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Abbreviations

Bax Bcl-2-associated protein
Bcl-2 B-cell lymphoma protein-2
bp base pair
dsDNA double stranded DNA
dsRNA double stranded RNA
e.g. (exempli gratia) for example
E1B-AP5 E1B-55K-associated protein 5
Gal4 DBD Gal4 DNA-Binding Domain
kbp kilo base pair
Mdm2 Mouse double minute 2
NLS Nuclear localization signal
p14ARF a 14 kD protein/An alternative

reading-frame protein of INK4a/ARF
p21/CDKN1A a 21 kD protein/Cyclin dependent

kinase inhibitor 1A
p300/CBP a 300 kD protein/CREB binding

protein
PAH Paired Amphipathic Helix
PCAF P300/CBP-associated factor
PML Promyelocytic leukemia
pRb Retinoblastoma protein
Pu Purine
PUMA P53 Upregulated Modulator of

Apoptosis
Py Pyrimidine
Rb pRb-like family of proteins
rRNA ribosomal RNA
tRNA transfer RNA
wt wild-type
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1. Introduction

Over 50 years of extensive characterization of adenoviruses has resulted
in two pivotal findings. Firstly, the elucidation of the pre-mRNA splicing
machinery was based on studies using adenovirus as a model system.
Secondly, the potential usage of adenoviruses for gene and cancer therapy
applications.

However, the recent death of the patient, receiving adenovirus based gene
therapy, has overshadowed the great potential of adenoviruses for clinical
trials (239). Ironically, this tragic event arose a simple question. Do we
really understand the molecular mechanisms how adenovirus gene products
influence the cell fate?

The present thesis deals with the adenovirus E1B-55K protein, which is
one of the essential proteins expressed during the adenovirus life cycle.
Another protein extensively covered by the thesis, is the human tumour
suppressor protein p53. The p53 protein has gained a lot of attention due to
its essential role in controlling the cell fate and is therefore named as “the
guardian of the genome”. Interestingly, the E1B-55K protein is often
regarded as the main antagonist of the p53 protein, in adenovirus infected as
well as in adenovirus transformed cells. This fact urged the author to study
the molecular mechanisms how E1B-55K blocks the p53 protein functions
and as a consequence influences the cell fate.

Both, the E1B-55K and the p53 protein, are involved in regulation of
transcription. Furthermore, one of the emerging fields of research, aimed at
defining the control mechanisms in gene transcription, has pointed to the
great significance of histone acetylation/deacetylation. Therefore, the thesis
has focused on the interplay between the E1B-55K and p53 proteins and
their role in regulation of transcription by histone acetylation/deacetylation.
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2. Transcription

Eukaryotic gene expression is a remarkably complicated process that is
tightly regulated at multiple levels. Successful gene expression can depend
on gene transcription, encoded RNA processing, RNA localization and on
read-out of the messenger RNA (mRNA) by the translation machinery. The
first step in this cascade, transcription, is a key step at which the information
contained in DNA is decoded into different forms of RNA.

Three different RNA polymerases (RNAP) are responsible for specific
gene transcription in eukaryotes. Thus, rRNA genes are transcribed by
RNAP I, tRNA and 5S rRNA genes are transcribed by RNAP III.

However, most of the glory has gained RNAP II, due to its essential role
in transcribing protein-coding genes.

2.1 RNAP II-dependent gene transcription
The RNAP II-dependent gene transcription is regulated in a highly

orchestrated and elaborated fashion. Thus, to ensure that specific protein-
coding genes are turned on and off, according to the cellular need, the RNAP
II has to rely on an interplay between (i) specific DNA elements, (ii) general
transcription factors, (iii) sequence-specific DNA-binding transcription
factors and (iv) transcription co-factors. It is important to emphasize that, in
the present thesis only chromatin-directed co-factors will be discussed.

Enhancer sequences, the proximal promoter region and the core promoter
can determine the regulation of gene transcription at the DNA level. Both,
enhancer sequences and the proximal promoter region, contain the
recognition sites for a variety of sequence-specific DNA-binding factors,
which can affect the basal level of gene transcription. In contrast, the core
promoter encompasses the transcription start site and constitutes of variable
sequence elements such as the TATA-box, the initiator (Inr) and downstream
promoter element (DPE), which can direct the initiation of transcription by
the basal RNAP II machinery (reviewed from (31, 120, 144)).

Transcription by the RNAP II requires assembly of a preinitiation
complex (PIC), composed of the template DNA, RNAP II and general
transcription factors (GTFs), such as TFIID, TFIIB, TFIIA, TFIIE, TFIIF
and TFIIH (reviewed in (213)). According to the stepwise assembly model,
the PIC assembly is nucleated by binding of the TBP subunit of TFIID to the
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TATA box. Concerted recruitment of TFIIB, a complex of unphosphorylated
RNAP II with TFIIF, TFIIA, TFIIE, and TFIIH will finally assemble the
functional PIC, which is crucial for basal transcription initiation by the
RNAP II (139).

One of the fascinating players in this machinery is the multisubunit TFIID
complex, which consists of TBP and a wide variety of TAF proteins. If the
TBP protein is essential for TATA box recognition, the individual TAFs
have assisting roles in promoter recognition by altering chromatin structure
and/or stabilizing the whole TFIID complex (272). Moreover, as individual
TAFs can be targeted by DNA-binding transcription factors, they can serve
as key integrators of molecular signals to and from the basal transcription
machinery (139).

In addition, another multisubunit complex, TFIIH, mediates interactions
with several transcription factors (197, 283). Moreover, the TFIIH complex
can induce phosphorylation of the carboxy-terminal domain of the RNAP II
large subunit, an event that facilitates promoter clearance and progression
into the elongation phase of transcription (5).

2.2 Transcription factors
The above mentioned basal transcription machinery is further allocated to

regulation by a diverse array of transcription factors. These factors can either
increase (activators) or decrease (repressors) the basal level of gene
transcription. In general, transcription activators possess domains that
mediate sequence-specific DNA binding and transcription activation. The
transactivation domain typically associates with transcription co-activators,
which in turn enhance the DNA read-out by the basal transcription
machinery (32, 246).

In contrast, transcription repressor proteins act via several mechanisms to
block transcription. Thus, the repression can be passive, for example by a
sequestration of an activator by a repressor protein. A classical example is
the direct binding of the Rb family of repressor proteins to the
transactivation domain of the E2F family of proteins, which inhibits the
transactivation capacity of E2F (219).

On the other hand, an active repression is mediated by repressor protein
interactions with a variety of co-repressor proteins, which can alter the
chromatin structure and/or inhibit the basal transcription machinery (75). To
achieve the active mode of repression, the repressor proteins have to contact
DNA. They can bind directly to DNA, like repressor protein MeCP2, which
interacts with methylated DNA (119). Another option used by repressor
proteins, is to utilize an already DNA-bound activator protein as a “bridge”
to get tethered to DNA and thereby recruit co-repressor proteins to the gene
regulatory regions. For example, the pRb protein can bind to E2F1 and



4

sequentially recruit the co-repressor proteins HDAC1 and SUV39H1 to
accomplish an active repression (see sections 2.6) (27, 165, 189).

Several transcription activators can also function as transcription
repressor proteins depending on their structural characteristics. Dimerisation
of the Max protein with the c-Myc protein leads to transcription activation,
whereas formation of a Max/Mad dimer results in transcriptional repression
from the same DNA response element (reviewed from (163)). Nuclear
receptors can bind to DNA and either activate or repress transcription by
recruiting co-activator or co-repressor proteins, respectively. In the presence
of a ligand, conformational changes in the receptors favour the recruitment
of co-activators, and in the absence of the ligand the recruitment of co-
repressors is preferred (reviewed in (276)).

2.3 Chromatin directed co-factors
Eukaryotic DNA is organized into chromatin by the wrapping of DNA

around histone octamers to form nucleosomes and by the folding of the
nucleosomal fiber into higher-order structures (100). The nucleosomes,
which are the fundamental subunits of chromatin, are composed of two
copies of each of the core histone proteins H2A, H2B, H3 and H4 wrapped
by 146 bp of DNA. Further, the core histones are small basic proteins
consisting of a globular domain (referred to as the histone fold) and a
flexible amino-terminus (referred to as the tail) that protrudes from the
nucleosome (161).

The packaging of DNA into nucleosomes creates a repressive
environment for binding of transcription factors to DNA. Therefore, the
eukaryotic cell encodes for a set of proteins, classified as a chromatin
directed co-factors, which control the accessibility of chromatin DNA (139).

The chromatin directed co-factors in general do not bind sequence-
specifically to DNA, but can be recruited to target genes by transcription
activator or repressor proteins (183). It is important to emphasize that the
chromatin directed co-factors are not only involved in regulation of gene
transcription, but also in other processes such as DNA replication, DNA
repair and heterochromatin formation (132).

The chromatin directed co-factors fall into two main classes: 1) ATP-
dependent chromatin remodeling proteins and, 2) histone-modifying proteins
(183).

2.4 ATP-dependent chromatin remodeling proteins
Based on the identity of the catalytic ATPase subunit, four families of

ATP-dependent chromatin remodeling complexes are known: SWI/SNF,
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ISWI, CHD and INO80 (260). Chromatin remodeling can be accomplished
by nucleosome sliding, whereby the histone octamers are repositioned to
adjacent DNA segment in an ATP-dependent manner (19). In addition to
nucleosome sliding, conformational changes in the nucleosomes can lead to
chromatin remodeling. The net result of chromatin remodeling is the creation
of an environment where the template DNA is accessible for transcription
factor binding (reviewed in (186)).

The two best characterized mammalian SWI/SNF family members are the
Brg1- and Brm-containing complexes (186). Thus, several cellular
transcription activators, including the c-Myc, STAT2, BRCA1 proteins, can
interact with various subunits of the Brg1- and Brm-containing complexes,
which coincides with the transcriptional activation of their target genes (25,
43, 110).

2.5 Histone-modifying proteins
It is generally accepted that post-translational modifications such as

acetylation, methylation, phosphorylation and ubiquitylation of histones
correlates with regulated gene transcription (117, 245). Therefore, it is not
surprising that the enzymes conducting these modifications behave as
transcriptional co-factors.

In general, histone hyperacetylation leads to an increase in gene
transcription, whereas histone hypoacetylation coincides with inhibition of
transcription (266). Histone acetylation is a dynamic process, which is
controlled by histone acetyltransferases (HATs) and histone deacetylases
(HDACs) (Figure 1) .

2.5.1 Histone acetyltransferases
The nuclear HATs can be divided into five families according to their

structural similarities: GNAT, MYST, p300/CBP, general transcription
factor- and the nuclear hormone-related HATs (34).

The two most thoroughly studied HATs are the p300 and CBP proteins.
These proteins share extensive amino acid homology and have overlapping
functions, therefore they are often referred as the p300/CBP protein (38).
Several well-known transcription factors, including p53, p73, E2F1, YY1,
Stat2, MyoD, interact with p300/CBP (reviewed in (38, 77)). The most
obvious mechanism, how transcription factor recruitment of p300/CBP
activates transcription would be the acetylation of the histone tails. Indeed,
p300 can acetylate the histones H3 and H4, when recruited to chromatin by
different transcription activator proteins (7, 8). In addition, p300/CBP can
function as a scaffold to nucleate the assembly of various multicomponent
complexes. For example, PCAF (a member of the GNAT family) binding to
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p300 leads to a cooperative stimulatory effect on transcription activation of a
target gene (269). Similarly, multiple interaction surfaces on the p300
protein can bridge the binding of transcription activators and general
transcription factors, including TBP, TFIIB, TFIID, thereby influencing the
efficiency of PIC formation (77, 177).

Intriguingly, p300/CBP can also acetylate a growing list of non-histone
proteins and, thereby modulate the biochemical characteristics of the
targeted proteins (37, 88, 92, 170, 198). Surprisingly, the p300 protein also
possess a ubiquitin ligase activity, which emphasizes p300 multifunctional
role in the cell (89).

2.5.2 Histone deacetylases
Histone deacetylation is catalyzed by the HDACs, which can be divided

into two families: NAD+-dependent HDACs, or sirtuins, and the classical
HDACs (53, 237). The sirtuins are related to the yeast transcriptional
repressor Sir2, which is known to induce transcriptional silencing through
histone H3 and H4 deacetylation (237). Recent findings also indicate that
SIRT1, which is the closest human homologue of Sir2, can repress
transcription by inducing histone H3 and H4 deacetylation in mammalian
cells (228). The SIRT1 protein also deacetylates the p53 protein, which
results in a prevention of p53-induced cellular senescence and apoptosis
(138, 265).

The classical HDAC family members can be divided into two classes
based on their similarity to the yeast histone deacetylase Rpd3 (class I;
HDAC1, 2, 3, 8) and Hda1 (class II; HDAC4, 5, 6, 7, 9, 10) (53). In addition
to the structural differences, the HDACs exhibit different expression and
localization patterns. Thus, the class I HDACs are expressed in most cell
types and are found exclusively in the cell nucleus. In contrast, the class II
HDACs are expressed in a tissue-restricted manner and they actively shuttle
in and out of the nucleus (69, 90). Interestingly, these characteristics of the
class II HDACs have been implicated in specific regulation of muscle
differention (171).

The class I HDACs are generally found in the multisubunit complexes.
These complexes can be further divided into HDAC1/2- and HDAC3-
containing complexes.

So far, three main HDAC1/2 containg complexes have been
characterized: the Sin3, NuRD and CoREST complexes (3, 91). A particular
feature of the Sin3 and NuRD complexes is a “core complex”, consisting of
the HDAC1/2 and the RbAp46 and RbAp48 proteins (298). The differences
in subunit composition of the Sin3 and NuRD complexes has been suggested
to result in their specified functions and targeted recruitment by various
transcription repressor proteins (125).
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Interestingly, the HDAC3 protein forms a complex with the class II
HDAC4, 5 and 7 proteins, by shearing the common transcriptional co-
repressor SMRT/NCoR as a scaffold protein (68, 275). Furthermore, the
HDAC3-containing SMRT/NcoR complexes can be recruited by unliganded
nuclear receptors, which in turn results in local chromatin deacetylation and
gene repression (148).

In addition to histones, other proteins can also be deacetylated by
HDACs, particularly by the HDAC1 protein. The constantly growing list of
HDAC1 target proteins already includes proteins like p53, E2F1, YY1 (162,
170, 286).

2.5.3 The Sin3 complex
The mammalian multisubunit Sin3 complex was originally characterized

as a co-repressor complex essential for the Max/Mad dimer to repress
transcription (12). The central members of this complex are the highly
similar mSin3A and mSin3B proteins (3). An interesting feature of the
mSin3A/B proteins is that they both contain four repeats known as PAH
domains, which mediate multiple protein-protein interactions (70).

Most of the biochemical studies on the Sin3 complex have been
performed with the mSin3A (hereafter referred to as Sin3A) protein. The
latter serves as a scaffold for assembly of subunits of the Sin3 complex,
including HDAC1 and HDAC2 proteins (135). In addition, members of
Brg1- and Brm-containing chromatin remodeling complexes as well as
histone methyltransferases (HMTases) ESET and Set/Ash2 can copurify
with the Sin3 complex (235, 282, 284). However, it is still obscure if all
these activities are present in one general Sin3 complex or if there are
several, cell-type-specific, the Sin3A protein containing subcomplexes (70,
235).

Different subunits of the Sin3 complex mediate interactions with specific
transcription repressor proteins. Thus, the PAH2 domain in the Sin3A
protein is needed for binding to the Mad protein (12), whereas the RBP1
subunit mediates the pRb protein association with the Sin3 complex (136).
The recruitment of the Sin3 complex by transcription repressor proteins,
such as C/EBPα, CIITA, p53 and Mad facilitates histone H3 and/or H4
deacetylation followed by inhibition of target gene transcription (148, 181,
279, 303). Interestingly, the Sin3A protein including complexes can also
block transcription in a HDAC-independent manner (70, 285).

In addition to its important role in target gene repression, the functional
Sin3 complex is also essential for proper distribution of chromosomes by
inducing histone modifications in chromatin surrounding the centromere
(51).
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2.6 Histone acetylation and the histone code
What is the functional outcome of histone acetylation/deacetylation and

how is it mechanistically influencing transcription? One explanation would
be that addition of an acetyl-group neutralizes the positive charge of the
lysine residue, which in turn decreases histone tail interaction with the
negatively charged DNA. However, the experimental data does not support
this simplistic point of view (182, 270). Instead, the histone
acetylation/deacetylation seems to be one of the steps engaged in a cascade
of modifications occuring on the histones (Figure 1). The emerging concept
is that the specific combinations of histone modifications by acetylation,
methylation, phosphorylation and ubiquitylation should be considered as the
histone code that dictates the regulatory features of a gene transcription
(245). In reality, the histone code encompasses a complex set of
modifications, such as arginine mono- and dimethylation, serine
phosphorylation, lysine acetylation, ubiquitylation, mono-, di- and
trimethylation, which by sequential and/or cooperative action secures a
proper transcriptional regulation of a gene. As known to date, the majority of
these modifications occur at the amino-terminal tails of histone H3 and H4
(reviewed from (23, 128)).

Two, non-exclusive, models have been proposed how the histone code
regulates transcription. Thus, the histone modifications can act directly by
altering chromatin structure. Alternatively, the histone modifications present
an adhesive surfaces required for the recruitment of transcription associated
proteins (117). The latter model can explain the interplay and ordered
recruitment of both chromatin modifying and remodeling activities to the
human interferon-β (IFN-β) promoter. Accordingly, the activator complex
recruited histone acetyltransferase GCN5 specifically acetylates histone H4
lysine 8 (H4K8) and histone H3 lysines 9 and 14 (H3K9 and H3K14).
Acetylation of H4K8, in turn mediates the recruitment of the Brg1-
containing remodeling complex, whereas acetylation of K9H3 and H3K14 is
critical for tethering of TFIID to the promoter region. The final outcome is
the nucleosomal sliding, which helps to assemble the basal transcription
machinery and to initiate transcription (Figure 1) (2).

The best known mammalian example, how the histone code determines
transcription repression, is based on studies of the pRb/E2F1 protein
complex. The latter binds to DNA and induces histone deacetylation since
the pRb protein recruites HDACs to the promoter region (27, 165, 220). One
particular deacetylated lysine of histone H3, H3K9, is thereafter specifically
methylated by HMTase SUV39H1 (189, 264). Further, the methylated H3K9
is a good binding site for the HP1 protein, which can induce a compacted
chromatin structure inaccessible to the transcription machinery (Figure 1)
(133, 189, 236). Based on available data, the current model envisions
methylation of H3K9, as the final mark that signals gene repression (15).
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It is accepted that H3K9 deacetylation, has to precede its methylation at
the same position (189, 212). Thus, modification of H3K9 by acetylation or
phosphorylation at the neighbouring amino acid Ser10 on histone H3 can
block H3K9 methylation (212). Another way of controlling H3K9
methylation, is by methylation of histone H3 on lysine 4 (H3K4).
Methylation of H3K4 prevents deacetylation of H3K9 by excluding the
NuRD complex, which results in active gene transcription (190).

Taken together, the information gathered to date points to a highly
orchestrated interplay between different modification on core histones,
regulatory events, which will define the transcriptional status of the gene.

Figure 1. An exemplified interplay between histone acetylation and the histone code.
Ac, acetylation; Me, methylation; X, DNA bound transcription factor; A, activator
complex on the IFN-β promoter; H3K9, histone H3 lysine K9; H4K8, histone H4,
lysine K8.
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3. The human tumour suppressor protein p53

3.1 The p53 protein and its homologues
The p53 protein is often described as a critical player coordinating the

cellular response to diverse environmental changes (203). Placing the p53
protein at the nodal point in cell fate regulation is based on multiple
observations showing that controlled signaling to and from the p53 protein is
an essential feature for maintaining cellular integrity. The central function of
p53 is also emphasized by the data indicating that the p53 protein is non-
functional in many tumours-a fact that is in accordance with the proposition
that the wild-type p53 functions as a crucial tumour suppressor protein (194,
267).

A large body of evidence indicates that the p53 protein functions as a
sequence-specific DNA-binding transcription factor regulating transcription
of a large number of genes, mostly involved in cell cycle control and
apoptosis (reviewed in (267, 268)). This view is supported by the structural
characteristics of the p53 protein. It contains a potent transcription activation
domain (263), a region implicated in transcription repression (104), a
sequence-specific DNA binding domain (63), an oligomerisation and
regulatory domains (42, 112), which all contribute to the function of p53 as a
transcriptional regulatory protein.

P73 and p63 are structural homologues of the p53 protein and share
significant homology with the p53 transactivation, DNA binding and
oligomerisation domains. They also have a certain degree of functional
overlap, by activating p53-regulated genes and suppressing growth or
inducing apoptosis (173). However, several known differences exist in
regulation of the p73 protein stability and activation (78, 295).
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3.2 Signaling to p53

3.2.1 Pathways inducing p53 stabilization
In normal cells, the p53 protein is maintained at low levels through a

targeted degradation (99). Many stress-inducing factors such as DNA
damage, chromosomal aberrations, chemotherapeutic drugs, oncogene
activation, virus infection, hypoxia can induce p53 stabilization and
activation as a transcription factor (9, 267). At least two main pathways have
been described, which can lead to the p53 protein stabilization and activation
(Figure 2) (267).

p53 Mdm2

p53
(P)

(Ac)

Genotoxic stress Oncogenes

(UV, γ-irradiation) (Myc, Ras, E1A)

E2F1

p14ARF
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p21/CDKN1A 14-3-3σ
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Figure 2. A simplified drawing of the p53 pathway. Phosphorylation (P), acetylation
(Ac) and ubiquitylation (Ub) of the p53 protein are indicated.

The genotoxic stress induced pathway is triggered by DNA damaging
agents, such as ionizing radiation, ultraviolet light and chemotherapeutic
drugs. Following the DNA damage recognition, several kinases will
phosphorylate the p53 protein (9). Phosphorylation of p53 can inhibit
binding of its negative regulator the Mdm2 protein, as well as induce p53
stability by increased acetylation in the carboxy-terminal regulatory domain
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(223, 233). The overall outcome is the inhibition of p53 degradation and
proper post-translational modification of the protein (9, 29).

The oncogene induced pathway is initiated by overexpression of aberrant
mitogenic signals, such as Myc, Ras or the adenovirus E1A proteins. These
proteins are known to induce transcription of the p14ARF gene (54, 215, 305).
The p14ARF protein, in turn induces p53 protein stabilization by binding the
Mdm2 protein (231). Probably, the main goal of p14ARF is to inactivate
Mdm2 as an E3 ubiquitin ligase. This can be accomplished by the p14ARF

protein binding to Mdm2 and/or by sequestering Mdm2 into the cell
nucleolus by the p14ARF protein (106, 202, 273).

3.2.2 P53 stability
As seen from above, irrespectively of stress factors applied to the cells,

the final outcome is an inhibition of complex formation between the Mdm2
and p53 proteins. The Mdm2 protein functions as an E3 ubiquitin ligase,
which marks the p53 protein for degradation (105). Ubiquitylation is a
multistep process, which involves a cascade of enzymes referred to as the
E1, E2 and E3 proteins. The latter, E3 ligase, recognizes the substrates and
catalyzes the transfer of ubiquitin from the E2 enzyme to lysine residues in
the substrate protein (274). It is likely that p53 ubiquitylation by Mdm2 takes
place within the nucleus and occurs by several concurrent
monoubiquitylation events at lysine residues located at the carboxy-terminus
of the p53 protein (137). However, monoubiquitylated p53 can not be
degraded and it needs additional ubiquitylation by the p300 protein (89,
137). The polyubiquitylated p53 is thereafter shuttled into the cytoplasm by
Mdm2 for proteasomal degradation (158, 221).

P53 can also activate transcription of the Mdm2 gene, which creates an
autoregulatory feedback controlling p53 activity in the cells (280).

Thus, the inhibition of Mdm2 ubiquitin ligase and nuclear export
functions, is crucial for the stable p53 protein accumulation. In addition to
the p14ARF protein, other proteins can regulate Mdm2 biochemical functions.
For example, MdmX protein (a homologue to Mdm2, without an E3 ligase
activity) interaction with the Mdm2 protein diminishes Mdm2-mediated
nuclear export of p53, which results in p53 stabilization (240). Similarly, the
pRb protein binding to Mdm2 protects p53 from Mdm2-mediated
degradation (109).

Even, if Mdm2 is considered as a major player in the control of p53
protein degradation, other Mdm2- and proteasomal-independent degradation
pathways may exist (see section 3.4) (131, 140).
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3.2.3 P53 phosphorylation and acetylation
Posttranslational modification of the p53 protein is important for its

functions as a transcription factor. A variety of modifications, such as
phosphorylation, acetylation, o-glycosylation and sumoylation can regulate
p53 protein functions (29). As most studies have been concentrated on the
functional consequences of p53 phosphorylation and acetylation, these two
processes will be described in more details below.

The p53 protein can be phosphorylated by a wide variety of kinases in
response to different stress factors (reviewed in (9, 113)). For example,
ionizing radiation induces phosphorylation at the amino-terminal amino acid
Ser15, which results in stabilization and nuclear retention of the p53 protein
(233, 299).

One of the best-studied functional consequences of the p53 amino-
terminal phosphorylation, is an increased protein stability, probably
mediated by an inhibition of Mdm2 binding to p53 (233, 262). However, it is
likely that a specific phosphorylation pattern rather than a single
phosphorylation event in the p53 protein generates a conformational change
that is unfavourable for Mdm2 binding (292). The current view also favours
the involvement of phosphorylation as the prime step for induction of
acetylation of the p53 protein (223). Thus, phosphorylation at the amino-
terminal amino acid Ser20 stabilizes p53-p300 complex formation and
subsequently leads to an increase in p53 acetylation (60).

The p53 protein is acetylated at lysine residues located at the carboxy-
terminus by the p300/CBP and PCAF proteins (92, 154). The functional
consequence of p53 acetylation seems to be diverse. Acetylation can: (i)
induce p53 stability (149, 223), (ii) facilitate co-activator recruitment (18),
(iii) enhance p53 sequence-specific DNA-binding in vitro (92, 223) and (iv)
anchor p53 to PML nuclear bodies (198). The opposite reaction,
deacetylation of the p53 protein, is catalyzed by the SIRT1 and HDAC1
proteins (138, 162, 265).

Acetylation of p53 occurs at the similar amino acid residues as its
ubiquitylation (218). This is not an optimal condition for Mdm2-mediated
ubiquitylation (149). To overcome the acetylation, the Mdm2 protein can
either inhibit p300/CBP acetyltransferase activity or recruit specifically the
HDAC1 protein to deacetylate the p53 protein (114, 115).

3.3 Signaling from p53
The main and most well characterized biochemical function of the p53

protein is its ability to act as a transcription factor. P53-mediated
transcription can be regulated by the amount and activity of the p53 protein,
the availability of cofactors, the chromatin organization of the gene and the
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actual p53 binding sequence on the target gene regulatory region (67, 130,
206). Therefore, the combination of structural characteristics and the nuclear
environment allows p53 to function as a transcription activator or repressor
protein.

3.3.1 P53-mediated transcription activation
Transcription activation by p53 is based on its ability to bind sequence-

specifically to DNA. This is supported by the observation that p53-regulated
genes contain p53 response elements (RE). The p53 RE includes two copies
of a degenerate consensus sequence 5-’PuPuPuC(A/T)(A/T)GPyPyPy-3’,
separated by 0-13 bases pairs (63). A recent microarray study demonstrated
that there are at least 361 human genes containing functional p53 REs (176).
The p53 protein can also interact with polymorphic microsatellite sequences
(TGYCC)(n) in the cell. Moreover, this interaction has been shown to result
in induction of the PIG3 gene transcription by the p53 protein (47).

P53 binds to its RE as a tetramer and requires the amino-terminal
transactivation domain to activate transcription (42, 263). The
transactivation domain can interact with p300/CBP and general transcription
factors, like TBP and TAFII31 (150, 160, 248). The functionally best
characterized interaction is that between p53 and p300/CBP on the p53
targeted p21/CDKN1A promoter. Thus, p53-mediated recruitment of
p300/CBP results in histone H3 and H4 acetylation in the vicinity of p53
REs followed by the activation of p21/CDKN1A gene expression (18, 67,
152).

As mentioned previously, p53 itself is also acetylated by p300/CBP. This
modification does not increase the sequence-specific DNA-binding activity
of p53 in vivo (67, 121), instead it has been shown to enhance p53
interaction with the TRRAP protein, a subunit of the GNAT family of HATs
(18, 34). As the consequence, p53 association with TRRAP results in an
increased histone H3 and H4 acetylation on the Mdm2 promoter (10).

3.3.2 P53-mediated transcription repression
In contrast to transcriptional activation, the p53 protein can repress

transcription without the need to bind sequence-specifically to DNA
(reviewed in (103)).

Both passive and active mechanisms are used by p53 to achieve
transcription repression. The passive mechanisms are based on the ability of
p53 to bind to other trancription activators and either displace them from
DNA or forming a complex unable to activate transcription (122, 145, 164,
193).
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The active mechanism relies on a p53-mediated recruitment of the Sin3
co-repressor complex. Thus, the Sin3 complex interaction with p53 causes a
deacetylation of histone H3 and H4, which has shown to result in a
repression of Map4 and survivin promoter activity (104, 181). Importantly,
the proline-rich domain, implicated in transcription repression (104), is
required for the interactions between the p53 and the Sin3A proteins (304).

The capacity of p53 to activate transcription, can also lead to an indirect
transcriptional repression by the p53 protein. As mentioned previously, p53
activates p21/CDKN1A gene transcription, which in turn can cause
inhibition of E2F mediated transcription (232). This pathway has been
shown to be operational in p53-mediated repression of the Cdc2 and survivin
gene transcription (104, 157, 252).

In addition to its role as a regulator of RNAP II-dependent transcription,
p53 also represses RNAP I- and RNAP III-dependent transcription (48, 296).
Thus, a direct interaction between p53 and TBP prevents promoter
occupancy of the RNAP III-specific factor TFIIIB, which results in an
inhibition of the RNAP III-driven transcription (48).

3.3.3 Cellular response to p53 activation
Several cellular responses can be provoked by p53 protein expression,

including cell cycle arrest, DNA repair, apoptosis, senescence and
differentiation (267). However, in general, p53 activation leads to cell
growth inhibition, either through cell cycle arrest or induction of apoptosis.

3.3.3.1 P53 and cell-cycle arrest
Activated p53 can induce cell cycle arrest at the G1/S and G2/M

transitions. This is achieved by a transcriptional activation of p53
downstream effector genes, which encode for proteins able to interfere with
different CDKs (cyclin-dependent kinases). The best known p53 target gene,
involved in the G1 cell cycle arrest, is the p21/CDKN1A gene (also known as
WAF1, CIP1, Sdi1) (64). The p21/CDKN1A protein is considered to be a
general inhibitor of CDKs. Thus, p21/CDKN1A binding to variety of
cyclin/CDK complexes results in a sequestration of E2F transcription factors
by hypophosphorylated Rb proteins, which leads to cell cycle arrest at the
G1/S transition (95, 96, 232). Furthermore, the p21/CDKN1A protein can
interact with PCNA and prevent DNA replication, thereby interfering with
the S phase progression (45).

Whereas the p21/CDKN1A protein is the principal mediator of p53-
induced cell cycle arrest at the G1/S transition, the regulation at the G2/M
transition depends on several p53 induced proteins, including p21/CDKN1A,
14-3-3σ and GADD45 (102, 124). A common target for these three proteins
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is the cyclin B-Cdc2 complex, the cyclin-dependent kinase complex required
to drive cells into the M-phase (253). Thus, the p21/CDKN1A protein
inhibits the kinase activity of Cdc2 and thereby blocks cell cycle passage at
the G2/M transition (238). The 14-3-3σ protein sequesters the cyclin B-Cdc2
complex in the cytoplasm, to accomplish G2 phase arrest (39, 40), whereas
the GADD45 protein interrupts the interactions between cyclin B and Cdc2
to induce G2/M arrest (297).

3.3.3.2 P53 and apoptosis
There is ample evidence showing that p53 can induce apoptosis by

activating or repressing transcription of genes involved in extrinsic or
intrinsic apototic pathways (268).

One of the critical steps in apoptosis is the release of mitochondrial
cytotoxic proteins through the outer mitochondrial membrane (OMM). This
process is regulated by the Bcl-2 family of proteins consisting of
multidomain anti-apoptotic proteins (e.g. Bcl-2, Bcl-XL), pro-apoptotic
proteins (e.g. Bax, Bak) and their regulatory “BH3-only” proteins (e.g.
PUMA, Noxa, Bid) (26, 118). Different protein-protein interactions between
these Bcl-2 family members can lead to positive or negative regulation of
OMM permeability (293).

P53 can regulate the expression of several Bcl-2 family members (118).
Out of these, the PUMA protein appears to be the key mediator of p53-
dependent apoptosis (116). Thus, p53-mediated induction of PUMA protein
expression promotes mitochondrial translocation and multimerization of the
pro-apototic, Bax protein, resulting in mitochondrial membrane
permeabilization and induction of apoptosis (289). The PUMA protein can
also interact with the anti-apototic Bcl-2, Bcl-XL proteins, which might
further supports the master role of the PUMA protein in p53-mediated
apoptosis induction by regulating the functions of the Bcl-2 family members
(116, 290).

The p53 protein also activates transcription of the pro-apoptotic Bax gene
(256) and represses transcription of the anti-apoptotic Bcl-2 gene (281). This
mechanism might shift the balance between the anti-apoptotic Bcl-2 and pro-
apoptotic Bax proteins in the cell and promote p53-induced apoptosis (98).
In addition, the p53 protein can directly interact with the anti-apoptotic Bcl-
2, Bcl-XL proteins and thereby cause OMM permeability (174).

The permeabilization of OMM triggers a cascade of events, including the
release of cytochrome c and the Apaf-1 protein, both which are needed for
formation of a functional apoptosome (1). The p53 protein also contributes
to this step, by enhancing Apaf-1 gene expression (179).

Apoptosis can be inhibited by a cytosolic family of proteins named as
IAPs (Inhibitors of Apoptosis) (224). The best known member of this family
is the multifunctional survivin protein, which is overexpressed in many
tumour cells (6). One role of the survivin protein is to prevent apoptosis,
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probably by inhibiting the functions of the effector caspases-3 and -7 (234).
To overcome the inhibitory effect of the survivin protein on apoptosis, the
p53 protein can specifically block transcription of the survivin gene, an
event that has been implicated as a factor contributing to the induction of
p53-dependent apoptosis (104, 175, 301).

In addition, the p21/CDKN1A protein has been regarded as the inhibitor
of p53-induced apoptosis (74). Thus, the defects in p53-dependent induction
of the p21/CDKN1A gene transcription or loss of the functional
p21/CDKN1A protein can result in enhanced p53-dependent apoptosis (82,
201).

3.4 Viruses and the p53 pathway
A virus infection usually activates the p53 pathway, leading to cell cycle

arrest or apoptosis, which is considered as part of the host cell surveillance
system (203). To escape this host scrutiny, many viruses encode for proteins
that interfere with the p53 pathway. As a consequence, the viral proteins can
deregulate cell cycle checkpoints and protect the infected cells from p53-
induced apoptosis.

A large number of viral proteins can affect the functions of the p53
protein either indirectly by influencing p53-dependent processes, or through
a direct interactions with the p53 protein.

The indirect effect is exemplified by the human T-cell leukemia virus
type 1 Tax protein, which competes with p53 for binding to p300/CBP and
probably thereby abrogates p53-induced cell cycle arrest (180, 247). It is
interesting to note that a variety of viral proteins can interact with and
modulate p300/CBP functions, which in turn may influence the activity of
the p53 protein (reviewed in (33)). Thus, the adenovirus E1A protein
interacts with p300 and inhibits the p300 ubiquitin ligase activity, which
leads to a stabilization of the p53 protein (89, 211). In addition, E1A has
been reported to block p300/CBP- and PCAF-mediated acetylation of the
p53 protein under some experimental conditions (36).

In contrast to E1A, the adenovirus E1B-19K protein can block p53-
dependent apoptosis by sequestering the pro-apoptotic Bax and Bak proteins
into heteromeric complexes (49, 55). Polyomavirus encodes for two
proteins, the middle and small T antigens, which cooperatively inhibit p53-
induced apoptosis and cell cycle arrest (207).

Several viral proteins act by directly interacting with the p53 protein. For
example, high-risk human papillomavirus serotypes promote p53
ubiquitylation and proteosomal degradation. The mechanism is based on
human papillomavirus E6 protein dimerization with the cellular E6-AP
protein, which functions as an E3 ubiquitin ligase. This dimer interacts with
the p53 protein and mediates p53 polyubiquitylation followed by the
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proteasomal degradation of the p53 protein (14, 226). Similarly, ubiquitin-
mediated p53 degradation is achieved in adenovirus infected cells by the
viral E1B-55K/E4orf6 protein complex (see section 4.4.2.2). Another
strategy is used by the adenovirus E1B-55K protein, which interacts with
p53 as well as with PCAF and inhibits PCAF-mediated acetylation of p53
(155). The human herpes virus-8 encodes for the protein vIRF, which binds
to p53 and inhibits site-specific phosphorylation and acetylation of p53
(185).

Viral proteins can also directly inhibit the function of p53 as a
transcription factor. The classical example is the simian virus 40 large T
antigen, which binds to the DNA-binding domain of p53 and prevents p53
from making sequence-specific DNA interactions, thereby inhibiting p53-
dependent transcription (16, 200). The hepatitis B virus HBx protein binds to
p53 and antagonizes p53-activated transcription as well as alleviates p53-
mediated transcriptional repression (192, 271). A different strategy is used
by the adenovirus E1B-55K and the human cytomegalovirus IE2 proteins,
which do not inhibit p53 from making sequence-specific DNA-interactions,
but probably recruit an unknown co-repressor protein to achieve an active
repression of transcription (169, 259).

Another adenovirus protein, E4orf6, has been reported to interact with the
p53 protein and to block p53-activated transcription (35, 58). However,
recent studies have failed to confirm the negative effect of the E4orf6 protein
on p53-dependent transcription (204, 278).
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4. Adenovirus

4.1 General background
Members of the adenovirus family are non-enveloped, icosahedral viruses

that replicate in the nucleus. Their linear dsDNA genomes are 26-45 kpb in
size and rank as small-sized among the DNA viruses. Members of the
adenovirus family can infect vertebrates from fish to humans (52).

The human adenoviruses can been classified into subgroups (A-F) based
on their oncogenic potential in rodent cells. Thereby, subgroup A (e.g.
serotype 12) has high, subgroup B (e.g. serotype 3) has moderate and
subgroups C (e.g. serotypes 2 and 5), D (e.g. serotype 9), E (e.g. serotype 4)
and F (e.g. serotype 40) have low or unknown oncogenic potential in rodent
cells. Although adenovirus can cause tumours in rodents, there is no
evidence for a link between cancer and adenovirus infections in humans
(230).

The adenovirus particle consists of the viral DNA-containing core
particle, which is surrounded by a protein shell, the capsid. The latter is
composed of 252 subunits, 240 hexons and 12 pentons. From each penton
base projects trimeric fiber proteins, required for the adenovirus attachment
to the cell.

The adenovirus genome carries eight RNAP II-dependent transcription
units, which encode for around 40 different polypeptides. The adenovirus
infection cycle is temporally organized into an early and late phase, which
are separated by the onset of viral DNA replication. During the early phase
of infection five early transcription units (E1A, E1B, E2, E3, E4) are
transcribed. Three transcription units become activated at intermediate (pIX
and IVa2) and late (major late transcription unit, MLTU) times of infection.

In addition, two small RNAs (VA RNA I and II) are transcribed by the
RNAP III from the virus genome (reviewed in (52, 230)).

4.2 The life cycle
The adsorption of adenovirus to a target cell involves high-affinity

binding of the knob portion of the fiber to a cell receptor. The primary
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receptor for the subgroup C adenoviruses is the coxsackie/adenovirus
receptor (CAR) (22). After the initial interaction with the CAR, entry of the
virus proceeds via clathrin-mediated endocytosis. The critical recognition
mechanism for this process is the interaction of the penton base and the
cellular αvβ3 and αvβ5 integrin co-receptors (187). After entry into the cell,
the virus escapes the acidic endosome, by disrupting the endosomal
membrane and is released to the cytoplasm. Thereafter, microtubule- and
dynein/dynactin-dependent cytoplasmic transport motors move the partially
dismantled virus capsid towards the nucleus (172). The disassembled viral
capsid docks to the nuclear pore complex receptor CAN/Nup214 and
releases the viral DNA for nuclear import aided by histone H1 and nuclear
import factors (importin β and importin 7) (258).

The adenovirus journey into the nucleus is a fast process. Thus, the viral
DNA can be detected in the nucleus already 1 hour after virus attachment to
the cell surface (86).

The E1A unit is the first to be transcribed in the infected cell nucleus.
Proteins encoded from the E1A region force the cell to enter the S phase and
initiate DNA synthesis by modulating the function of key regulatory proteins
in the cell. Furthermore, the E1A proteins are necessary to regulate
transcription of the other early viral transcription units (reviewed in (28,
230)). To antagonize E1A-induced apoptosis, the E1B transcription unit
encodes for the E1B-19K and E1B-55K proteins. The E1B-19K is a
homologue of the anti-apoptotic Bcl-2 protein and inhibits apoptosis by
heterodimerizing with pro-apoptotic proteins like Bax and Bak (277). The
E1B-55K protein, on other hand, binds to and inhibits p53 as a transactivator
protein (287). Further, to counteract the immune response, elicited by the
host cell against the virus, the adenovirus E3 unit encodes for proteins,
which can block transport of MHC class I heavy chain to cell surface
(gp19K) and inhibit TNFα and Fas ligand-induced cell death, by degrading
their receptors (E3-10.4kDa and E3-14,5kDa proteins) (108).

Adenovirus DNA replication begins about 8 hours after infection and
continues until the host cell dies. The mechanism by which the adenoviral
DNA replicates relies on its own priming protein (pTP), DNA polymerase
(AdPol) and singel stranded DNA binding protein (DBP), all encoded by the
E2 region (153). Replicated viral DNA tends to form concatemers, which are
too large to be packed into the core particle. To overcome this obstacle, the
E1B-55K/E4orf6 complex induces the degradation of proteins involved in
concatemer formation (244).

The E4 region encodes for seven proteins termed as E4 open reading
frame proteins (E4orf1-6/7). These proteins have been shown to be
regulators of viral and cellular transcription (E4orf4, E4orf6, E4orf6/7), viral
pre-mRNA splicing (E4orf3, E4orf4, E4orf6), viral and cellular mRNA
transport (E4orf6), cellular protein degradation (E4orf6), nuclear structure
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organization (E4orf3) and viral DNA concatemerization (E4orf3, E4orf6)
(reviewed from (244, 249)).

After initiation of viral DNA replication, the late phase transcription
ensues from the MLTU, which encodes for proteins involved in
encapsidation and maturation of the virus particle (141). A particular feature
of the adenovirus late phase is the selective transport and translation of viral
mRNAs. Selective transport of viral mRNAs needs the functional E1B-
55K/E4orf6 complex (see section 4.4.2.1).

One main cellular defense mechanism against viral infections, is the
interferon induced shut off of host cell protein synthesis. However, such an
inhibition of translation would be detrimental for adenovirus protein
synthesis. Therefore, adenovirus has evolved strategies to ensure that viral
mRNAs are translated efficiently during late infection. For example, the
virus encoded VA-RNA molecules prevent the interferon induced
translational shut off by inhibiting the dsRNA-activated protein kinase, PKR
(30). In addition, the late mRNAs from the MLTU contain a common 5’
sequence, the tripartite leader, that allows the late viral mRNAs to be
translated by a ribosome ”shunting” mechanism (291).

The adenovirus capsid assembly takes place in the nucleus and begins
with formation of an empty capsid from imported viral structural proteins
(196). The release of newly synthesized virus particles, (about 104-105 virus
particles per cell) is mediated by the adenovirus death protein (ADP) (230,
257).

4.3 Host cell fate control by the E1A proteins
Small DNA tumour viruses such as adenovirus, simian virus 40 and

human papillomavirus infect primarily quiescent cells, which do not provide
an optimal environment for viral DNA synthesis. To overcome this obstacle,
such viruses push the infected cell into the S phase of the cell cycle, since it
provides suitable conditions for viral DNA replication.

In the case of adenovirus, E1A, E1B and E4 gene products can deregulate
the cell cycle by interfering with the Rb and p53 regulatory pathways
(Figure 3).

• The E1A proteins

The E1A region encodes for the two main proteins named as E1A-289R
and E1A-243R (230). One of the crucial functions of the E1A proteins is to
target the Rb pathway. The central player in the Rb pathway is the Rb family
of closely related proteins, which includes the pRb, p130 and p107 proteins.
In a simplified view, the Rb proteins negatively regulate cell cycle
progression through association with distinct E2F family members during
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the G0/G1 and G1/S phase transitions (46). This repressive impediment can
be reversed by phosphorylation of the Rb proteins by CDKs, leading to a
release of the transcriptionally active E2F proteins. The active E2F proteins
can in turn, activate transcription of a wide variety of genes, including the
genes involved in  G1/S phase progression and DNA replication (214).

Similarly to the CDKs, the E1A proteins can accomplish the release of the
E2F proteins. This is due to E1A protein binding to the Rb family of
proteins, which results in a release of the E2F proteins from inactive
complexes (Figure 3) (101).

Another well-known target of the E1A proteins is p300/CBP. Thus, E1A
interaction with p300/CBP has been reported to enhance the
acetyltransferase activity of p300/CBP (4, 37). Since p300/CBP affects
transcription of multiple genes, including cell cycle related genes, the
modulation of the p300/CBP acetyltransferase function might contribute to
E1A-induced cell cycle progression (38, 76). In addition, the E1A proteins
can associate with other transcriptional co-factors, such as the hSur/Mediator
complex, PCAF, CtBP and TRRAP proteins (reviewed in (72)).

Taken together, the interaction of the E1A with the different Rb-E2F
complexes and association with variety of transcriptional co-factors secures
the deregulation of the cell cycle.

In general, E1A gene expression alone can cause cell cycle progression
(184). However, E1A expression is inefficient and it needs coexpression of
the E1B55K and/or E1B-19K proteins (17). These proteins can individually
cooperate with the E1A proteins to enhance cellular proliferation and to
transform rodent or primary human cells (55). The best example how E1A
and the E1B-55K protein cooperates to induce uncontrollable human cell
growth, is the adenovirus transformed human embryonic kidney cell line
293, which contains and expresses E1A and the E1B-55K protein (83).
Recent data also indicates that the E4 gene products E4orf6 and E4orf3, can
enhance E1A and E1B-55K-induced cellular transformation by the “hit-and-
run” mechanism (188).

The interference of E1A proteins with the Rb-E2F complexes and with
the ubiquitin ligase activity of the p300 protein results in the p53 protein
stabilization (see also sections 3.2.1 and 3.4) (44, 159, 211). Ironically,
stable p53 in turn can induce apoptosis, what is detrimental for a productive
virus infection as well as for cell transformation by the E1A proteins (44,
211). To circumvent this problem, the expression of the E1B-19K, E1B-55K
and E4orf6 proteins can protect adenovirus infected or transformed cells
from effects triggered by the p53 protein (20).

One of them, the E1B-55K protein, interacts directly with the p53 protein
and is regarded as the main deregulator of the p53 pathway in adenovirus
infected or transformed cells (20).
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Figure 3. A simplified drawing of interaction points between adenovirus proteins
and the Rb and p53-regulated pathways.

4.4 Host cell fate control by the E1B-55K protein

• The E1B-55K protein

Most of the E1B-55K studies have utilized the E1B-55K proteins encoded
by the adenovirus serotypes 2 and 5 (495 and 496 amino acids in length,
respectively). These E1B-55K proteins are virtually identical in sequence
and are considered to be functionally identical (20).

The E1B-55K protein is a multifunctional phosphoprotein (Figure 4).
Indeed, phosphorylation of the carboxy-terminal amino acids Ser490, Ser491
and Thr495 is necessary for E1B-55K to function as a suppressor of E1A-
induced, p53-dependent apoptosis (254, 255).

A second known modification of the E1B-55K protein, is sumoylation.
The current view favours the idea, that sumoylation is needed for the E1B-
55K protein to relocalize from the cytoplasm to PML nuclear body-like
structures in transformed cells (66). In addition, the E1B-55K protein exists
as an oligomeric protein. Thus, di- and tetrameric structures of the E1B-55K
protein have been reported (85, 169).

The two best functionally characterized E1B-55K protein motifs are the
ribonucleoprotein (RNP) type RNA-binding domain and the nuclear export
signal (NES) (71). The RNP domain in the E1B-55K protein can bind RNA
in vitro, however, its in vivo function is still unknown (107). The NES in the
E1B-55K protein is well defined and it secures a rapid nuclear export of the
E1B-55K protein independently of the E4orf6, p53 and Mdm2 proteins (61,
129).
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Most of the mutational studies on the E1B-55K protein have been
performed using four-amino-acid insertional mutagenesis (123). The usage
of these E1B-55K mutant proteins has defined that the central region
(insertions at amino acids 262, 309, 326) in the protein is essential for
cellular transformation (287). A similar approach was used to localize the
transcription repression domain to the carboxy-terminal  part of the E1B-
55K protein (insertion at amino acid 443) (288).

4.4.1 E1B-55K interaction partners
The human tumour suppressor protein p53 was the first cellular protein

found to interact with the E1B-55K protein (225). In the case of p53, the
amino-terminal transactivation domain is crucial for interactions with the
central region of the E1B-55K protein (151, 229). Interestingly, the E1B-
55K protein does not interact with the p53 homologous proteins such as p63
or p73 (222, 278). Another tumour suppressor protein, Wilms tumour 1
(WT1) has been shown to physically associate with the E1B-55K protein. As
a consequence, the WT1 protein is sequestered from the nucleus to
perinuclear cytoplasmic bodies (166). In addition, the E1B-55K protein
interacts with a cellular protein termed E1B-AP5, which is involved in
cellular mRNA export (13, 73). The E1B-55K protein also associates with
proteins implicated in chromatin modifications, such as PCAF and HDAC1
(155, 205).

The best characterized interacting partner of the E1B-55K protein in
adenovirus infected cells is unquestionably the E4orf6 protein (Figure 4)
(250). It has been estimated that about 50% of the total E4orf6 protein is
complexed with the E1B-55K protein in adenovirus infected cells (50).
Similarly to p53 binding, the integrity of the E1B-55K central region is
important for binding to the E4orf6 protein (229). The data from an
adenovirus proteomics project has identified several cellular proteins that
interact with the E1B-55K/E4orf6 complex. For example, members of the
E3 ubiquitin ligase complex can associate with E1B-55K/E4orf6 complex
(94).

In addition, another adenovirus protein, the E4orf3 protein, can interact
with the E1B-55K protein. This interaction causes a relocalization of E1B-
55K from the cytoplasm to the track-like structures in the nucleus (126,
143).
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4.4.2 The functions of the E1B-55K protein

Figure 4. A simplified drawing of the known functions of the E1B-55K protein. The
white arrow points to the well-studied functions of the E1B-55K protein.

4.4.2.1 Selective mRNA export
The E1B-55K protein cooperates with the E4orf6 protein during a lytic

infection to selectively export late viral mRNAs (Figure 4) (199). Therefore,
the proper location of the E1B-55K/E4orf6 complex in the nucleus appears
to be a crucial step in the selective mRNA export in adenovirus infected cells
(59, 71).

When expressed alone or in adenovirus transformed cells, E1B-55K is
predominantly localized adjacent to the nucleus in a perinuclear cytoplasmic
bodies (129, 278, 294). Coexpression of the E4orf6 protein results in the
formation of the E1B-55K/E4orf6 complex, which is localized in the nucleus
(81). Furthermore, the nucleo-cytoplasmic trafficking of the E1B-55K
protein has been shown to depend on the NES and NLS sequences found in
the E4orf6 protein (57). The nuclear accumulation of E1B-55K also requires
an unknown primate cell-specific factor(s), in addition to the E4orf6 protein
(41). Within the nucleus, the E1B-55K/E4orf6 complex is localized to the
sites of viral transcription and RNA processing (79, 195).

The mechanism how the E1B-55K/E4orf6 complex achieves a selective
viral late mRNA export has not been elucidated. It has been speculated that
activation of transcription from MLTU and recruitment of the E1B-



26

55K/E4orf6 complex into the late phase specific replication centers, where
the viral RNA accumulates, might be an important factor for it (79, 111,
142). It is also possible that pre-mRNA splicing will specifically mark the
viral mRNAs for export. This is supported by the data showing that E1B-
55K protein has an RNA binding activity (107) and that both the E1B-55K
and the E4orf6 proteins can regulate adenoviral pre-mRNA splicing (56,
191). Moreover, accumulation of spliced late viral transcripts correlates with
efficient viral mRNA export from the nucleus (11).

The E1B-55K/E4orf6 complex also blocks the export of cellular mRNAs
(71). One possible explanation for this observation, is that the E1B-
55K/E4orf6 complex redirects the cellular mRNA export machinery to
promote transport of viral mRNAs by sequestrating key cellular export
factor(s) (41, 195). Therefore, the E1B-AP5 protein, which interacts with the
host cell mRNA export machinery, has been pointed out as a likely candidate
mediating the E1B-55K/E4orf6 block on cellular mRNA export (73).

4.4.2.2 Interaction with the p53 protein
The E1B-55K protein has gained most of its glory due to its association

with the p53 protein (225). It is generally accepted that the E1B-55K protein
can inhibit p53 functions in two ways. Firstly, the direct interaction between
these two proteins causes an inhibition of p53-activated transcription (287).
Secondly, the E1B-55K/E4orf6 complex can induce proteasomal
degradation of p53 (208).

• Regulation of p53 as a transactivator protein

The E1B-55K protein is known to function as a transcription repressor
protein, when tethered to DNA either as a Gal4 DBD fusion protein or
through interaction with the p53 protein (168, 288). Indeed, expression of
the E1B-55K protein can block transcription on p53-activated
p21/CDKN1A, Bax, Cyclin G and Mdm2 gene promoters (242, 243). The
interaction between the E1B-55K and the p53 proteins is necessary, but not
sufficient, for the transcription repressor activity of the E1B-55K protein. It
has been further shown that the carboxy-terminus of the E1B-55K protein is
important for the transcription repressor activity of the protein, but not for
the p53 protein binding (288). Moreover, binding of the E1B-55K protein to
p53 enhances the latter sequence-specific DNA binding activity in vitro
(168, 288). These studies have suggested that E1B-55K actively represses
p53 transcription, and does not simply prevent p53 DNA binding or
sterically blocking its activation domain (168, 169, 288).

The extensive studies by Berk and coworkers have established that the
E1B-55K protein acts as a general repressor protein by inhibiting basal
transcription (169). The central tenet since then, is that the E1B-55K protein
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requires an unknown co-repressor protein which copurifies with the RNAP
II to accomplish transcription repression in a defined in vitro system (169).

Interestingly, the E1B-55K protein sequesters the p53 protein to the
cytoplasm, which has been also suggested as an alternative mechanism, how
E1B-55K accomplishes transcriptional repression of p53-regulated genes
(84, 294).

• Regulation of p53 functions

The E1B-55K protein can block p53 induced apoptosis (167). Similarly,
the E1B-55K protein abrogates apoptosis induced by interleukin-3
deprivation and γ-irradiation in the wild-type p53 containing cells (21).
Further, the E1A-induced, p53-dependent apoptosis can be blocked by
expression of the E1B-55K protein (55, 254). In addition, E1B-55K
overexpression can promote cell cycle progression in the wild-type p53
protein expressing cells at the G1/S and G2/M transitions (21, 243).

Collectively, these data suggests that the negative regulation of p53
functions by the E1B-55K protein may depend on its function as a
transcription repressor protein.

• Regulation of p53 protein stability

Similarly to the human papillomaviruse high-risk serotypes, adenovirus
also induces p53 degradation (reviewed in (14)). Although E1A expression
induces an accumulation of the p53 protein, such an increase in p53 levels
are not usually apparent in the wild-type adenovirus-infected cells (209, 211,
241). Available data indicates that the adenovirus E1B-55K/E4orf6 complex
is responsible for degradation of p53 at the late phase of infection (241).

Now, it is accepted that p53 degradation is achieved by recruitment of an
E3 ubiquitin ligase complex, containing Cullin-5, Rbx1/ROC1/Hrt1, Elongin
B/C proteins, by the E1B-55K/E4orf6 complex (94, 208, 210). The latter
functions as a substrate recognition module and is connected via Elongins
B/C to the Cullin-5, which together with Rbx1/ROC1/Hrt1 can assemble a
functional E3 ubiquitin ligase complex on the p53 protein (208, 210).
According to the current model, the E1B-55K protein is needed to contact
p53, while E4orf6 is crucial to recruit members of the ubiquitin ligase
complex to E1B-55K-p53 assembly (94, 208, 210).

Intriguingly, the E1B-55K/E4orf6 complex can induce degradation of
other cellular proteins. For example, E1B-55K and E4orf6 protein
expression can reduce cyclin A, Mre11, NBS1 and Rad50 protein levels,
probably by targeting these proteins for proteasomal degradation (87, 244).
Interestingly, the degradation of the last three proteins appears to be crucial
for proper adenovirus genome processing (244).
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4.5 E1B-55K and the ONYX-015 virus
There is a striking similarity between an adenovirus infected cell and a

tumour cell-in both cells the normal functions of the p53 protein are
abolished. This observation inspired to the brilliant idea to use the E1B-55K
gene deleted adenovirus named ONYX-015, for selective elimination of
tumour cells. According to this hypothesis, infection of normal cells with the
ONYX-015 virus should evoke a p53 response, which will abrogate virus
multiplication, since there is no E1B-55K protein to block the negative
effects of p53 on virus replication. In contrast, tumour cells that do not
possess a functional p53 protein, should support replication of ONYX-015.

Indeed, the pivotal experiments performed by Frank McCormick and
coworkers showed that ONYX-015 efficiently killed tumour cells
harbouring a defective p53 gene. In contrast, cells with the functional p53
protein were resistant to ONYX-015 induced cell lysis (24). However, it was
soon observed that ONYX-015 could replicate in some tumour cell lines
encoding for the wild-type p53 protein and therefore the tumour selectivity
of ONYX-015 was questioned (80, 93, 261). These observations have been
partially explained by a loss of the p14ARF protein in such tumour cells
retaining the wild-type p53 protein (217).

The lack of the E1B-55K protein in ONYX-015 also results in a defective
viral mRNA export and diminished host cell shut off, which compromises,
the tumour cell selective lysis by ONYX-015 (80, 93). Thus, the recent
development of modified ONYX-015 viruses encoding for a mutant E1B-
55K protein which is defective in p53 binding, but functional in selective
viral mRNA export, may help to achieve a more efficient and selective
tumour cell lysis by ONYX-015 (229).

Despite of the heated debates about its tumour selectivity, the ONYX-015
virus has shown some success in treatment of head and neck tumours,
particularly in combination with chemotherapeutic drugs (216).
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5. Present investigation

The main topic of the current thesis is how the adenovirus serotype 2
E1B-55K protein functions as a transcription repressor protein. To date the
best known cellular interaction partner of the E1B-55K protein is the p53
protein. Therefore, a major part of the thesis describes how the E1B-55K
protein affects the activity of p53 as a transcription regulatory protein.

5.1 Functional interaction of the adenovirus E1B-55K
protein with the Sin3 co-repressor complex (Paper I and III)

The adenovirus E1B-55K protein has been known for a long time to
function as a general transcriptional repressor protein when tethered to DNA
(288). In despite of this knowledge, the molecular mechanisms, by which the
E1B-55K protein inhibits transcription repression have remained elusive.

Based on available in vitro experiments, it has been concluded that the
E1B-55K protein requires an unknown co-repressor protein to inhibit p53-
activated transcription. However, the in vitro transcription system did not
properly address the question whether a possible association of the E1B-55K
protein with an enzyme activity, inducing histone modifications, could
contribute to the E1B-55K induced transcriptional repression (169).

The pivotal finding that the HDAC1 protein functions as a transcription
repressor protein by inducing histone deacetylation, opened up a new area in
the gene transcription field (97, 251). The subsequent discovery that the pRb
protein blocks transcription through association with the HDAC1 protein
(27), urged us to test the possibility, that the E1B-55K protein also inhibits
transcription by interacting with the HDAC1 protein and is inducing histone
deacetylation.

As presented in paper I, the E1B-55K protein was shown to specifically
associate with the HDAC1 protein both in vitro and in vivo (Figures 1, 2 and
3). The subsequent interaction domain mapping studies indicated that the
central region of the E1B-55K protein (amino acids 156 to 261) was
involved in binding to the HDAC1 protein (Paper I, Figure 2). The HDAC1
protein is usually the catalytic subunit in the Sin3 co-repressor complex (3).
Therefore, it became of interest to determine whether the E1B-55K protein
copurifies with the Sin3A protein, which provides the scaffold for the
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assembly of the Sin3 complex. Coimmunoprecipitation experiments
performed with extracts from the adenovirus transformed 293 cell line (83)
demonstrated that the E1B-55K protein was indeed part of the Sin3 complex
(Paper I, Figure 4A). It was further shown that the E1B-55K
immunoprecipitate catalyzed the deacetylation of a histone substrate peptide,
indicating that the E1B-55K protein associates with an enzymatically active
Sin3 complex (Paper I, Figure 5). To further show that the E1B-55K protein
interacts with the Sin3 complex also during a lytic infection, we performed
coimmunoprecipitations experiments using late adenovirus infected nuclear
extracts. Our results confirmed that the E1B-55K protein interacts
specifically with the Sin3A protein in lytically infected cells (Paper I, Figure
4B).

The coimmunoprecipitation experiments also indicated that the Sin3A
protein might be the protein, which mediates the interaction between the
E1B-55K protein and the Sin3 complex. To further dissect this interaction,
we identified the PAH2 domain-containing region in the Sin3A protein, as
the domain mediating binding to the E1B-55K protein under in vitro
experimental conditions (Paper III, Figure 2C).

Collectively, these results pointed to the functional interaction between
the E1B-55K protein and the Sin3 complex in different experimental
systems.

5.2 The adenovirus-2 E1B-55K protein relieves p53-
repressed transcription (Paper II)

The p53 protein can function as a transcription activator as well as a
transcription repressor protein (see section 3.3). Interestingly, p53-mediated
transcription repression has been implicated in induction of apoptosis (see
section 3.3.3.2). At the same time it has been demonstrated that the E1B-
55K protein can specifically block p53-dependent apoptosis (see section
4.4.2.2). These observations led us to hypothesize that the E1B-55K protein
might interfere with p53-repressed transcription. Furthermore, since the p53
protein can actively repress transcription via recruitment of the Sin3A
protein (181), we hypothesized that the E1B-55K protein may sequester the
Sin3A protein from binding to p53 and thereby block the activity of p53 as a
repressor of transcription. To test these hypotheses, we chose the survivin
(104) and the Map4 (181) promoters, both which have been shown to be
repressed by p53 via a mechanism involving Sin3A recruitment.

The results presented in paper II show, that the E1B-55K protein relieves
p53-mediated repression of the survivin and Map4 promoter activity in
transiently transfected H1299 cells. Interestingly, binding of the E1B-55K
protein to p53 appeared to be essential for the function of the E1B-55K
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protein as an inhibitor of p53 as a transcriptional repressor protein (Paper II,
Figures 1 and 2). A mutation in E1B-55K [E1B-55K(H259A)], which
disrupts E1B-55K/p53 interaction was essentially unable to relieve the p53
repressive activity on survivin transcription. In contrast, the same mutant
protein was only partially defective in blocking p53 as a transcriptional
activator protein on the cyclin G promoter (Paper II, Figure 2B).

We also tested the hypothesis that E1B-55K blocks p53 as a
transcriptional repressor protein by sequestering the Sin3A protein. The
results showed that exogenous expression of the Sin3A protein could
partially counteract the negative effect of E1B-55K on p53-mediated
repression on the survivin promoter (Paper II, Figure 4).

The adenovirus E4orf6 protein, has also been shown to bind to the p53
protein and repress p53-activated transcription (35, 58). Therefore, we
determined, whether E4orf6 protein expression also interfered with p53-
repressed transcription. However, our results showed that under our
experimental conditions, the expression of the E4orf6 protein did not affect
p53-regulated transcription (Paper II, Figure 5).

In summary, our results showed that the E1B-55K protein can specifically
relieve p53-mediated transcriptional repression on the survivin and Map4
promoters.

5.3 The adenovirus E1B-55K protein inhibits p53 as a
transcriptional regulator by blocking p53-mediated histone
acetylation (Paper III)

It is well established that p53 activation of the p21/CDKN1A gene
transcription correlates with histone H3 and H4 hyperacetylation on the
p21/CDKN1A promoter (18, 67, 152). It has also been shown that E1B-55K
inhibits p53-mediated activation of p21/CDKN1A gene expression (242,
243).

Therefore, we decided to test if the E1B-55K protein inhibited p53-
induced histone acetylation on the p21/CDKN1A promoter. For this
experiment, we performed chromatin immunoprecipitation (ChIP) assays
using H1299 cells transfected with plasmids encoding for the p53 and E1B-
55K(wt) or E1B-55K(H259A) proteins. The acetylation levels of histones, at
the p53 upstream binding site on the p21/CDKN1A promoter, were tested by
using antibodies detecting acetylated forms of histone H3 and H4. In
agreement with previously published results (134, 152), p53 protein
expression correlated with a significant increase in histone H3 and H4
acetylation (Paper III, Figure 1A). However, cotransfection of a plasmid
encoding for the E1B-55K protein opposed the p53-induced acetylation on
both histones (Paper III, Figure 1A). Moreover, the wild-type E1B-55K
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protein induced histone hypoacetylation blocked the p21/CDKN1A protein
expression (Paper III, Figure 1C). Surprisingly, expression of the E1B-
55K(H259A) protein, which does not bind to p53 (Paper II, Figure 2),
induced histone hypoacetylation, but had no negative effects on the
p21/CDKN1A protein expression (Paper III, Figure 1C). We further found
that the p53, E1B-55K, Sin3A and HDAC1 proteins were all binding to the
upstream p53 binding site on the p21/CDKN1A promoter (Paper III, Figure
2A).

A recent study has suggested that the p21/CDKN1A protein might be the
key mediator transmitting the p53 inhibitory signal to block survivin gene
expression (157). Thus, it was logical to test if the relieving effect of E1B-
55K on p53 repressed transcription on the survivin promoter (Paper II,
Figure 2) was due to a diminished p21/CDKN1A protein expression. Indeed,
ectopic expression of the p21/CDKN1A protein caused reversion of the
E1B-55K effect on p53-mediated repression of survivin promoter activity
(Paper III, Figure 3).

The E1B-55K protein is known to exist as an oligomeric protein (85,
168). The data presented in paper III suggests that the carboxy-terminus of
the E1B-55K protein mediates this oligomerisation (Paper III, Figure 4). As
the functional outcome, the E1B-55K oligomerisation was shown to be
important for its function as a repressor protein of p53-activated
transcription on the p21/CDKN1A gene promoter (Paper III, Figure 5A).
Interestingly, the oligomerisation-deficient E1B-55K protein regained its
repressor activity when fused to the Gal4 DBD, which encodes for
dimerisation and nuclear localization signal (Paper III, Figure 5B).
Furthermore, the immunofluorescence experiments indicated that the
capacity of the E1B-55K protein to oligomerize is important for its
predominant localization into dense perinuclear bodies in the cytoplasm
(Paper III, Figure 6).

Taken together, the data presented in paper III suggests that the
oligomeric E1B-55K protein inhibits p53 as an activator of p21/CDKN1A
transcription by blocking histone H3 and H4 acetylation. Our results also
suggests that E1B-55K oligomerisation is required for the defined
subcellular localization of the protein, something that coincides with the
activity of the E1B-55K protein as a repressor of p53-activated transcription.
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6. Discussion

Based on the data presented in this thesis, a model how the E1B-55K
protein regulates p53-dependent gene expression was derived (Figure 5). To
simplify the overall understanding and significance of the present
investigation, the discussion section has been divided into three subsections.

Figure 5. Regulation of p53-activated and p53-repressed transcription by the
adenovirus E1B-55K protein.
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6.1 Regulation of p53-dependent gene expression by the
E1B-55K protein

• E1B-55K and oligomerisation

The experimental data presented in the present thesis indicates that
oligomerisation of the E1B-55K protein is an important characteristic for the
protein to function as an inhibitor of p53-mediated transcription. However,
this plain statement rises an important question. How can the oligomeric
E1B-55K protein, which is predominantly localized in the cytoplasm, affect
p53 functions in the nucleus?

The simplest explanation might be that E1B-55K sequesters the nuclear
p53 protein into the perinuclear bodies in the cytoplasm and thereby blocks
p53 functions. Indeed, it has been known for a long time that the E1B-55K
protein can induce a relocalization of the p53 protein into the cytoplasm
(294). As a result, one would expect that the nuclear concentration of the p53
protein is drastically reduced. However, our data indicated that the
expression of the oligomeric E1B-55K protein did not significantly change
the amount of the p53 protein bound to the p21/CDKN1A promoter in the
nucleus (Paper III, Figure 1A). This may support the model that the E1B-
55K protein functions as an active transcription repressor protein, rather than
a protein that simply sequesters the p53 protein in the cytoplasm.

At present, it is unclear why the oligomeric E1B-55K protein is
predominantly localized in the cytoplasm. One possible explanation might
be that the preferential cytoplasmic localization is due to an enhanced E1B-
55K protein export from the nucleus (61, 66, 129). This might be supported
by the fact that the wild-type E1B-55K protein can still be detected in the
cell nucleus despite of its major cytoplasmic localization (Paper III, Figure
6). Another, more hypothetical explanation, might be that the oligomeric
E1B-55K protein has to interact with an unknown cellular factor X, which
enables the E1B-55K protein to localize properly in the nucleus (Figure 5).
Factor X might be available in a small amounts or in inactive state in the
cell, and therefore it sets a limit for the nuclear localization of the E1B-55K
protein.

The oligomerisation-deficient E1B-55K(1-421) mutant protein localized
to the nucleus (Paper III, Figure 6), but did not repress p53-activated
transcription (Paper III, Figure 5A). Why is this protein unable to repress
p53-activated transcription? Our data indicates that this is not due to the
inability of the E1B-55K protein to bind to the p53 or the HDAC1 proteins
(Paper I, Figure 2). It is possible that the hypothetical factor X, which binds
to the oligomerisation domain targets the E1B-55K protein into specific
intranuclear structures to associate with the active p53 protein. Indeed, the
wild-type E1B-55K protein localizes to structures that closely resemble the
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PML nuclear bodies (66). It is noteworthy that, the active p53 protein has
been shown to associate with the PML nuclear bodies (198). Thus, it is
attractive to speculate that factor X targets the E1B-55K protein into the
PML nuclear bodies for association with the active p53 protein.

• E1B-55K and p53-activated transcription

We present a mechanism how the wild-type E1B-55K protein inhibits
p53-activated p21/CDKN1A gene transcription (Figure 5).

Our results indicated that the E1B-55K protein blocks the p53-mediated
acetylation of histone H3 and H4 on the p21/CDKN1A promoter, which
resulted in an inhibition of the p21/CDKN1A protein accumulation (Paper
III, Figure 1). To activate the p21/CDKN1A gene transcription, p53 interacts
with co-activator protein p300/CBP. This interaction induces histone H3 and
H4 acetylation, which in turn results in p21/CDKN1A protein expression
(18, 67, 152). Another HAT, the PCAF protein, has been shown to cooperate
with p300/CBP to enhance p53-dependent transcription from the
p21/CDKN1A gene (227). Therefore, it is possible that the E1B-55K protein
causes histone hypoacetylation via the inhibition of p300/CBP or PCAF
acetyltransferase activities. To date, we have not addressed the question
whether the E1B-55K protein interacts and inhibits p300/CBP
acetyltransferase activity. Nevertheless, available data indicates that E1B-
55K can interact with the PCAF protein. However, this interaction does not
inhibit the histone acetylase activity of the PCAF protein (155).

It should be noted that our data can be explained by an alternative
mechanism. Thus, the E1B-55K protein may induce histone hypoacetylation
by recruiting the Sin3 co-repressor complex. This hypothesis is based on our
findings that; (i) the E1B-55K protein copurifies with an catalytically active
Sin3 deacetylase complex in 293 cells (Paper I, Figure 5) and (ii) the E1B-
55K, p53, HDAC1 and Sin3A proteins were found to occupy the vicinity of
the p53 upstream binding site on the p21/CDKN1A promoter in 293 cells
(Paper III, Figure 2A).

What is the biological significance of the E1B-55K induced histone
hypoacetylation? It has been shown that the pRb protein inhibits
transcription by sequential deacetylation and methylation of H3K9. The
methylation of H3K9 results in a binding of the HP1 protein at this modified
amino acid (see section 2.6). A similar scenario might be operational during
E1B-55K induced transcriptional repression. Hypothetically, deacetylation
of H3K9 by E1B-55K recruited Sin3 complex, would generate a basis for
H3K9 methylation and subsequent recruitment of the HP1 protein. Indeed,
this is in line with the recent demonstration that the Sin3 complex contains
HMTases (282).

An alternative explanation can be proposed based on the knowledge that
the p53 binding sites are located at a considerable distance upstream of the
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p21/CDKN1A gene core promoter (65). Interestingly, the p53 induced
histone acetylation in the vicinity of p53 binding sites correlates with an
enhanced histone H3 and H4 hyperacetylation close to the p21/CDKN1A
proximal promoter region (67, 134, 152). The proximal promoter region
exhibits binding sites to the Sp1 proteins, which cooperate with the p53
protein to synergistically activate the p21/CDKN1A gene transcription
(127). Based on these data, it is possible that p53-mediated histone
hyperacetylation enhances Sp1 as a transactivator of p21/CDKN1A
transcription at the proximal promoter region. Thus, the E1B-55K protein
may inhibit p21/CDKN1A expression by interfering with the functional p53-
Sp1 network, by blocking p53-induced histone acetylation.

Interestingly, the E1B-55K protein was not dependent on its interaction
with the p53 protein to induce transcriptional repression and histone
hypoacetylation (Paper II, Figure 2 and Paper III, Figure 1). How does the
E1B-55K protein inhibit p53-dependent transcriptional repression without
binding to the p53 protein?

One hypothetical explanation might be that the E1B-55K protein interacts
with p53 indirectly, through a protein already bound to p53. A likely
candidate would be the PCAF protein, as it has been shown to interact with
both p53 and E1B-55K. Moreover, their reciprocal interaction surfaces do
not overlap (155), which might favour the formation of a trimeric complex.

Despite of the fact that the E1B-55K(H259) protein induced histone
hypoacetylation on the p21/CDKN1A promoter, the protein did not inhibit
the p21/CDKN1A protein expression (Paper III, Figure 1C). How do we
explain this result? A highly speculative explanation is that the wild-type
E1B-55K and E1B-55K(H259A) proteins first, regulate p21/CDKN1A
protein stability, and second, regulate them differently. Indeed, the wild-type
E1B-55K protein itself has been shown to interact with the Rbx1/ROC1/Hrt1
protein, which is involved in formation of the ubiquitin ligase complex (94).
Also, wild-type E1B-55K expression can induce the p53 protein degradation
without binding to the E4orf6 protein under some experimental conditions
(210, 229). At the same time, expression of the serotype 5 E1B-55K(H260A)
protein results in an increased p53 protein stability (229). Thus, it is possible
that the wild-type E1B-55K protein alone can induce degradation of other
proteins, like p21/CDKN1A, whereas the E1B-55K(H259A) protein does
not exploit this activity.

• E1B-55K and p53-repressed transcription

We provide the evidence that the E1B-55K protein can relieve p53-
mediated repression of transcription (Paper II and III). The exact molecular
mechanism, by which p53 inhibits survivin transcription is still debatable
(104, 157). According to the models suggested by Murphy and coworkers
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both, p21/CDKN1A-dependent and p21/CDKN1A-independent routes can
be used by p53 to block transcription on the survivin promoter (104).

The p21/CDKN1A-dependent model suggests that p53 activates
p21/CDKN1A protein expression, which probably results in the
sequesteration of active E2F proteins by the Rb family members. Since
survivin transcription can be activated by the E2F1 protein, the promoter
will be repressed (104).

As shown in paper III, overexpression of the p21/CDKN1A protein can
diminish the effect of E1B-55K on survivin transcription (Figure 3). With
the knowledge that the wild-type E1B-55K protein blocks p21/CDKN1A
protein accumulation, it appears reasonable to suggest that the positive effect
of the E1B-55K protein on p53-mediated repression of survivin promoter
activity (Paper II), was due to the inhibitory effect of the E1B-55K protein
on p21/CDKN1A gene transcription (Figure 5).

The p21-independent repression mechanism postulates that p53 inhibits
survivin transcription by recruiting the Sin3 histone deacetylase complex
(104). Although an attractive model, we have not been able to detect p53
interactions with the Sin3A protein nor have we been able to reproducibly
observe p53-induced histone deacetylation on the survivin promoter (data
not shown). This may indicate that the association between p53 and
members of the Sin3 complex might be very labile and cell-type or cell cycle
dependent. The latter view is supported by the observation that survivin
expression is specifically upregulated at the G2/M transition (147).
Therefore, it is possible that p53 inhibits survivin expression predominantly
at the G2/M transition via association with the Sin3 complex.

Nevertheless, overexpression of the Sin3A protein partially opposed the
E1B-55K effect on survivin promoter in a p53-dependent manner (Paper II,
Figure 4). Therefore, we still can not rule out the possibility that the E1B-
55K protein directly interferes with p53 recruitment of the Sin3 complex.
This possibility is further supported by the fact that the E1B-55K and p53
proteins associate with a similar PAH2-containing region in the Sin3A
protein (Paper III, Figure 2) (181).

6.2 E1B-55K interaction with the Sin3 complex
The data presented in this thesis shows that the E1B-55K protein

functions as a strong transcription repressor protein when tethered to the
promoter region in the p53-negative H1299 cells (Paper III, Figure 5A).

This is in agreement with previously published data (288). However in
contrast to this study, our data indicates that the carboxy-terminus of the
E1B-55K protein (amino acids 422 to 495) is not essential for its
transcriptional repressor activity, but rather for oligomerisation of the protein
(Paper III, Figures 4 and 5B). The data also indicates that the amino-terminal
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part of the E1B-55K protein (amino acids 1 to 160) is not essential for
transcription repression (Paper III, Figure 5B). This data is in agreement
with the observation that an E1B-55K deletion mutant protein encoding for
amino acids 1-155, was deficient in the HDAC1 protein binding (Paper I,
Figure 2). Collectively our data point to the central region of the E1B-55K
protein (amino acids 161 to 261), as the region of the protein possessing
transcription repression function (Paper III, Figure 5B). Importantly, the
central region of the protein is involved in interaction with the HDAC1
protein (amino acids 156-261) (Paper I, Figure 2), a finding which
strengthens the idea that E1B-55K functions as a transcriptional repressor
protein by recruiting the Sin3 complex. Unfortunately, the observation that
many E1B-55K mutant proteins are unstable, has restricted a more extensive
mutational analysis of the protein.

The E1B-55K protein associates with the Sin3A protein in p53-negative
cells (Paper II, Figure 3). Moreover, the E1B-55K protein was shown to
copurify with the Sin3 complex in late adenovirus infected HeLa nuclear
extracts, where the level of the p53 protein was undetectable (Paper I, Figure
4B and data not shown). Taken together, these results suggest that E1B-55K
association with the Sin3 complex may also involve p53-independent
processes. Truly, it has been suggested that the growth supporting role of the
E1B-55K protein might also rely on yet unknown, p53-independent
mechanisms (156).

Thus, the E1B-55K protein might use another DNA-bound transcription
factor to recruit the Sin3 complex and repress transcription of genes involved
in cell fate regulation. Indeed, the E1B-55K protein can specifically interact
with the E2F1 protein (T. Punga, unpublished data). However, the
significance of the E2F1 and E1B-55K interaction and the possible Sin3
recruitment remains to be tested.

As mentioned previously, deacetylation of p53 makes the protein
sensitive for ubiquitylation (see section 3.2.3). Thus, it is possible that E1B-
55K interaction with the Sin3 complex induces deacetylation of the p53
protein, which establishes optimal conditions for p53 ubiquitylation by the
E4orf6 recruited E3 ubiquitin ligase complex.

6.3 The role of E1B-55K in p53-dependent cell cycle
regulation and apoptosis

The mechanism presented in figure 5 rises an important question about
the impact of the E1B-55K protein on p53-induced processes, such as cell
cycle arrest and induction of apoptosis.

The E1B-55K protein is often regarded as an antagonist of p53-induced
apoptosis (see section 4.4.2.2). It is likely that an anti-apoptotic role of the
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E1B-55K protein relies on repression of pro-apoptotic and activation of anti-
apoptotic genes in a p53-dependent manner (167, 242). This hypothesis is in
line with our data showing that the E1B-55K protein can revert the
repressive effect of the p53 protein on transcription of the anti-apoptotic
survivin promoter.

However, the survivin protein has also been implicated in promotion of
mitosis (146). This statement is supported by the observation that survivin
gene expression is enhanced at the G2/M transition (146). Accordingly, a
p53-mediated repression of survivin transcription might be required for cell
cycle arrest at the G2/M transition (157). Thus, in theory, the E1B-55K
protein may enhance survivin expression to secure cell cycle progression at
the G2/M transition

Interestingly, an enhanced survivin expression has been observed during
infection with several different viruses, including human immunodeficiency
virus, human T-cell leukemia virus type 1 and adenovirus (178, 300, 302).
Therefore, our data may point to an important mechanism of transcriptional
control of the p53-dependent survivin gene expression by the E1B-55K
protein in adenovirus infected and transformed cells.

Another important finding in this thesis is the observation that the E1B-
55K protein blocks p21/CDKN1A protein expression by reverting p53-
mediated histone acetylation. However, what is the biological significance of
this regulation? The easiest explanation would be that an E1B-55K induced
blockage of p21/CDKN1A protein accumulation would abrogate the cell
cycle control at the G1/S and G2/M transitions. Such a hypothesis is in line
with the data showing that the E1B-55K protein overcomes the cell cycle
control at the G1/S and G2/M transitions (21, 243).

Therefore, adenovirus encodes for two types of functions, the E1A and
E1B-55K proteins, both which are targeted to deregulate the cell cycle at
different molecular levels. Firstly, the E1A proteins, which release an active
form of the E2F proteins. Secondly, the E1B-55K protein which, inhibits
p53-dependent activation of p21/CDKN1A protein accumulation, which will
be predicted to result in the release of active E2F proteins. Indeed, the
importance of E1B-55K as a regulator of p21/CDKN1A gene expression is
underscored by the fact that the E1B-55K protein inhibits transcription of the
p21/CDKN1A promoter in adenovirus-infected cells (62).

Paradoxically, the p21/CDKN1A protein is also regarded as an inhibitor
of p53-dependent apoptosis. Thus, defects in the p21/CDKN1A protein
accumulation has been shown to result in an increase in p53-dependent
apoptosis (see section 3.3.3.2). However, the mechanism by which the
p21/CDKN1A protein blocks p53-induced apoptosis is not well
characterized. One could speculate that blockage of p53-dependent
p21/CDKN1A protein expression by the E1B-55K protein, would result in
an induction of apoptosis, something that is contradictory to the
characterized anti-apoptotic function of the E1B-55K protein.
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It is important to emphasize that the outcome of E1B-55K protein
expression on p53-dependent apoptosis may be different in adenovirus-
infected cells versus E1A and E1B-55K transformed cells. Theoretically, in
the adenovirus-infected cells, the lack of p21/CDKN1A protein expression
would not necessarily induce p53-mediated apoptosis because adenovirus
encodes for additional proteins, like the E1B-19K protein, which serves a
function as a suppressor of apoptosis (277). In contrast, in E1A and E1B-
55K transformed cells the blockage of p53-dependent apoptosis may
predominantly rely on E1B-55K functions. Hypothetically, the inhibitory
effect of the E1B-55K protein on the expression of the p53-induced pro-
apoptotic genes, such as PUMA, Bax, Apaf-1 would override the loss of
p21/CDKN1A protein dependent apoptosis.

Thus, despite of our progress in elucidating the molecular mechanism,
how the E1B-55K protein controls p53 as a transcription regulatory protein,
the exact functional outcome of it remains to be tested in the future.
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7. Conclusions

The present study can be summarized as follows:

1 . The adenovirus serotype 2 E1B-55K protein interacts with a
functionally active Sin3 histone deacetylase complex.

2 . The wild-type E1B-55K protein induces histone H3 and H4
hypoacetylation on the p53-activated p21/CDKN1A promoter,
which results in an inhibition of p21/CDKN1A protein
accumulation.

3. P53-mediated transcription repression on survivin promoter can be
reversed by the E1B-55K protein.

4. Oligomerisation of the E1B-55K is important for its function as a
transcription repressor protein.
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