary transcript is polyadenylated at one of two poly A sites (E3A or
E3B), producing two families of transcripts which differ in their poly A site (Berk and
Sharp, 1977, 1978; Chow et al., 1979; Cladaras and Wold, 1985; Cladaras et al., 1985;
Wold et al., 1995). The subgroup C adenovirus E3 region is predicted to encode nine
proteins (reviewed Wold et al., 1995; Mahr and Gooding, 1999; Wold et al., 1999) of
which five have been assigned functions. The E3B proteins interfere with either the
host cell functions or the immune response during an adenovirus infection by a number
of different routes. The E3 19kDa glycoprotein (gp19K) is an abundant transmembrane
protein which binds to certain alleles of the class I major histocompatibility complex
(MHC), retaining them within the endoplasmic reticulum (ER) through an ER retention
signal (reviewed in Sparer and Gooding, 1998). This has been shown to reduce
cytotoxic T-lymphocyte (CTL) recognition of adenovirus-infected cells in vitro,

however it is unclear if this is the case in vivo (reviewed in Ploegh, 1998; Mahr and



Gooding, 1999). The Ad12 genome does not encode gp19K, however it is still able to
repress transcription of the class I MHC genes through the E1A gene products. Ad12
can also mediate transcriptional repression of genes involved in antigen presentation,
namely the transporter associated with antigen presentation (TAP) genes and MHC-

encoded proteasome components (reviewed in Blair and Hall, 1998).

The E3 RIDo/p (heteromeric complex of E3 10.4kDa and 14.5kDa proteins) and
14.7kDa proteins protect adenovirus-infected cells from cytolysis by tumor necrosis
factor (TNF). Adenovirus infected cells are sensitised to TNF cytolysis by the E1A
proteins through the TNF receptor 1 (TNFR1), Fas and the TNF-related
apoptosis-inducing ligand- (TRAIL) R1, (reviewed in Mahr and Gooding, 1999; Wold
et al., 1999). The 14.7kDa protein is a nonmembrane protein located in the cytosol and
the nucleus of infected cells. TNF cytolysis is circﬁmvented by the 14.7kDa protein
binding with cellular proteins such as the 14.7kDa-interacting protein (FIP) -3, FIP-2
and FIP-1 (reviewed in Wold et al., 1999). The RIDo/PB proteins are type I integral
membrane proteins, located in the plasma membrane, which act as a complex consisting
of one RIDP protein and two RIDa proteins. The RIDo/p protein complex is able to
protect cells against TNF-mediated cytolysis by preventing activation of cytosolic
phospholipase A2 (cPLA2) by TNF; or Fas-mediated cytolysis by downregulation of Fas
at the cell surface (reviewed in Mahr and Gooding, 1999; Wold et al., 1999). The
RIDa/p complex also mediates TNF cytolysis by downregulation of E1A gene
expression at the level of E1A mRNA translation (Zhang et al., 1994). Other E3
proteins include the 11.6kDa protein, also known as the adenovirus death protein
(ADP), a glycoprotein located primarily at the nuclear membrane, which functions to
program efficient cell death, that is lysis of infected cells (Scaria et al., 1992; Tollefson
et al., 1996). The functions of the 12.5kDa and 6.7kDa proteins are still unknown
(reviewed in Wold et al., 1999).

Early region 4 (E4)

The early region 4 (E4) transcription unit lies on the l-stand between 91.3-99.1 m.u.
(figure 1.1.3). The E4 promoter is activated by E1A at early times after infection,
resulting in an early peak of E4 transcription, followed by a decrease in E4 transcription

at intermediate times after infection as a result of E4 promoter inhibition by DBP



(Nevins and Winkler, 1980; Handa et al., 1983; Glenn and Ricciardi, 1988). The E4
primary transcript can produce up to 24 mRNAs by alternative splicing, these are
temporally regulated during infection and can produce at least ten proteins (Freyer ez al.,
1984; Tigges and Raskas, 1984; Virtanen et al., 1984; Ross and Ziff, 1992; Dix and
Leppard, 1993). Five of the aforementioned proteins are produced from open reading
frames (ORF) colinear with the viral DNA, denoted ORF 1, 2, 3, 4 and 6; and two
proteins are created by alternative splicing of the primary transcript, denoted ORF 3/4
and 6/7 (Freyer et al., 1984; Virtanen et al., 1984). Expression of ORF1 has not been
demonstrated in most adenovirus infected cells, however it is expressed in Ad9 infected
cells, where it cooperates with E1A and E1B to produce mammary tumours in rats
(Javier, 1994; reviewed in Leppard, 1997). The ORF2 protein is a soluble cytoplasmic
component, which has not been found in association with any other infected cell
components (Dix and Leppard, 1995). It is also unclear whether the ORF3/4 protein is
expressed, as it has not been detected in AdS infected cells (Dix and Leppard, 1993).
ORF4 produces a 14kDa protein, which regulates transcription from the E1A and the E4
. promoters, by protein dephosphorylation of E1A and c-fos by protein phosphatase (PP)
2A (Bondesson et al., 1996, Whalen et al., 1997; reviewed in Leppard, 1997). It may
also induce p53-independent apoptosis in a PP2A-dependent manner (Shtrichman and
Kleinberger, 1998). The proteins from ORF3 (11kDa) and ORF6 (34kDa) increase late
protein production at the level of mRNA accumulation. Both ORF3 and ORF6 stabilise
unprocessed late viral mRNA within the nucleus of the cell, thereby increasing the pool
of RNA available for maturation. ORF6 can also cooperate with the E1B 55kDa protein
to increase nuclear export of viral mRNA and prevent nuclear export of cellular mRNA.
ORF6 contains a nuclear export signal (NES), which is responsible for
nucleocytoplasmic shuttling by ORF6 and E1B 55kDa (Weigel and Dobbelstein, 2000).
The association of ORF6 and E1B 55kDa results in viral inclusion bodies within the
nucleus, which are essential for late viral transcription and RNA processing. On the
other hand ORF3 affects distribution of structures essential for transcription and
replication, known as ND10 or PODs (Leppard and Everett, 1999). Finally ORF6 has
been shown to inactivate p53-dependent apoptosis and cooperate with E1A to transform
primary rodent cells (Nevels et al., 1999). ORF6/7 encodes a 19.5kDa protein, which is
located in the nucleus of infected cells (Cutt et al., 1987). Two molecules of ORF6/7
stabilise cooperative binding of E2F on the E2F dimeric binding site, within the E2A



promoter (reviewed in Swaminathan and Thimmapaya, 1995; all the E4 proteins are

reviewed in detail in Leppard, 1997).

Intermediate Transcription
The transcription unit encoding polypeptide (pp) IX lies within the E1B region (Wilson
et al., 1979), and is expressed at intermediate times during infection (Spector et al.,
1978). Maximum transcriptional activity from the ppIX transcription unit requires viral
DNA replication (Vales and Damnell, 1989), producing an mRNA which is unspliced
and 3’ coterminal with the E1B transcripts (Alestrom et al., 1980).

The virus-associated (VA) transcription unit is situated on the r-strand at 30 m.u. and is
transcribed by host RNA polymerase III (Weinman et al., 1976; reviewed in Mathews
and Shenk, 1991; Mathews, 1995). Most human adenoviruses have two VA genes (VAI
and VAII), however adenoviruses in subgroups A, F and some of B have only one gene
(Ma and Mathews, 1993; Kidd and Tiemessen, 1993; Ma and Mathews, 1996). The
efficiency of late adenoviral protein synthesis is mediated by VAI RNA, which is
responsible for repression of the cellular kinase PKR (also known as DAI), allowing
viral protein synthesis to proceed (Thimmappaya et al., 1982; Kitajewski et al., 1986;
reviewed in Mathews, 1995). VAII RNA can bind to RNA helicase A and NF90 (a
component of the heterodimeric nuclear factor of activated T cells (NFAT)), suggesting

that VAII RNA may mediate their regulation (Liao et al., 1998).

The IVa2 transcription unit is located on the Il-strand between 11.3-16 m.u..
Transcription from the IVa2 transcription unit terminates at the E2B poly A site. The
IVa2 protein is found in the nucleus of cells (Lutz and Kedinger; 1996; Lutz et al.,
1996), and is required for late phase activation of the MLP (Lutz and Kedinger, 1996),
and in assembly intermediates (Winter and D’Halluin, 1991; Hasson ef al., 1992). The
IVa2 protein also forms complexes with L1 52kDa/55kDa protein complex, which is
required to mediate stable association between viral DNA and the empty capsid (Gustin
et al., 1996; Gustin and Imperiale, 1998). IVa2 is also able to bind to the adenoviral
DNA packaging signal which suggests a role for IVa2 in viral DNA encapsidation
(Zhang and Imperiale, 2000).

-10-



Late Transcription

The MLP is situated at 16.8 m.u. on the r strand, and is active throughout adenovirus
infection. However, a fully functional MLP is required to demonstrate a decrease in
early gene expression, and is mediated in #rans but not cis (Fessler and Young, 1998).
Transcription from the MLP is increased late in adenovirus infection by two proteins
known as DBP and IVa2. DBP enhances binding of upstream stimulating factor (USF)
through conformational changes to the binding site (Zijderveld et al., 1994), while IVa2
stimulates late phase activation by co-operation of the downstream promoter element
(DPE) with factors bound to upstream elements. IVa2 binds to the DPE either as a
homodimeric complex of DEF-B; or as part of a heteromeric complex known as DEF-A,
which binds to the DPE1 and the 3’ end of DPE2 (Jansen-Durr et al., 1989; Mondesert
et al., 1992; Tribouley et al., 1994; Lutz et al., 1996). At late times in infection five
mRNA families (L1, L2, L3, 14 and LS) are transcribed from this promoter (Shaw and
Ziff, 1980; Nevins and Wilson, 1981). Each mRNA species contains a common set of
three short 5’ leader sequences, known as the tripartite leader, which are joined to
different splice acceptor sites (Berget et al., 1977; Chow et al., 1977). The poly A sites
L1 and L3 contain cis-acting elements that are necessary to elicit a temporal switch in
poly A site usage (Gilmartin et al., 1996; Prescott et al., 1997; reviewed in
Edwalds-Gilbert et al., 1997; Zhao et al., 1999).

The late region (L1) region is expressed at early and late times during infection (Shaw
and Ziff, 1980; Nevins and Wilson, 1981), producing mRNAs during the early phase of
viral infection which differ from the major late mRNAs by the presence of an additional
leader sequence (i), which is spliced between the second and third exons of the tripartite
leader (Akusjirvi and Persson, 1981). The inclusion of the i leader is facilitated by E4
ORF3 (Nordqvist et al., 1994). Transcripts from the L1 region encode three proteins;
the 52kDa and the 55kDa proteins are expressed at early and late times in infection,
whilst protein Illa is expressed at late times in infection (Akusjdrvi and Persson, 1981;
Kreivi and Akusjdrvi, 1994). The 52kDa and the 55kDa proteins are required for
assembly of virions (Gustin and Imperiale, 1998; reviewed in Greber, 1998), in
particular they act as a scaffold mediating stable association of the viral DNA and the
empty capsid. The protein IIla functions as a structural polypeptide linking adjacent
facets of hexons by spanning the capsid wall (reviewed in Burnett, 1997). The L2
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region encodes four virion proteins, known as precursor (p)III, pVII, pV and pX, which
is the precursor for p (Anderson ef al., 1989; Russell and Kemp, 1995). Proteins V, VI
and the minor component u are condensed with the viral DNA (reviewed in Burnett,
1997). The L3 region encodes three virion proteins known as pVI, hexon and p23 (see
sections 1.1.2; 1.1.4.4) (reviewed in Burnett, 1997; Mangel et al., 1997). The L4 region
encodes three proteins, one of which is structural pVIII, and two non-structural proteins
of 33kDa and 100kDa in size. The minor protein pVIII is localised with the capsid, and
is most likely to occur inside the capsid. The 33kDa protein has no known function
(Oosterom-Dragon and Anderson, 1983), however the 100kDa protein functions to
assemble hexon into trimers (Oosterom-Dragon and Ginsberg, 1981; Cepko and Sharp,
1982, 1983), and is necessary for the efficient initiation of translation of late mRNA
(Hayes et al., 1990). The LS5 region encodes the fibre protein. A substantial fraction
(30%) of fibre mRNAs, in addition to the tripartite leader, have various combinations of

three ancillary leader sequences X, y and z (Chroboczek et al., 1995).

1.1.4.3 DNA replication

DNA replication is initiated at either end of the adenovirus genome, then proceeds
unidirectionally by a strand displacement mechanism made up of Type I and Type I
replication (reviewed in van der Vliet, 1995; de Jong and van der Vliet, 1999). Type I
replication consists of initiation at the end of the terminus using a protein-primer (3' OH
group) and elongation using a singlé strand as a template and Adpol; the non-template
(or displaced) strand is then replicated during Type II replication, for which the origin of
replication is a panhandle structure formed as a result of the ITRs base pairing
(reviewed in Challberg and Kelly, 1989; Hay and Russell, 1989; Stillman, 1989). Adpol
and pTP form a heterodimer (pTP-pol) which recognises the core origin in the ITR, this
complex catalyses the formation of pTP-dCMP from which the 3’ OH group originates
(Smart and Stillman, 1982).

Initiation of DNA replication is enhanced by two cellular transcription factors nuclear
factor (NF) I or CAAT transcription factor, and NFIII or octamer binding protein (for a
detailed review see de Jong and van der Vliet, 1999), which bind to two adjacent sites
near the core origin in the ITR; this region is known as the auxiliary region. NFI binds

as a dimer to its recognition site and interacts with the pTP-Adpol heterodimer (Dekker

-12 -



et al., 1996), acting to stabilise the initiation complex on the template at the correct
positions (Chen et al., 1990; Mul and van der Vliet, 1992; Armentero et al., 1994).
NFIII binds to its recognition site stimulating initiation of DNA replication by direct
interaction with the pTP-pol complex (Coenjaerts et al., 1994). Initiation of DNA
replication is also enhanced by DBP, which increases the binding efficiency of NFI to its
recognition site (Cleat and Hay, 1989; Stuvier and van der Vliet, 1990), and lowers the
K, value for the formation of the initiation complex (Mul and van der Vliet, 1992).
DBP has helix destabilising properties (Zijderveld and van der Vliet, 1994) which could
assist in strand displacement during replication. DBP is also required for elongation,
during which it increases the rate of synthesis and processivity of Adpol, and covers the

displaced strands (Lindenbaum et al., 1986).

1.1.4.4 Virion assembly

Adenovirus particles are formed during a multistage process (figure 1.1.4.4), the first of
which results in the formation of hexon, penton base and fibre capsomers. The hexon
trimers are formed in the presence of the L4 100kDa protein, which is thought to avoid
assembly errors. The hexon trimer, along with the penton base and fibre are then
transported into the nucleus where they are assembled into an empty capsid, composed
of hexon, penton base, fibre and the proteins pllla, pVI and pVIII (reviewed in
D’Halluin, 1995). The empty capsids also contain the L1 52kDa/55kDa heteromeric
complex, which is thought to act as a scaffolding protein. The next intermediate is
known as the heavy intermediate, as it contains the viral DNA covalently linked to TP.
However, it lacks most of the scaffolding proteins and the core proteins V, VI and p. It
is not clear how the DNA is packaged into the empty capsid, however a number of
proteins including L1 52kDa/55kDa, Illa and IVa2 are involved. The young virion
contains pllla, pVI, pVII, pVII, pX and pTP, which are cleaved by p23 to form the
mature virion (reviewed in D’Halluin, 1995; Mangel et al., 1997; Greber et al., 1998).
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Figure 1.1.4.4 The adenovirus assembly pathway. The four stages of virus assembly; light
intermediates, heavy intermediates, young virions and mature virions are shown. The
polypeptides only present in some structures are also shown. (modified from D’Halluin, 1995).



1.2 Early Region 1A

The E1A region has been studied extensively, and found to play an important role in the
regulation of adenovirus transcription and transformation. This section describes the

E1A promoter, E1A gene transcription, the E1A protein products and their functions.

1.2.1 The E1A promoter

The E1A promoter is able to initiate transcription in the absence of any viral factors,
however transcription of the remaining early viral genes requires E1A gene expression

(Berk et al., 1979; Jones and Shenk, 1979; Nevins, 1981).

Eukaryotic promoters contain a core promoter element and upstream enhancer elements
(Roeder, 1991). The E1A promoter, like other eukaryotic promoters, contains a core
promoter element and upstream enhancer elements (figure 1.2.1). The E1A promoter is
able to initiate RNA polymerase II directed transcription immediately after adenovirus
infection through the core promoter and upstream enhancer sequences (sections 1.2.1.1

and 1.2.1.2; reviewed in Yoshida et al., 1995).

1.2.1.1 The E1A core promoter

The core promoter consists of a TATA element, an initiator sequence, and a DPE, which
binds TFIID to initiate the assembly of the preinitiation complex (PIC) containing RNA
polymerase II and its associated basal transcription factors (Hoey et al., 1990; Verrijzer
et al., 1995; Zawel and Reinberg, 1995; Burke and Kadonaga, 1997). The upstream
enhancer elements are bound to a variety of cellular transcription factors, which are
bridged by coactivators to the basal transcription factors bound at the core promoter,
supporting enhancer-dependent transcription (reviewed by Hampsey, 1998). The three
dimensional structure of TFIID consists of a horseshoe-like structure, which suggests
some conformational flexibility (Brand ez al., 1999; Andel et al., 1999). The TFIID
complex consists of the TATA-box binding protein (TBP), and several TBP-associated
factors (TAFs). TBP is located near the midpoint of the compléx, adjoining a 4nm
central cavity that most likely accommodates the DNA at the TATA box. Recombinant
TBP has been shown to stimulate the initiation of basal transcription in vitro as

efficiently as the TFIID complex, but it is unable to direct enhancer-dependent
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transcription as efficiently as TFIID (Kambadur et al., 1990; Meisterernst et al., 1990;
Pugh and Tijan, 1990; Dynlacht et al., 1991; Tanese et al., 1991). The functional
difference between TFIID and TBP in enhancer-dependent transcription can be
explained by an additional set of factors found in association with TBP (approximately
8-12 ranging in size from 250 to 20 kDa), known as TAFs, which mediate signals
between upstream enhancer elements and TBP, and between trans-activators and TBP
(section 1.2.4.2) (Pugh and Tijan, 1990). TAFs not only function as activators of
enhancer-dependent transcription, but also act as promoter selectivity factors, and in the
case of TAF;250, are also able to act enzymically, modifying neighbouring proteins or
histdnes in the chromatin-assembled DNA template and thereby controlling their
function (reviewed in Albright and Tijan, 2000). The activity of TFIID also appears to
be regulated by inhibitory proteins such as Drl, which interact with TBP. This may
serve as an important regulatory function by keeping genes, which have been removed
from inactive chromatin, in a repressed but rapidly inducible state (Inostroza et al.,

1992).

Like many other eukaryotic promoters, the E1A core promoter also contains an initiator
sequence (which includes the sequence where transcription actually begins, known as
the cap site) and a DPE. The Ad2 E1A cap site is located at nucleotide 499 relative to
the ITR, and occurs within a hyphenated symmetry (Baker and Ziff, 1981). Sequences
between positions —35 to +20 (relative to the cap site) are important for efficient AdS
E1A transcription in vitro and in vivo. The E1A TATA box is located within this
region, between positions —31 to —24 (relative to the cap site); deletion of the TATA box
in vitro results in a complete lack of E1A-specific transcripts, whereas in vivo the
number of E1A-specific transcripts is reduced by 62% (Hearing and Shenk, 1983a).
The TATA box deletion mutant in vivo, still encodes reduced amounts of E1A-specific
mRNAs, which suggests that other sequences within the core promoter direct RNA
polymerase II to the transcription initiation site. The DPE (cis-acting) is located at +399
(relative to the cap site), and shares homology with the simian virus 40 (SV40) enhancer
(Weiher et al., 1983). A single base change at position +399 results in a five-fold
reduction in transcription, due to inactivation of the 289R and 243R E1A proteins. The
same element also acts in cis to reduce E1A mRNA and nuclear RNA concentrations by

a factor of ten (Osbourne et al., 1984). These mutations may cause their effect at the
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post-transcriptional level. The out of frame mutation of the E1A protein-coding region
may cause premature termination in translation and instability of mutant E1IA mRNA,

resulting in a reduction of E1A mRNA levels (Hearing and Shenk, 1985).

1.2.1.2 Upstream enhancer elements of the E1A promoter

Since the E1A gene should be expressed soon after entry of viral DNA into the nucleus
of the cell, it is therefore logical that the E1A gene is preceded by multiple upstream
enhancer elements. Four enhancer elements have been identified at the following
positions relative to the cap site: -498 to -396 (Hatfield and Hearing, 1991); -343 to -320
(Hen et al., 1983); -305 to -141 (Hearing and Shenk, 1983b); and -188 to -45
(Imperiale et al, 1983).

The ITR contains a number of potential transcription factor binding sites (figure 1.2.1.);
indeed several laboratories have found intrinsic promoter and enhancer activities within
the ITR, although it is not clear whether they are of great functional significance. For
example, when the ITR is placed adjacent to the E1A TATA box in vitro, transcription
from the E1A region increases (Hatfield and Hearing, 1991). Also transcription from
the E4 promoter is enhanced by the ITR (Ooyama et al., 1989).

The Ad2 E1A promoter contains a 24bp enhancer element, located between positions
-343 ahd -320 (relative to the cap site) (Hen et al., 1983). This element can stimulate
transcription from the MLP when inserted in the direction of transcription, however it is
dispensable for efficient transcription within virus-infected cells (Hearing and Shenk,
1983b). The requirement for the 24bp enhancer element is diminished in the presence
of the E1A proteins, so it is unclear whether it plays a part in transcription from the E1A
promoter before the onset of E1A protein synthesis (Sassone-Corsi et al., 1983). In
rodent CREEF cells, the 24bp enhancer element also functions as a repressor of the E1A
enhancer (Herbst et al., 1990). Repressor function is mediated by a 100-110kDa
AP3-like protein called @ AP3, which binds to the 24bp enhancer element (Fognani et
al., 1993). A second 60 kDa protein isolated from HeLa cells, also binds to the same
region within the 24bp enhancer (Barrett et al., 1987). Overlapping the ¢AP3 binding

site are two potential binding sites for the transcription factors ATF (at position -330 to -
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323, relative to the cap site), and EF-1A (at position -344 to -338, relative to the cap
site) (Lin and Green, 1988; Bruder and Hearing, 1989; Yoshida et al., 1989).

The AdS5 E1A promoter contains a second enhancer region between positions -305 to
-141 (relative to the cap site), deletion of which results in a 15 to 20 fold decrease in
E1A enhancer-dependent transcription irn vivo (Hearing and Shenk, 1983b). The
conformation of a portion of the E1A enhancer element (from position -301 to -218) has
been shown to facilitate transcription from the E1A region. The enhancer adopts a
curved structure, which may facilitate E1A gene expression by influencing promoter
melting and/or by providing a framework for protein-DNA and/or protein-protein
interactions (Ohyama, 1996). Two distinct elements are responsible for El1A
enhancer-dependent transcription (element I and II) within this region (Hearing and

Shenk, 1986).

The E1A promoter contains two copies of element I, at positions -301 to -289 and -203
to -192 (relative to the cap site) however, this location varies in adenoviruses from
subgroups A and B (van Ormondt and Galibert, 1984; Hearing and Shenk, 1986).
Element I specifically regulates transcription from the E1A region within virus infected
cells. A degenerate copy of element I is located at positions -272 to -263 (relative to the
cap site); and two further copies of element I-related sequence lie further upstream. The
two copies of element I (sites 1 and 3 figure 1.2.1.), and the three copies of the element
I-related sequence (sites 2, 4 and 5 figure 1.2.1.), contain the consensus binding site for
EF-1A (Bruder and Hearing, 1989; Yoshida ez al., 1989). EF-1A binding is determined
by the core nucleotides of each binding site, whereas transcriptional activation is
determined by both core and peripheral nucleotides (Bolwig et al., 1992). However,
efficient binding of EF-1A at the dimeric binding site (sites 2 and 3) is essential, but not
sufficient to activate transcription. EF-1A binds cooperatively at sites 1 and 2, 2 and 3,
and 4 and 5; and cooperative binding of EF-1A at site 2 to neighbouring sites 1 and 3 in
the E1A enhancer region results in synergistic activation of E1A transcription (Bruder
and Hearing, 1991). EF-1A belongs to the ets oncogene family, and is composed of two
subunits o and . Binding of both the o and B subunits of EF-1A at the binding site is
necessary but not sufficient for transcriptional activation (Bolwig et al., 1992). EF-1Aa

contains the ETS domain, which is responsible for site-specific DNA binding, whereas
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EF-1AP contains four 32-33aa ankyrin repeats in the N-terminal region, and possesses
no DNA binding activity. The ETS domain and the ankyrin repeats are required for
multi-heterodimerisation of o and B subunits on the dimeric EF-1A binding site which

is associated with enhancer activity in vivo (Thompson et al., 1991).

Four copies of element II are situated between the two copies of element I (sites 1 and 3,
figure 1.2.1), and span approximately 30bp from positions -250 to -218 (relative to the
cap site, figure 1.2.1). Element II regulates transcription in cis from all early regions,
however the factors which interact with element II have not been described. Elements I
and II function independently, and neither is required for efficient viral DNA replication
(Hearing and Shenk, 1986).

A third enhancer element, an E2F binding site, is repeated at positions -288 to -281 and
-225 to -218 (relative to the cap site; figure 1.2.1). The E2F site at -288 to -281 has
been shown to stimulate transcription of a heterologous linked gene in an
E1A-dependent fashion (Kovesdi et al., 1987). However, in virus-infected HeLa cells,
transcription of the E1A gene is not influenced by deletion of the two E2F sites from the
enhancer region (Bruder and Hearing, 1989).

A fourth enhancer element has been identified within the E1A promoter, situated at
positions -188 to -45, which is able to enhance expression of the E2A 72kDa protein
when linked to the E2A gene (Imperiale ef al., 1983). However, this enhancer element
is unable to enhance transcription from the E1A promoter (Sassone-Corsi et al., 1983),
and is dispensable for efficient transcription from the E1A gene in virus-infected cells

(Hearing and Shenk, 1983a).

1.2.2 E1A transcription

The E1A primary transcript or pre-mRNA is alternatively spliced to produce a 13S, 12S,
118, 10S and 9S mRNA species (figure 1.1.4.2); with the exception of the 9S transcript,
all transcripts share 5’ and 3’ ends. The E1A primary transcript gives rise to three major
mRNAs, the 135S, 12S and 9S mRNAs, by use of three alternative 5' splice sites
(figure 1.1.4.2) (Berk and Sharp, 1978; Chow et al., 1979; Perricaudet et al., 1979).
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Two minor mRNAs are also produced from the E1A primary transcript, the 11S and
10S, by the removal of an additional intron i.e. the 9S 5’ splice site is joined to a novel

3’ splice site located upstream of the 12S 5’ splice site (figure 1.1.4.2).

Efficient splicing of the primary transcript requires a 5’ cap structure to enable efficient
utilisation of the adjacent 5’ splice site, definition of the first exon, and removal of the
first intron (Izaurralde et al., 1994). The primary transcript is spliced in a two-stage
reaction (figure 1.2.2.1). In the first stage the primary transcript is cleaved at the 5’
splice site, generating a first exon ribonucleic acid (RNA) species and an intron-second
exon RNA species in lariat formation. During the second stage of the splicing reaction
the 3’ splice site is cleaved, allowing ligation of the exons to produce a spliced mRNA
(Padgett et al., 1984; Ruskin et al., 1984). The splicing reaction takes place in a large
macromolecular structure known as the spliceosome (figure 1.2.2.2), which consists of
small ribonucleoprotein particles (snRNPs) U1, U2, U4/U6 and US, and non-snRNPs.
The non-snRNPs include a family of proteins known as the SR proteins. The SR
proteins are a family of essential splicing factors required for early recognition of splice
sites during the spliceosome assembly (Screaton et al., 1995). One such protein has
been described for the E1A primary transcript (p54), which is able to recognise and
promote the use of the 5’ splice site in the E1A primary transcript in a tissue- and
substrate-dependent manner (Zhang and Wu, 1995). The SR protein function can be
modified by phosphorylation/dephosphorylation: for example, in late adenovirus
infected cells the SR proteins are inactivated as splicing enhancer or repressor proteins

by E4ORF4 induced dephosphorylation by PP2A (Kanopka et al., 1998).

The spliceosome assembles on the primary transcript in a stepwise manner, forming four
discrete complexes E-A-B-C (figure 1.2.2.2). Complex E is believed to irreversibly
define the exon-intron boundaries in the primary transcript, and is formed when Ul
snRNP binds to the 5 splice site; at the same time U2AF binds to the pyrimidine tract
between the branch point and the 3’ splice site. Efficient recognition of the 5’ splice site
by Ul snRNP is facilitated by the nuclear cap binding complex (CBC) (Lewis et al.,
1996). The RS domains of Ul snRNP and U2AF associate with the non-snRNP

proteins, forming a bridge between the 5' and 3’ splice sites allowing functional
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Figure 1.2.2.1 The splicing reaction. Splicing occurs in a two step reaction (section 1.2.2 In
step one, the hydroxyl group of the A residue at the branch point site, and p is the phosphate of
G. In step 2, OH is the hydroxyl group of the last residue of exon 1, and P is the phosphate
group of the first residue of exon 2. ). Boxes denote exons 1 and 2; the single line denotes
intronic sequences to be removed (reproduced from Green, 1991).



U2AF

Complex E

Complex B

Complex C

Figure 1.2.2.2 Proteins involved in the mammalian splicing pathway. Two snRNP/pre-
mRNA interactions form the basis of the spliceosome. Firstly, Ul snRNP binds to the 51splice
site while at the same time the splicing associated factor U2AF binds to pyrimidine tract
between the branch point site (BPS) and the 3' splice site, thus forming complex E. Secondly,
U2 snRNP, recruited by U2AF (Gozani & Potashkin, 1998), binds to a region encompassing the
BPS. This step irreversibly commits the pre-mRNA to the splicing pathway and forms complex
A. Complexes A and E are also called pre-spliceosomes. Thirdly, a pre-existing (U4/U6/U5)
particle enters to form complex B, and just prior to splicing a confrontational change occurs that
significantly destabilises the association of U4 snRNP with the complex transforming it into
complex C. Following splicing, the snRNPs remain associated with the intron, and are
recycled. Excised introns are degraded by a phosphodiesterase specific to the lariat structure.
GU and AG are the 5' and 3' conserved residues recognised by splicing factors, A is the residue
at the branch point site, (reproduced from Green, 1991).



interaction (Wu and Maniatis, 1993; Fu, 1995; Reed, 1996, Manley and Tacke, 1996).
The U2 snRNP is then recruited by U2AF, in an ATP-dependent manner, forming
complex A, which is believed to irreversibly commit the primary transcript to the
splicing pathway (Gozani et al., 1998). A third complex, complex B also known as the
mature spliceosome, is formed upon recruitment of U4/U6 and US snRNPs. Complex B
is transformed into complex C, when a conformational change occurs, which
significantly destabilises the association of the U4 snRNP. After the splicing reaction is
complete, the snRNPs remain associated with the intron and are recycled, whereas the
intron is degraded by a phosphodiesterase specific to the lariat structure. The spliced
message is then polyadenylated, a reaction coupled to the splicing reaction in vivo

(Cooke et al., 1999).

A poly A tail is essential for the survival, transport, stability and translation of most
mRNAs. Processing of the 3’ end is a two step process involving endonucleolytic
cleavage of the primary transcript, followed by addition of the poly A tail. The core
poly A site is made up of a cleavage site, a highly conserved hexanuleotide AAUAAA
located approximately 11 to 25 nucleotides upstream of the cleavage site, and a
downstream element (DE), which consists of a 6-20 nucleotide guanine (G) +
uridine(U) or U-rich sequence approximately 14 to 70 nucleotides downstream of the
hexanucleotide AAUAAA. The DE increases the efficiency of 3’ end processing and, as
a number of AAUAAA sequences are found within the coding region of the protein, the
DE serves to position the polyadenylation apparatus at the correct AAUAAA sequence.
Elements upstream of the core poly A site, which improve the efficiency of
polyadenylation have been characterised for a number of poly A signals. During 3' end
processing a 160kDa cleavage and polyadenylation specificity factor (CPSF) binds to
the poly A site by recognition of the hexanucleotide AAUAAA, and a second 64kDa
cleavage stimulatory factor (CStF) binds to the DE. For the reaction to proceed the poly
A polymerase and at least one other factor are required, at which point cleavage occurs

and the poly A tail of approximately 200 residues is added (Imperiale et al., 1995).

The 13S and 12S mRNAs are the major transcripts of the E1A region (Perricaudet et al.,
1979), and are first detected at 1.5-2h p.i. (Nevins et al., 1979) and steadily increase to

5h p.i., after which time a steady decrease is observed to 12h p.i. (Glenn and Ricciardi,
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1988). The 9S mRNA is also a major transcript of the E1A region although it is
produced at late times after infection (Chow et al., 1979; Wilson and Darnell, 1981;
Ulfendhal et al., 1987). The minor transcripts of the E1A region are the 11S and 10S
mRNAs, which are detected at late times after infection (Stephens and Harlow, 1987).
Considerable efforts have been made to elucidate mechanisms causing a switch between
early and late production of E1A transcripts. Viral DNA replication has been shown to
play an important part in the switch between early and late E1A transcripts, but in the
absence of late protein synthesis the switch is not complete, suggesting that viral
proteins possess a regulatory role. (Adam and Babiss, 1991; Larsson et al., 1991).
Indeed, E4 ORF3 and E4 ORF6 have analogous biological activities to ASF/SF2 and
heterogeneous ribonucleoprotein particles (hnRNP) A1 (Nordqvist et al., 1994), and are
therefore believed to regulate E1A alternative splicing in vivo. hnRNP Al and ASF/SF2
(Mayeda and Krainer, 1992) or DSF and ASF/SF2 (Harper and Manley, 1991), are able
to modulate 9S splicing in vitro. 13S 5’ splice site usage is favoured by a high
concentration of ASF/SF2, whereas 9S 5’ splice site usage is favoured by a high
concentration of hnRNP A1 or DSF. E4 ORF4 is also able to induce dephosphorylation
of the SR proteins by PP2A, thereby exerting regulatory control on alternative splicing
(Kanopka et al., 1998).

1.2.3 E1A proteins

E1A proteins are proline-rich phosphoproteins located predominantly in the nucleus of
infected cells (Bayley and Mymrk, 1994). They can be phosphorylated by
cyclin-dependent kinases (cdk) (Mal et al, 1996), and cyclic adenosine-5'-
monophosphate (cAMP) reduces the levels of phosphorylation through the activation of
PP2A by the E4 ORF4 protein (Muller et al., 1992; Whalen et al., 1997). The
phosphorylation state of the E1A proteins has an effect on its biological function
e.g. phosphorylated E1A is more efficient in its association with RB and in disrupting
E2F/DP-RB than unphosphorylated E1A (Mal et al., 1996).

The major E1A proteins are the products of the 13S and 12S mRNAs, that is the 289R

and 243R proteins respectively (figure 1.2.3). Comparison of the 289R and the 243R

proteins from various adenovirus serotypes has identified three highly conserved regions
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Figure 1.2.3 Map of the major E1A proteins and the regions required for selected E1A
activities. A. The 289R and 243R E1A proteins, conserved regions (CR1) 1, 2 and 3, and
auxiliary regions (AR) 1 and 2. B. Consensus sites for binding to cellular proteins. The hatched
regions are of secondary importance. C.-G. Regions required for: C. general activation of
transcription; D. transformation with activated ras in BRK cells; E. suppression of
transformation, tumorigenicity and metastasis. The hatched region is required for suppression
of transformation of virus. The solid black region is required for suppression transformation,
tumorigenicity and metastasis resulting from repression of c-erbB2/neu transcription. The
stippled region in exon 2 is required for suppression of transformation, tumorigenicity and
metastasis with activated ras. F. Repression of gene suppression. Generally the hatched regions
are necessary, but for repression of some genes either of the other two regions are required as
well. G. Suppression of differentiation. Depending on the cells, minimum requirements are the
hatched regions; either the hatched or the solid black regions; or all three. H. Induction of DNA
synthesis, apoptosis and sensitivity to TNF. Minimum requirements are either the two hatched
regions or the solid black region. I. Susceptibility to the host CTL response. Depending on the
haplotype any of the three regions may be different (modified from Mymryk, 1996).
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(CR) within the proteins, designated CR1, CR2 and CR3 (figure 1.2.3) (Kimelman et
al., 1985; Moran and Mathews, 1987). CRI1 is present in both the 289R and 243R
proteins, and is required for transcriptional repression, transformation and induction of
DNA synthesis (Lillie ef al., 1987; Schneider et al., 1987; Jelsma et al., 1989; reviewed
in Jones, 1995). CR2 is present in both the 289R and 243R proteins, and is required for
transformation, induction of DNA synthesis but, may be dispensable for transcriptional
repression ((Lillie et al., 1986; Moran et al., 1986a; Howe et al., 1990; Stein et al.,
1990). CR3 encompasses a 49aa stretch and is present only in the 289R protein, it
possesses a potent trans-activation function (Shenk and Flint, 1991; Jones, 1992; Bayley
and Mymrk, 1994). Protein fusion experiments show that this domain has two separable
activities (Lillie and Green, 1989; Martin et al, 1990). The amino terminal
(N-terminal) of CR3 contains the transcriptional activation region and the carboxy
terminal (C-terminal) contains the promoter-targeting region. Located within the N-
terminal of CR3 is a C4 type zinc finger; point mutations of any of the cysteine residues
that define this motif eliminate trans-activation function (Culp et al., 1988; Martin et
al., 1990; Webster and Ricciardi, 1991). The non-conserved C-terminal E1A exon
contains two interchangeable elements, designated auxiliary region (AR) 1 and 2. AR1
contains glutamic acid-proline (EP) repeats, the number of which (or the net negative
charge) are critical to its function as an enhancer of CR3-mediated trans-activation. As
it is required for efficient CR3-mediated frans-activation it has been suggested that the
C-terminal boundary for CR3 should be extended to include AR1 (Bondesson et al.,
1992; Strom et al., 1998).

1.2.4 Role of the E1A proteins in the regulation of transcription
The E1A proteins have four main functions: autoregulation of the E1A promoter,
trans-activation of viral and cellular promoters, transcriptional repression of enhancer

containing promoters, and transformation. These functions are described in sections

12.4.1,1.24.2,1243 and 1.2.4.4.
1.2.4.1 E1A autoregulation

The 289R and 243R E1A proteins are expressed from the E1A gene at early times after
infection (Perricaudet et al., 1979; van Ormondt ef al., 1980). In the absence of the E1A
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proteins, transcription from the E1A promoter is reduced approximately five fold
suggesting a role for the E1A proteins in their own regulation (Montell et al., 1984a;
Osborne et al., 1984). Indeed, E1A has been shown to be capable of its own regulation
at the level of transcription (Hearing and Shenk, 1985; Tibbetts et al., 1986). The E1A
proteins, in particular the 289R protein, are able to trams-activate the E1A promoter
(Osborne et al., 1984; Hearing and Shenk, 1985), and both the E1A proteins have also
been associated with negative regulation of their own promoter at the level of

transcription (Tibbetts ez al., 1986; Cogan et al., 1992).

1.2.4.2 E1A trans-activation

The E1A proteins can tranms-activate not only their own promoter and enhancer
sequences, but also those of other viral (E1B, E2A, E3, E4 and MLP) and cellular
(hsp70, c-fos, c-jun and PCNA) genes (reviewed in Jones, 1992, 1995; Flint and Shenk,
1997). The E1A proteins are not thought to bind directly to DNA (Ferguson et al.,
1985; Chatterjee et al., 1988), rather they interact with other proteins (through CRI1,
CR2 and CR3) located at the core promoter, and upstream and/or downstream enhancer

elements enabling trans-activation.

The E1A proteins can trans-activate any promoter containing a TATA motif in vitro
(Green et al., 1983; Wu et al., 1987; Simon et al., 1988). This may be due in part to the
ability of the 289R CR3 to bind to the TBP subunit of TFIID (Horikoshi et al., 1991;
Lee et al., 1991); and interact with TAF;250 (Geisberg et al., 1995), TAF;110
(Mazzarelli et al., 1995) and TAF;55 (Chiang and Roeder, 1995). TAF;250 possesses a
histone acetyl transferase (HAT) activity, which may play a role in allowing access of
the basal transcription initiation complex to repressed chromatin (Mizzen et al., 1996).
TFIID (of which TBP and TAFs are essential components) plays a central role in the
assembly of the PIC, therefore interaction of E1A with the PIC may serve to bridge
signals from upstream and downstream enhancer elements with the transcription
machinery, as well as to stabilise the PIC. The 35 N-terminal residues of 243R can also
bind TBP resulting in trans-activation (Sang et al., 1997).

Both the 289R and the 243R proteins have also been shown to relieve transcriptional

repression of the TATA motif, albeit that the 243R protein trans-activates to a lesser
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extent than the 289R protein. The 289R protein relieves pS3-mediated transcriptional
repression by binding TBP (within which the E1A and p53 binding sites overlap), and
displaces p53 from the TBP complex (Liu et al., 1993; Horikoshi et al, 1995). The
N-terminal segment of the 243R protein is able to relieve Drl-mediated transcriptional
repression by binding Drl, resulting in the release of TBP from the inhibitory complex
(Inostroza et al., 1992; Kraus et al., 1994). In addition to trans-activation through the
basal promoter, the E1A proteins are also able to trans-activate through a number of
transcription factors, which bind to sequences within the promoter and upstream and/or

downstream promoter elements.

bZIP Family

The bZIP family of transcription factors contain a DNA-binding domain, which consists
of a cluster of basic amino acids, and a leucine zipper, hence the name bZIP. The bZIP
proteins can form homodimers or heterodimers through the leucine zipper and bind to
the cAMP response element (CRE) (Hai and Curran, 1991). Contained within the bZIP
family are the proteins ATF, AP1 and E4F, all of which interact with E1A to

trans-activate transcription.

The E1A proteins are able to trams-activate ATF-2 either by a direct mechanism
involving CR3 disruption of the inhibitory intramolecular interaction between the
activation domain and the bZIP DNA binding domain, or by an indirect mechanism
involving the N-terminal and CR1 interaction with a cellular 300kDa coactivator
(p300). The relative contributions of CR1- and CR3-dependent E1A trans-activation
are dependent upon cell type. CRI1-mediated trans-activation of the promoter is
independent of a direct interaction with E1A, and takes place in a p300-dependent
manner (Lee et al., 1996; Mannervik and Akusjédrvi, 1997). p300 has been shown to
bind to ATF-2 and TBP, which suggests that p300 normally acts as a coactivator,
transducing signals between upstream enhancer elements and the basal transcription
machinery (Lee et al., 1996; Dallas et al., 1997). p300 also activates transcription
through its inherent properties as a HAT (Bannister and Kouzarides, 1996; Ogrysko et
al., 1996), and its ability to form complexes with HATS, resulting in relief from
chromatin induced transcriptional repression (Yang et al., 1996; reviewed in Howe et

al., 1999). E1A binds to p300 (Egan et al., 1988) through sequences overlapping the
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HAT binding domain, inducing repressive complexes of chromatin, which prevent
transcription from cellular genes, thereby subverting cellular transcription factors for
viral trans-activation. CREB binding protein (CBP) has also been shown to act as a

coactivator in the context of ATF-2 trans-activation by E1A (Sano e al., 1998).

CR3-mediated trans-activation is a result of a direct interaction of CR3 with the DNA
binding domain of ATF-2, relieving inhibitory intramolecular interactions between the
activation domain and the bZIP DNA binding domain, and it may also result in a
positive conformational change within the E1A and ATF-2 activation domains (Liu and
Green, 1990; Liu and Green, 1994; Chatton et al., 1994). The CR3 subdomain which
interacts with ATF-2 differs from the subdomain which interacts with TBP, which
suggests that CR3-dependent trams-activation may also involve El1A acting as a
coactivator between ATF-2 and the basal transcription machinery (Lee et al., 1991).
The N-terminal 96 aa of ATF-2 are also essential for CR3-dependent trans-activation, in
particular the two threonine residues at positions 69 and 71, although no direct
interaction with E1A is evident (Liu and Green, 1994). This region activates ATF-2 via
direct phosphorylation of threonines 69 and 71 by an N-terminal bound stress-activated
protein kinase (SAPK) which may function to alter the conformation of ATF-2,
positively regulating its function (Yen and Hung, 1994; Livingstone et al., 1995).
CR1-dependent trans-activation is not dependent upon phosphorylation of threonines 69

and 71 (Duyndam et al., 1996).

Another group of proteins belonging to the bZIP family are the AP-1 family, which
includes members of the Jun and Fos gene families. The AP-1 family becomes
transcriptionally active when homodimers of Jun/Jun or Fos/Fos, and heterodimers of
Jun/Fos are formed at the AP-1 binding site. AP-1, like ATF-2 can be induced by
cAMP and trans-activated by E1A (Muller et al., 1989). CRIl-dependent trans-
activation of AP-1 is independent of direct interaction with E1A, but takes place in a
CBP-dependent manner (Sano et al., 1998). CBP is a protein of the same family as
p300, which is highly related within its biological functions to p300. CBP has been
shown to bind to AP-1 and TFIIB (Kwok et al., 1994), which suggests that CBP
normally acts as a coactivator, transducing signals between upstream enhancer elements

and the basal transcription machinery (Bannister and Kouzarides, 1996). CBP also
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activates transcription through its inherent properties as a HAT (Oryzko et al., 1996,
Bannister and Kouzarides, 1996), and its ability to form complexes with HATS,
including P/CAF, ACTR and SRC-1 (Yang et al., 1996; Chen et al., 1997; Spencer et
al., 1997), resulting in relief from chromatin induced transcriptional repression. E1A
binds to CBP through sequences overlapping the HAT binding domain, inducing
repressive complexes of chromatin, which prevent transcription from cellular genes,

subverting cellular transcription factors for viral trans-activation (Sano et al., 1998).

The E4F/ATF sequence element contains a binding site for E4F and ATF-2, which
mediate E1A-dependent trans-activation by different mechanisms depending upon the
transcription factor bound. E4F is a 50kDa protein, generated from the N-terminal part
of E4F-1, the human homologue of the murine nuclear fragment ¢AP3 (Fernades and
Rooney, 1997). The 289R protein regulates phosphorylation of E4F-1 and E4F, leading
to an increase in DNA-binding affinity, thereby trans-activating the promoter
(Raychaudhuri et al., 1989; Bondesson et al., 1992; Fernades and Rooney, 1997). The
289R C-terminal AR1 and AR2 are essential for efficient trans-activation of E4F
(Bondesson et al., 1992).

E2F Family

The E2F family is composed of two sets of proteins, known as E2F and DP (reviewed in
Lam and La Thangue, 1994). E2F-1 heterodimerises with DP-1 to form physiological
E2F, which is found in association with the retinoblastoma gene product (Rb), to
prevent degradation of E2F by the ubiquitin-proteasome pathway (Helin et al., 1993;
Hateboer et al., 1996). E2F binding sites shift from a negative to a positive role in
transcription at the commitment point of the cell cycle, a crucial point in G1 that
precedes the G1/S transition. Before the commitment point members of the pocket
protein family, including Rb, p107 and p130, are found in repressive complexes with
E2F (Claudio et al., 1996). When E2F-Rb complexes bind to their target promoter they
actively repress transcription; Rb is able to achieve this by recruiting the histone
deacetylase (HDAC) 1 (Weintraub et al., 1992, 1995; Ferreira et al., 1998), and by
interacting with the C-terminal interacting protein (CtIP)/C-terminal binding protein
(CtBP) repressor complex (Meloni et al., 1999). Progression through the commitment
point into S phase is triggered by phosphorylation of the pocket proteins by a family of
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serine-threonine protein kinases, known as cdks 2, 4 and 6; which hyperphosphorylate
the pocket proteins relieving E2F repression by disruption of Rb-associated complexes
(Weinberg, 1992; Wolowiec and Ffrench, 1996). CBP/p300 is also
hyperphosphorylated by cyclin E-cdk2 at the commitment point, increasing its intrinsic
HAT activity, and thereby its ability to activate transcription (Ait-Si-Ali et al., 1998).
Therefore cyclin E-cdk2 has a dual role with Rb inactivation by phosphorylation, and
CBP HAT activation by phosphorylation. E1A is also able to push the cell cycle
through the commitment point into S phase by forming complexes with Rb and
CBP/p300 (Ait-Si-Ali et al., 1998).

The E1A proteins are able to relieve transcriptional repression either by CR1 and CR2
disruption of the inhibitory E2F-RB complex (Whyte et al., 1989; Zamanian and La
Thangue, 1992), by providing the coactivator CBP (Trouche and Kouzarides, 1996), or
by disruption of the CtIP/CtBP inhibitory complex (Meloni et al, 1999).
CR1/CR2-dependent trans-activation is a two stage process in which CR2 binds to Rb,
then CR1 competes for Rb binding to E2F (Raychaudhuri et al., 1990, 1991; Fattaey et
al., 1993; Ikeda and Nevins, 1993). E1A has been shown to bind to Rb through CR2
sequences, however it has also been shown to bind Rb and p300 simultaneously,
through an LXCXE motif in CR2 which binds Rb, and through the N-terminal of CR1
which binds p300 and CBP (Wang et al., 1995). E1A may act as a carrier for p300 or
CBP, providing it to E2F-1 and trans-activating E2F-1/DP-1 by direct interaction with
the C-terminal domain of E2F-1 (Trouche et al., 1996, Trouche and Kouzarides, 1996),
whilst binding to Rb and releasing E2F from repressive Rb complexes. E1A binding to
CBP also activates its HAT function, though a conformational change, activating
transcription (Ait-Si-Ali et al., 1998). It is possible that the N-terminal and CR1
sequences within E1A, which compete with the Rb proteins (Rb, p107 and p130) for
HDAC], are also linked with CR1/CR2-dependent trans-activation, making it a three
stage process. The release of HDACI1 from Rb-E2F complexes relieves transcriptional
repression from HDACI1 (Trouche et al., 1996; Ferreira et al., 1998). |

YY1
The transcription factor YY1 has been shown to mediate transcriptional repression.

This is believed to occur by YY1 binding of a repressive cofactor, RPD3, which purifies

-27 -



with a histone deacetylase activity, which represses transcription. The RPD3 binding
site overlaps the E1A binding site (Lewis et al., 1995; Taunton ef al., 1996; Yang et al.,
1996), suggesting that the E1A N-terminal 35aa displaces the activity of RPD3, thus
trans-activating the promoter. The 289R protein can trans-activate YY1 binding sites

through CR3 interaction (Lewis et al., 1995).

1.2.4.3 Transcriptional repression

The E1A proteins can repress the transcription from several viral and cellular genes
(reviewed in Jones, 1992; Hagmeyer et al., 1997). A number of elements within the
E1A proteins are believed to mediate transcriptional repression, including the
N-terminal and CR1 domain (Schneider et al., 1987; Jelsma et al., 1989; Stein et al.,
1990), CR2 domain and some second exon sequences (Lillie et al., 1986, 1987,
Schneider et al., 1987; Velcich and Ziff, 1988; Jelsma et al., 1989), although in some
studies CR2 is shown to be dispensable (Stein et al., 1990). The reason for the
difference in the elements used is unclear, but could depend upon the promoter or the

cell type studied.

The cellular proteins p300 and CBP are known to function as coactivators interacting
with TBP and upstream enhancer sequences (Abraham et al., 1993), translating signals
from upstream enhancer sequences to the basal transcription machinery. They have also
been shown to bind to the N-terminal and CR1 of E1A (Egan et al., 1988; Whyte et al.,
1989; Jelsma et al., 1989; Stein et al., 1990; Moran, 1993). Deletion mutants in the
E1A binding site of p300 or CBP loose their ability to drive E1A enhancer-mediated
transcriptional repression (Eckner et al., 1994). Therefore a model in which the
N-terminal 80 aa of the E1A proteins sequesters p300 or CBP from TFIID complexes

and upstream enhancer elements has been proposed (Song et al., 1995).

1.2.4.4 Transformation

Adenoviruses were first shown to be oncogenic when a subcutaneous injection of Ad12
into newborn hamsters led to the development of rapidly growing tumours at the
inoculation site (Trentin et al., 1962). The majority of human adenoviruses are

non-tumourigenic in hamsters (table 1.1.1.), however it was later shown that all
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adenoviruses were able to mediate immortalisation of primary rodent cells (Freeman
et al., 1967). The genes responsible for oncogenicity and cell proliferation were located
at the left end of the genome and comprised of early region 1 (reviewed in Dyson and
Harlow, 1992). The E1A gene products alone were found to immortalise primary cells
in tissue culture (Houweling et al., 1980; Ruley, 1983; Cone et al., 1988). However, in
cooperation with the adenovirus E1B gene, the activated ras gene or the polyoma
middle T oncogene, E1A can stably transform cells in culture, which would induce

tumours in animals (van den Elsen et al., 1983; Ruley, 1983).

The E1A regions which are necessary for immortalisation and cell proliferation include
the nonconserved N-terminal region, CR1 and CR2; whereas CR3 is dispensable (Lillie
et al., 1986; Lee et al., 1991). These regions were found to strongly correlate with areas
required for interactions with certain cellular proteins (Egan et al., 1988; Whyte et al.,
1989; Howe and Bayley, 1992). Indeed out of the three active sites found to be
important for immortalisation and cell proliferation in E1A, two were found to bind
cellular proteins. The first active site consists of CR2 plus the N-terminal end of CR1,
which binds the Rb gene family (Rb, p107 and p130) via the pocket region. The second
active site consists of the N-terminal of E1A and the C-terminal of CR1, which binds
the phosphoprotein family p300/CBP (reviewed in Moran, 1993; Wang et al., 1995).
The third active site consists of a five amino acid NLS at the extreme C-terminal of
ElA; efficient nuclear localisation of the 243R protein is essential for cellular
transformation. Sequences directly upstream of the NLS, and the protein context of the
NLS have also been shown to play a significant role in the efficient localisation of the

243R protein (Douglas and Quinlan, 1996).

The cellular proteins important for immortalisation and cell transformation were
identified by co-immunoprecipitation with E1A. Approximately ten proteins were
identified, ranging in size from 300kDa to 28kDa (Harlow et al., 1989). A major
advance in the understanding of viral oncogenesis came with the realisation that one of
the proteins previously identified as an E1A-binding protein was the product of the
retinoblastoma tumour suppressor gene (Whyte et al., 1989). The physical interaction

of the oncogenic E1A proteins with a key tumour suppressor protein, involved in cell
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cycle control, provides a mechanistic view for the oncogenic capacity of the

adenoviruses.

The retinoblastoma gene product, also known as Rb or pl05, is regulated by
phosphorylation i.e. the phosphorylation state of Rb changes through the different
phases within the cell cycle (Ludlow et al., 1990). The underphosphorylated form of Rb
is thought to be the active form, and it is in this state that Rb can complex with E2F,
whilst the hyperphosphorylated form is inactive (Kaelin et al., 1992). Phosphorylation
of Rb is controlled by cdks (for example cyclin E/cdk2 kinase, cyclin D/cdk4 kinase and
cdk6), whose activity is controlled by association with a protein known as cyclin, and by
their own post-translational modifications 1i.e their phosphorylation and
dephosphorylation (Wolowiec and Ffrench, 1996). The S-phase cdks are activated at
the end of the G1 phase of the cell cycle, resulting in a switch from an active to an
inactive form of Rb, which is no longer able to form repressive complexes with E2F,
resulting in the release of free E2F for use in S phase gene transcription. E1lA is also
capable of pushing the cell cycle through the commitment point into S phase by forming
complexes with Rb to release E2F from repressive complexes (section 1.2.3), and by
forming complexes with CBP/p300 (Ait-Si-Ali et al., 1998). The E1A proteins bind to
Rb and Rb-related proteins through the pocket region, which consists of two regions A
and B, separated by a non-conserved spacer region, which is of different lengths in Rb
and p107 (Raychaudhuri et al., 1991; Corbeil and Branton, 1994). The phosphorylation
of the E1A proteins at Ser-132 also regulates Rb, by enhancing their binding affinity for
Rb and Rb-related proteins (Whalen et al., 1996).

Cell protein p107 was first identified by association with E1A and SV40 large T antigen
(Dyson and Harlow, 1992), and shares many structural and biochemical similarities with
Rb, including a pocket region which binds E2F and E1A (Zhou et al., 1993;
Starostik et al., 1996). However, unlike Rb, p107 can form complexes with cyclin A
(p60), cyclin E and cdk2 (Faha et al., 1993). pl107 functions as a tumour suppressor,
which is mediated by inactivation of E2F through p107-repressive complexes. The
p107-E2F complex also acts as a general transcriptional repressor when tethered to the

promoter via an E2F binding site.
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Cell protein p130 is a phosphoprotein located within the nucleus of the cell, which has
many similarities with Rb and p107, including a pocket region, which binds E2F and
E1A. However, p130 is more closely related to p107 than Rb, as p130 and p107 have
similar sized spacers between the pocket region domains A and B (Li et al., 1993). Also
like p107, p130 interacts with cyclins A and E, including the pocket region, and is able
to bind E2F and E1A (Cobrinik et al., 1993). The E1A viral oncoprotein-associated
kinase targets p130, controlling phosphorylation of the pocket proteins and therefore the
amount of free E2F during the cell cycle, reaching a peak of activity at the onset of
S-phase (Baldi et al., 1995; Mayol et al., 1995).

Simultaneous E1A binding of Rb and p300/CBP is important in modulation of gene
expression and oncogenic transformation by E1A (Dyson and Harlow, 1992; Peeper and
Zantema, 1993; Bayley and Mymrk, 1994). E1A has been shown to bind to Rb through
CR2 sequences, however it has also been shown to bind Rb and p300 simultaneously,
through an LXCXE motif in CR2 which binds Rb, and through the N-terminal of CR1
which binds p300 and CBP (Wang et al., 1995). E1A may act as a carrier for p300 or
CBP, providing it to E2F-1 and trans-activating E2F-1/DP-1 by direct interaction with
the C-terminal domain of E2F-1 (Trouche et al., 1996; Trouche and Kouzarides, 1996);
whilst binding to Rb and releasing E2F from repressive Rb complexes. By binding to
these and other cellular regulatory proteins, E1A is able to alter or inhibit their normal

functions within the cell, reprogramming cell growth and differentiation.
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