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INTRODUCTION

The adenoviral transforming protein E1A is one of the most studied viral 
oncoproteins. E1A is a potent transcriptional activator that can interfere with 
a wide range of cellular processes leading to cell proliferation, immortalis-
ation, transformation, growth arrest, apoptosis and tumour suppression. This 
is achieved through the targeting of cellular transcriptional regulatory path-
ways. This thesis addresses how the activities of adenovirus E1A are modu-
lated by the binding of the cellular corepressor CtBP and the recruitment of 
chromatin remodeling factors. 

Transcriptional regulation 
Living organisms consist of many different cell types, the properties and 
functions of which are determined by the various genes expressed in each 
cell type. All types of cells within the organism contain the same set of genes 
but do not express all of them at the same time. The decision as to where, 
when and to what level a gene should be turned on is crucial in the regula-
tion of the properties of a cell. The decision to turn on a gene is often trig-
gered by an external stimulus and the process of gene activation and deacti-
vation must therefore be flexible. The final outcome, i.e. the quantity and the 
activity of a certain protein, can be regulated at several steps during the 
process of gene expression; chromatin structure, initiation of transcription, 
post-transcriptional processing of the pre-mRNA, transport of the mRNA to 
the cytoplasm, stability of the mRNA, translation of the mRNA, and finally, 
stability, activity and localisation of the protein. 

Transcription, the process of producing an RNA transcript from the DNA 
template that can be read by the translational machinery, is carried out by 
RNA polymerases. RNA polymerase I and III (RNAPI and RNAPIII) tran-
scribe rRNA- and tRNA-genes while RNA polymerase II (RNAPII) tran-
scribes protein-coding genes (reviewed in [119]). The transcriptional activity 
of a gene is regulated at several levels:

Specific DNA sequences; located upstream and/or downstream 
from the transcriptional start site containing transcription factor 
binding sites, 
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General transcription factors (GTFs) building up, together with the 
polymerase, the basal transcriptional machinery, 
Sequence specific transcription factors (STFs); activators and rep-
ressors,
Cofactors; coactivators and corepressors 

A typical promoter 
The region upstream of a transcription start site (+1) contains specific DNA 
sequences needed to recruit the transcriptional machinery, and is referred to 
as the core promoter. A TATA box (AT-rich) at around -30 recruits the 
TATA binding protein (TBP) and the remaining components of the basal 
transcriptional machinery. Some genes instead contain a pyrimidine rich 
sequence surrounding the start site, the Initiator (Inr), to recruit the basal 
transcriptional machinery. In addition to the core promoter, upstream and 
downstream regulatory sequences determine the transcriptional activity. 
These sequences bind specific transcription factors to ensure correct regula-
tion of a gene.  

Basal transcriptional machinery 
RNAPII cannot initiate transcription on its own, but needs GTFs to give a 
low, basal level of transcription. The GTFs are TFIIA, B, D, E, F and H and 
are assembled on the promoter in a step-wise manner. The whole complex 
containing DNA, RNAPII and the GTFs is referred to as the pre-initiation 
complex (PIC). 

In the first step of transcriptional initiation the TFIID complex binds via 
TBP to the TATA box in the promoter. This is usually the rate-limiting step 
and causes a bend in the DNA, which facilitates recruitment of the remaining 
components. TFIIA stabilises the interaction of TFIID and DNA. The next 
complex to bind is TFIIB, which recruits RNAPII and TFIIH. The TFIIH 
complex contains helicase activity to melt the DNA at the start site and 
kinase activity to phosphorylate the C-terminal domain (CTD) of RNAPII. 
TFIIE stimulates enzymatic activities of TFIIH, whereas TFIIF stabilises the 
whole PIC.

The CTD of RNAPII consists of several repeats of a heptad amino acid 
sequence (5’-YSPTSPS-3’). The serines (Ser) at positions 5 and 2 can be 
phosphorylated by cyclin dependent kinase (cdk) 7 and cdk9, respectively. 
Unphosphorylated RNAPII is recruited to the promoter and needs to be 
phosphorylated at Ser5 to be able to initiate transcription. During the course 
of elongation, the phosphorylation is shifted to Ser2 and the combination of 
phosphorylation on RNAPII CTD determines the activity of RNAPII [160].
Some of the basal initiation factors also have functions during elongation, 
but several additional elongation factors are necessary for the processivity of 
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RNAPII [197]. For example, TFIIF and ELL suppress pausing while TFIIS 
and P-TEFb prevent arrest of RNAPII.  

Processing of the nascent transcript occurs cotranscriptionally and is gov-
erned by the phosphorylation status of RNAPII CTD that recruit post-
transcriptional processing factors, like the capping complex, spliceosome 
machinery and polyadenylation factors [33, 172]. These processing events 
include the addition of the cap structure (7-methylguanylate) at the 5’ end, 
removal of non-coding introns by splicing and the addition of the poly(A) 
tail at the 3’ end, which are all important for the stabiliy, cytoplasmic trans-
port and translation of the mRNA [33, 172].

Activators/Repressors of transcription 
The basal transcription level achieved by the GTFs can be further activated 
or repressed by upstream DNA binding activators and repressors (STFs). 
STFs interact with specific regulatory DNA sequences in the promoter re-
gion through their DNA binding domain (DBD), but they also need to inter-
act with the PIC to affect transcription. The combinations of STFs are often 
gene- and tissue specific, and often determined by external signals. 

The transcription factors have positive or negative effects on chromatin 
structure, PIC formation, transcription initiation and elongation, through 
their recruitment of coactivators and corepressors. Many repression mecha-
nisms are passive and involve prevention of binding and sequestrering of an 
activator.

Cofactors
The last level of transcriptional regulation is achieved by the cofactors. 
These are usually not DNA binding but are recruited to promoters through 
protein-protein interactions with activators and/or repressors. Furthermore, 
cofactors are not gene-specific, thus allowing them to affect a wide variety 
of genes, the choice of which is determined by the recruiting DNA binding 
transcription factor.  

The mode of regulation varies; some cofactors bind directly to the basal 
transcriptional machinery, for example TBP associated factors (TAFs) that, 
together with TBP, form the TFIID complex and activate basal transcription. 
Some cofactors are instead targeted to the promoter by sequence specific 
transcription factors and enhance or suppress the effect of the transcription 
factor on the basal transcriptional machinery. Cofactors can also alter chro-
matin structure, either by inducing covalent modifications or changing the 
location and structure of the nucleosomes. 
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Chromatin remodeling 
In order to fit in the nucleus, genomic DNA must be tightly packaged into 
chromatin. 146 base pairs (bp) of the DNA is wrapped around a set of his-
tones, which are octamers containing two subunits each of H2A, H2B, H3 
and H4 proteins. Together, they form the nucleosomes that are tightly held 
together by the negative charge of the DNA and positive charge of the N-
terminal histone tails. This heterochromatin state is inaccessible to the tran-
scriptional machinery and must be loosened in order to initiate transcription. 
The loosened state of DNA is referred to as euchromatin and is formed by 
the acetylation on specific lysine residues (Lys) on the histone tails that will 
relax the structure due to the repelling properties of negatively charged DNA 
and histone-linked acetyl groups. This will give access to the DNA by the 
basal transcriptional machinery and is associated with actively transcribed 
genes.

Histone acetylation/deacetylation 
The acetylated/deacetylated state of the histones determines the structure of 
the chromatin. Many coactivators are associated with histone acetyl trans-
ferase (HAT) activity. The CREB binding protein (CBP) and the related 
p300 protein have sequence similarity and overlapping functions, and are 
often referred to as p300/CBP [21, 70]. They are recruited by several tran-
scription factors to acetylate H3 and H4 and activate transcription. p300 can 
also bridge between basal and upstream binding transcription factors, facili-
tating PIC formation [143].

Histone deacetylases (HDACs) remove the acetyl groups from the his-
tones and are recruited by repressors and corepressors to restore the re-
pressed state. Mammalian HDACs are divided into three classes based on 
sequence similarities. HDAC class I consists of HDAC1-3 and HDAC8, 
which are nuclear and expressed in all cells [39]. Class II HDACs are 
HDAC4-7 and HDAC9-10 and these are tissue-specific and shuttle between 
the nucleus and cytoplasm [39]. The third family is related to the yeast Sir2 
family of histone deacetylases and are NAD+-dependent [135]. HDACs usu-
ally work in large repressor complexes, like Sin3, NuRD and CoREST, also 
containing histone methylases and nucleosome remodeling factors. 

Other chromatin modifications 
The histone tails cannot only be acetylated but also phosphorylated, methy-
lated and ubiquitinated. These modifications can affect the structure of the 
nucleosome and/or recruit different regulatory proteins. Modifications usu-
ally occur sequentially and the combination of different modifications on the 
same histone tail is referred to as the “The Histone Code” [187] and deter-
mines the activity of the region. For example, the modification of H3 is 
thought to function as a switch between the hetero- and euchromatin state. 
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Methylation of Lys9 on H3 by the histone methyl transferase SUV39H1 
recruits HP1, which blocks subsequent acetylation of the adjacent Lys14 
residue inducing a compact heterochromatin structure. In contrast, phos-
phorylation of Ser10 on H3 increases Lys14 acetylation leading to transcrip-
tional activation. 

Nucleosome remodeling 
Nucleosome remodeling complexes can increase the accessibility of the tran-
scriptional machinery to DNA through changes in the location and structure 
of the nucleosome, by for example sliding the histone octamer along the 
DNA. This type of remodeling is ATP-dependent and the complexes them-
selves have ATPase activity. Nucleosome remodeling complexes are usually 
recruited to specific genes by activators but can in some cases also induce 
transcriptional repression. Several families exist; for example SWI/SNF, 
ISWI and CHD [48].

Adenoviruses
Adenoviruses as model systems 
Viruses are, to varying degrees, dependent on the host cell machinery for 
replication and expression of their genes. The viral proteins therefore redi-
rect cellular processes by interacting with cellular regulatory proteins, result-
ing in optimal conditions for virus multiplication. 

Adenovirus (Ad) is a DNA virus, in which the genetic information fol-
lows the central dogma; i.e. transfer of information from DNA, via pre-
mRNA and mRNA to produce proteins. Consequently, this virus can use the 
host cell machinery to transcribe, process and translate its genes. Adenovi-
ruses infect resting cells in the upper respiratory tract and therefore also need 
mechanisms to activate the cell cycle and to regulate other cellular processes 
to optimise the environment for viral replication [117]. Adenoviruses share 
this ability to target important cellular processes with other DNA viruses, 
such as papillomaviruses and polyomaviruses, and these viruses have be-
come important tools to study molecular mechanisms in eukaryotic cells.  

Adenoviruses are also studied for the use as vectors for the delivery of 
foreign genes. The broad host cell range and the ability to carry large inserts 
make them good candidates for gene therapy [97]. However, since the virus 
does not integrate its DNA into the host chromosome the expression is tran-
sient. Properties of the virus also make it possible to use as oncolytic viruses 
for the selective lysis of tumour cells [46, 159]. The well known ONYX-015 
virus with deletions in the E1B region replicates poorly in healthy cells that 
express wild type p53, but efficiently kill tumour cells with mutated or ab-
sent p53 expression. The development of reliable and safe vectors for vacci-
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nation, gene therapy and cancer therapy is urgent and more knowledge of the 
regulation of cellular processes is therefore required. 

Description of the virus 
Adenoviruses are small viruses with an icosahedral capsid of 70-100 nm in 
diameter. The protein capsid is composed of hexon and penton proteins. 
Each penton has a protruding fiber important for attachment to the cell. Ade-
noviruses were discovered in 1953 as the cause of respiratory infections in 
humans [184] and were later named adenoviruses after the tissue in which the 
virus was first discovered, the adenoids [50]. Adenoviruses cause respiratory, 
gastrointestinal and eye infections and more than 100 different serotypes are 
now identified. These are divided into two genera, Aviadenovirus infecting 
birds and Mastadenovirus infecting a wide range of mammalian hosts. The 
human adenoviruses are classified into six subgroups (A-F) based on their 
ability to agglutinate red blood cells and their oncogenic potential. Most 
studies have been on the subgroup C viruses Ad2 and Ad5 (with a sequence 
homology of 94.7% [31]), and the highly oncogenic subgroup A virus Ad12. 
In 1962, it was found that Ad12 induced malignant tumours in rodents, 
which was the first demonstration that a virus can cause cancer [214]. So far, 
there is no evidence that adenoviruses can cause cancer in humans, but all 
subgroup A and B members and two members of subgroup D can cause tu-
mours in rodents. 

Table 1. Classification of human adenovirus subgroups based on the ability to agglu-
tinate red blood cells and oncogenic potential. 

Subgroup Oncogenic potential Sites of infection Example of  serotype 

A high intestine Ad12 
B moderate lung, urinary tract Ad3, Ad7 
C low upper respiratory tract, liver Ad2, Ad5 
D low eye, intestine Ad9 
E low respiratory tract Ad4 
F unknown intestine Ad40, Ad41 

Genome organisation of adenovirus type 2 
The Ad2 genome is a double stranded linear DNA molecule containing ap-
proximately 36 kbp and around 40 genes [181], of which 11 encode compo-
nents of the virion. The genome is transcribed from both strands. Each end 
contains an inverted terminal repeat (ITR) of about 100 bp containing the 
origin of DNA replication (ori) and packaging sequences. Covalently at-
tached to each 5’ end is the terminal protein, TP. 

The genome is divided into several transcription units, which are named 
according to when they are expressed during the viral life cycle; early (E1A, 
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E1B, E2-E4), delayed early (IX and IVa2) and late (L1-L5) (Figure 1). All 
protein-coding genes are transcribed by the cellular RNAPII and most tran-
scripts are extensively spliced and further processed to maximise the number 
of expressed proteins [96]. In addition, adenovirus expresses regulatory 
RNAs encoded by the VA RNAI and VA RNAII genes transcribed by 
RNAPIII.

Figure 1. The adenovirus genome and all transcription units; early (white), delayed 
early (grey) and late (black). * denotes the tripartite leader sequence spliced into all 
late mRNAs from MLTU. 

Virus life cycle 
Attachment 
Virus attachment is mediated by the fiber knob binding to the primary cox-
sackie-adenovirus receptor (CAR). By the help of integrins v 3 and v 5,
the virus is taken up by receptor-mediated endocytosis. This is a rather slow 
process and can take several hours. A decrease in pH within the endosome 
triggers sequential disassembly of the virion. The viral particle is transported 
to the nuclear membrane via the microtubule network, after which the viral 
DNA is transported through the nuclear pore. 

Early phase 
E1A is the first adenovirus gene to be expressed from a constitutively active 
promoter and can be detected already at 45 minutes post-infection [149, 195].
Maximal expression is achieved at three hours and is thereafter maintained 
throughout the virus life cycle (Figure 5A). The region upstream of the E1A 
start site contains the E1A promoter and enhancer elements in addition to the 
ITR. The constitutively active E1A promoter contains a TATA box [87] and 
an upstream enhancer between -305 and -145 [86] binding for example E2F 
and ATF2 transcription factors, giving E1A the ability to positively influ-
ence its own transcription [88].
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The E1A proteins are responsible for activation of the remaining early 
genes. Early gene promoters do not contain any common sequence elements, 
which indicates that E1A regulates viral promoters by different mechanisms. 
E1A also induces S phase of the cell cycle by binding to the tumour suppres-
sor RB, which releases the transcription factor E2F to activate S phase 
genes. In the absence of other viral genes, E1A will induce apoptosis, lead-
ing to degradation of cellular and viral DNA and premature host cell death. 
Induction of apoptosis is achieved both through E1A-induced increase in 
p53-levels but also independently of p53 via repression of NF B-mediated 
transcription.

During a virus infection, the E1B region will counteract the proapoptotic 
activities of E1A [41]. E1B-55K blocks p53-mediated transcriptional regula-
tion [211, 237] by binding to its transcriptional activation domain (TAD) and 
blocking interactions with cofactors [136, 137, 238]. This results in repression 
of p53-mediated transcription rather than activation, an effect further en-
hanced by the recruitment of  HDACs [173]. E1B-55K also sequesters p53 in 
the cytoplasm [242], and together with E4-ORF6, increases p53 degradation 
by binding to E3 ubiquitin ligase members [175], contributing to inactivation 
of p53 function. Since E1A also induces p53-independent apoptosis, E1B-
19K is needed to work further downstream by inhibiting the proapoptotic 
Bax and Bak proteins. By functioning as a homologue to Bcl2 [36], E1B-19K 
sequesters Bak and Bax, preventing their oligomerisation and the activation 
of Caspase 3 and 9 [228]. The cell cycle inducing activities of E1A and E1B’s 
ability to inhibit apoptosis can together cooperate to transform cells [51].

In addition, E1B-55K has important roles later in the virus life cycle. In-
teraction with E4-ORF6 targets E1B-55K to sites of viral transcription and 
RNA processing in the nucleus [73, 158], where the complex is needed to 
promote viral mRNA export. This is thought to be achieved through a selec-
tive export of tripartite leader-containing late viral mRNAs and/or a block of 
cellular mRNA transport through sequestering of cellular transport factors 
[58].

The transcript from the E4 region can produce at least 18 different 
mRNAs due to alternative splicing. However, only six proteins have been 
identified in infected cells; ORF1, ORF2, ORF3, ORF4, ORF6 and ORF6/7. 
The E4 proteins have diverse and overlapping functions required for effi-
cient viral replication (reviewed in [209]). They regulate transcription, splic-
ing, mRNA transport, cellular protein degradation, nuclear structure organi-
sation, viral concatemerisation and transformation. E4-ORF3 and E4-ORF6 
prevent concatemer formation and promote the accumulation of monomeric 
viral DNA genomes. This is achieved by the binding and inhibition of DNA 
protein kinase (PK) controlling the end-joining mechansism in the double 
stranded break repair system (DBRS). E4-ORF3 and E4-ORF6 also bind 
E1B-55K and direct E1B-55K to virus-induced structures in the nucleus. The 
complex inhibits cellular mRNA export but facilitates late viral mRNA ex-
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port possibly by working as an adaptor for viral mRNA shuttling. E4-ORF3 
binds components of PML oncogenic domains (PODs), which are nuclear 
multiprotein complexes involved in various cellular processes. The binding 
induces POD redistribution, which is necessary for efficient DNA replication 
and late gene expression. E4-ORF6 also binds p53 and counteracts its E1A-
induced stabilisation by accelerating p53 degradation independently of 
p14/ARF and MDM2. E4-ORF4 binds to and inhibits the activity of PP2A, a 
serine/threonine specific cellular phosphatase, regulating several phosphory-
lation-dependent cellular processes. E4-ORF4 can therefore regulate viral 
and cellular gene expression at transcriptional (by repressing E2F-dependent 
transcription) and post-transcriptional (by inducing dephosphorylation of SR 
splicing proteins) levels. E4-ORF4 can also downregulate virus-induced 
signal transduction and induce p53-independent apoptosis, through the acti-
vation of caspases. E4-ORF6/7 complements E1A during activation of tran-
scription controlled by the E2F family of transcription factors by increasing 
E2F dimerisation and displacing RB through direct binding to E2F [155].

The virus infection triggers an anti-viral response that activates the host 
immune system. The E3 transcription unit codes for proteins that reduce the 
immune response, and is therefore the only early region that is not needed 
for infection of cultured cells (reviewed in [123]). All E3 proteins are also 
synthesised in the late phase and the main functions of this unit are to pro-
long the acute infection and maintain cell viability so that virus replication 
can occur, enabling the adenoviruses to form persistent infections. Seven E3 
proteins are identified and for two of these, E3-6.7K and E3-12.5K, the func-
tion is still unknown. The E3-gp19K protein is an integral membrane pro-
tein, localised to the ER, where it forms a complex with the MHC I mole-
cule, preventing its glycosylation and blocking its transport to the cell sur-
face. As a result, E3-gp19K-expressing cells are not recognised and killed by 
cytotoxic T lymphocytes.  Three adenovirus E3 proteins protect adenovirus-
infected cells from apoptosis induced by TNF , EGF and FasL. The E3-
14.7K protein localises in the nucleus and cytoplasm and is able to inhibit 
both TNF - and FasL-induced apoptosis by intefering with the caspase 
pathway. Another important pathway, involves activation of cytosolic phos-
pholipase A2 (cPLA2), via phosphorylation by the Ras-MAP kinase path-
way. Activated cPLA2 translocates to membranes where it cleaves arachi-
donic acid (AA) from the phospholipids in the cell membrane. AA can be 
metabolised to molecules that are involved in TNF -mediated apoptosis and 
also amplify the inflammation reaction. The E3-14.7K protein has been 
shown to inhibit the release of AA, possibly via interaction with FIP, a 
member of the GTPase superfamily of signal transducers. The RID  and 
RID  membrane proteins exist as a heterodimer that localises to the plasma 
membrane and intracellular vesicles. RID inhibits the TNF -induced trans-
location of cPLA2 from the cytosol to membranes and also stimulates en-
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dosome/lysosome-mediated internalisation and degradation of the EGF re-
ceptor and Fas.

DNA replication 
Early and late phase are separated by the onset of DNA replication, which in 
tissue cultures of HeLa cells, begins about eight hours after infection when 
E2 products have accumulated and the cell has entered S phase. The E2 tran-
scription unit is the last one of the early regions to be expressed and encodes 
viral replication proteins; the DNA-dependent polymerase (Pol), the terminal 
protein (pTP) and the DNA binding protein (DBP) [38, 129]. Three cellular 
proteins are also needed for efficient viral replication; NF-I, NFIII and the 
topoisomerase NF-II. 

The ori consists of a core region (the terminal 18 bp). The sequence 5’-
ATAATATACC (bp 9-18) is conserved in all human adenovirus serotypes 
and functions as the pTP-Pol binding site. This region alone gives a low 
basal level of replication. Further downstream are the auxillary regions that 
bind NFI (bp 23-38) and NFIII (bp 39-49). The length and composition of 
the ori differ between different serotypes. Ad4 only has the 18 bp core re-
gion and therefore does not require NFI and III for efficient replication.  

The DNA synthesis is catalysed by Pol, which also has intrinsic 3’-5’ 
proofreading exonuclease activity. pTP acts as a primer and is covalently 
attached to the 5’-end of each strand. Late during infection, pTP is prote-
olytically cleaved by the Ad protease (an L3 product) to TP. NFI and NFIII 
together recruit the pTP-Pol heterodimer to the core ori. DNA replication is 
then initiated at either end of the linear viral genome by the formation of a 
covalent bond between the -phosphoryl group of the first residue (dCTP) 
and the -OH group of Ser580 in pTP. The -OH group of pTP-dCMP is 
then used as a primer for the new strand, and synthesis proceeds with the 
help of the topoisomerase activity by NFII to prevent supercoiling of the 
DNA. DBP is highly abundant and binds with high affinity and coopera-
tively to single stranded DNA, forming protein chains along the DNA tem-
plate. DBP is important during all steps of the replication cycle by for exam-
ple enhancing the rate and processivity of Pol, unwinding double stranded 
DNA and protecting single stranded DNA against nucleases. Only one of the 
two parental strands is replicated at each replication fork producing a daugh-
ter duplex and a displaced single stranded DNA molecule. The displaced 
strand can reanneal to form double stranded DNA that is processed and 
packaged into virions or form a partial duplex by base-pairing of the ITR’s, 
on which a second round of synthesis can initiate.  

Late phase 
The activity of the major late promoter (MLP) increases after the onset of 
DNA replication mostly due to an increase in DNA templates but also 
through transcriptional activation by the delayed early IVa2 protein [215].
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Transcription of the major late transcription unit (MLTU) results in one long 
transcript of 29 kbp that is processed into approximately 20 different 
mRNAs by alternative splice site selection and poly(A) site usage. MLTU 
mRNAs are grouped into five groups (L1-L5) (Figure 1) with common 
poly(A) sites, and encode primarily structural proteins. 

During the late phase E1B-55K and E4-ORF6 redirect cellular transport 
proteins to facilitate the cytoplasmic transport of viral mRNAs [58]. The VA 
RNAs counteract the cellular attempt to shut down translation, by preventing 
phosphorylation and inactivation of the translation initiation factor 
eIF2 Furthermore, virus-induced dephosphorylation of the CAP-binding 
eIF4F translation factor blocks cellular mRNA translation. The common 
tripartite leader, which is spliced to all mRNAs derived from MLTU (Figure 
1) allows translation of viral mRNAs independently of eIF4F [250], ensuring 
efficient production of viral proteins.  

Newly synthesised viral proteins are imported into the nucleus where new 
capsids are formed. Cell lysis is mediated by the adenovirus death protein, 
ADP, encoded from the E3 region, which disrupts the cytoskeleton. The 
infectious cycle is completed at approximately 30 hours post-infection and 
104-105 new viral particles are released from each cell. 

Adenovirus E1A 
One common primary transcript from the E1A region generates at least five 
different mRNAs by alternative splicing (Figure 2A). The two main mRNAs 
(13S and 12S) are produced soon after infection while the shorter mRNAs 
(9S, 10S and 11S) are primarily later products. This temporal shift is regu-
lated at the level of pre-mRNA splicing by differential recruitment of RNA-
binding SR proteins [2]. At the early phase, SR proteins bind to a bidirec-
tional splicing enhancer upstream of the 12S 5´ splice site, which results in 
the selection of the proximal 12S and 13S 5´splice sites. Late during infec-
tion, the dramatic increase of adenoviral transcripts from MLTU sequesters 
and titrates out the SR proteins. This increases the 9S 5´splice site selection, 
which is not as dependent on high levels of SR proteins. The common 3´ 
splice site is very efficiently used due to an exon splicing enhancer located in 
the second exon. An additional splicing event during late phase results in the 
removal of an upstream intron. This is enhanced by the binding of the SR 
proteins ASF/SF2 and SC35 to the bidirectional splicing enhancer in the 
second exon. The resulting proteins have an in frame deletion of 72 amino 
acids in the N-terminus, removing the part of E1A that is important for pro-
gression into S phase during the early phase.  
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E1A conserved regions and cellular binding proteins 
Amino acid sequence comparison between different adenovirus serotypes 
has identified four conserved regions (CR) in the E1A protein, CR1-4 [5],
where CR3 is unique for the larger 289R protein (Figure 2B). Most activities 
of E1A depend on the interaction between E1A conserved regions and cellu-
lar regulatory proteins. E1A can activate and repress transcription of both 
viral and cellular genes, resulting in induction of S phase, induction of apop-
tosis, immortalisation of rodent cells and complete transformation together 
with a cooperating oncogene (reviewed in [65]). However, two of the most 
important tasks of E1A during infection are to activate viral gene expression 
and to induce S phase. 

Figure 2. A. The E1A gene showing the early and late splicing patterns. B. The two 
major E1A proteins, conserved regions 1-4 and known cellular binding proteins.  
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E1A as a transcriptional regulator 
E1A does not possess any DNA sequence specific binding activity [53] and 
E1A-mediated transcriptional regulation is therefore achieved through bind-
ing to cellular transcription factors. This gives E1A flexibility as a transacti-
vator to activate transcription from many different promoters.  

Transcriptional activation 
E1A can activate transcription by several mechanisms (Figure 3); 

A. bridging between cellular transcription factors, both basal transcrip-
tion factors and upstream regulatory factors, 

B. displacing inhibitory corepressor complexes,  
C. modulating the activity of cellular transcription factors by phos-

phorylation. 
Some of the E1A target genes, for example the viral E2 and the cellular 
PCNA gene [103], can be activated by a combination of several mechanisms. 

Figure 3. E1A activates transcription by three mechanisms; A. bridging between 
transcription factors, B. displacing inhibitory complexes, and C. modulating tran-
scription factor activity by phosphorylation. See the text for details. 

CR3 is the major transactivation domain and is needed for expression of the 
early viral genes. It contains an N-terminal activation domain and a C-
terminal promoter localisation domain, of which the latter binds to transcrip-
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tion factors with DNA binding capacity. Transcription is stimulated by the 
bridging between upstream binding transcription factors and the basal tran-
scriptional machinery, resulting in a stabilisation of the pre-initiation com-
plex. This mechanism has been demonstrated for E1A-mediated transactiva-
tion through, for example, ATF2 [24, 47, 128] and AP1 [132]. CR3 also binds 
the Mediator complex via Sur2 [16, 202, 222]. Sequences in the second exon of 
E1A, termed auxillary regions 1 and 2 (AR1 and AR2) enhance CR3-
mediated transactivation [14, 203] by a yet unknown mechanism. E1A can 
also regulate transcription via chromatin remodeling complexes, for example 
by binding to the p400 component of SWI/SNF [186], leading to transcrip-
tional activation. 

Most of the first exon-dependent activation involves the disruption of in-
hibitory complexes. E1A binding to RB [229] is through the conserved amino 
acid sequence LXCXE in CR2 and disrupts the inhibitory interaction be-
tween RB and the transcriptional activator E2F [25]. E1A can also activate c-
fos-dependent transcription through the displacement of YY1 [118, 253]. CR4 
is also activating transcription by a displacement mechanism, through target-
ing of the cellular corepressor CtBP [199, 206, 207].

The activity of many cellular proteins is regulated by phosphorylation. 
E1A does not contain intrinsic kinase activity, but can modulate the activity 
of cellular kinases, an activity mostly dependent on CR3. E1A can associate 
with cdk8 and cdk2 [71] and induce phosphorylation of the DNA binding 
domain of E2F [6], E4F [178] and the transactivation domain of c-jun [80],
which increases the transactivation potential of these factors. E1A can also 
inactivate RB by phosphorylation [223].

Figure 4. E1A-mediated repression of transcription is achieved through the binding 
to and inhibition of histone acetyl transferases, such as p300/CBP. 

Transcriptional repression 
The E1A repression mechanisms are less characterised and are mostly at-
tributed to the 243R protein, lacking the strong activator CR3 (Figure 4). 
E1A can repress transcription of several cellular and viral genes stimulated 
by the histone acetyl transferases (HATs) p300 [49] and CBP [3, 8]. Binding 
to p300/CBP occurs through the N-terminus and CR1 in E1A, and can both 
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block the intrinsic HAT-activity of p300/CBP [18] but also the interaction 
between p300/CBP, transcriptional activators and the basal transcriptional 
machinery [145]. E1A can also inhibit transcription by binding to a GCN5 
histone acetyl transferase-containing TRRAP complex [42, 116] and 
SWI/SNF chromatin remodeling complexes [142].

Figure 5. A. Time course of adenovirus early gene expression. Adapted from [149].
B. Structure of early gene promoters with transcription factor binding sites. * indi-
cates that these sites can recruit either E4F or ATF transcription factors. 

Transcriptional activation of viral early genes 
Through the interaction with cellular transcription factors, E1A can activate 
transcription of the all the early genes [12, 101, 148, 180]. A time course study 
of early gene expression [149] shows that E1B and E2 levels slowly increase 
and peak at seven hours post-infection (Figure 5A). E3 and E4, on the other 
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hand, are rapidly induced and expressed at a maximum rate already at three 
hours. Adenovirus promoters vary in complexity [11] and are activated by a 
combination of E1A-activation mechanisms (Figure 5B). 

E1B
The E1B promoter is considered to be extremely simple in its composition. 
Only two distinct regions have been identified as being necessary for tran-
scriptional activation; a TATA box and a GC rich element recruiting Sp1 
[163, 235]. E1A-mediated activation seems to be largely through TBP [235],
while Sp1 only affects E1B transcription if the GC element and TATA box 
are close to each other [234]. Sequences further upstream in the E1A gene (up 
to -250) can also stimulate transcription to a minor extent but are not needed 
for E1A-mediated transactivation [163]. The E1B region is located immedi-
ately 3’ of E1A [181] and high E1B expression is also obtained by a 
readthrough from the upstream E1A promoter [138].

E2
The E2 region contains two promoters, activated during early and late phase, 
respectively. Only E2early is regulated by E1A and has two initiation sites; 
the major site located at position +1 and the minor at -26 [241], controlled by 
separate binding sites for TBP. Neither of these are true TATA boxes. In 
fact, the TBP binding site controlling initiation at -26 is a better TATA se-
quence, but only used at a level of 1/20 of that of +1, probably due to its 
close proximity to upstream regions [208]. The promoter contains two in-
verted E2F binding sites [112, 113] and an ATF binding site playing a minor 
role [99, 198]. E1A-mediated E2 activation involves the sequestration of RB 
and release of E2F [25, 229]. E1A can also increase the DNA binding activity 
of E2F by phosphorylation [6]. The activity of E2F is also influenced by 
another viral protein, E4-ORF6/7, whose binding to E2F increases the coop-
erative DNA binding of E2F to the two binding sites [84, 93, 147]. The E2 
promoter is repressed at late stages due to decreased E2F DNA binding ca-
pacity caused by E4-ORF4/PP2A-induced dephosphorylation [134].

E3
Several regions involved in E1A-mediated activation of the E3 promoter 
have been identified [66] and have been demonstrated to bind different tran-
scription factors, including TBP, ATF, AP1 and NF1 [95]. The mechanism 
for E1A-mediated transactivation is thought to involve a stabilisation of the 
basal transcriptional complex [111]. The E3 promoter is the only Ad pro-
moter also containing binding sites for NF B [230], which ensures expression 
of the E3 products upon immune response activation [44, 45, 110, 133] through 
the action of cytokines activating NK B.
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E4
The E4 promoter region extends approximately 250 bp upstream of the ini-
tiation site [68, 69, 179, 224] and is activated by E1A through E4F and ATF 
transcription factors [24, 100, 183]. The activation by E1A is dependent on 
CR3 [14, 203] and is achieved through several mechanisms. E1A increases 
DNA binding capacity of E4F [54, 178] and ATF2 [130] through phosphoryla-
tion. E4F needs to be proteolytically cleaved from a 120 kDa repressor to a 
50 kDa activator, which is induced by E1A [178]. p120E4F represses the E4 
promoter in absence of E1A [54, 178] via interaction with the hypophosphory-
lated form of RB [52]. The interaction of E1A with RB and release of 
p120E4F might represent a third mechanism for E1A-mediated E4 activa-
tion. E4 transcription is repressed later during infection, which is dependent 
on DBP [82, 150] and E4-ORF4 [13]. This negative feedback loop is important 
to limit E4-ORF4-induced apoptosis.  

E1A-mediated transcriptional regulation controls cellular 
processes
Regulation of the cell cycle 
The phases of the cell cycle are regulated by different cyclin/cdk complexes 
[227]. The cyclin/cdk complexes induce phosphorylation of downstream act-
ing regulatory proteins, and are themselves targets for phosphorylation. Hy-
pophosphorylated RB arrests the cell cycle in the G1 phase, by binding to 
E2F and blocking E2F-dependent transcriptional activation needed for pro-
gression into S phase. RB also actively represses the E2 promoter by the 
recruitment of HDACs [55] and methyl transferases [182]. Phosphorylation of 
RB by cyclinD/cdk4/6 disrupts the inhibitory RB/E2F complex and releases 
E2F, which activates genes needed for S phase [83]. E1A instead binds to RB 
through a conserved amino acid motif in CR2, LXCXE, and releases E2F 
[34]. This strategy to force the cell into S phase is shared by several DNA 
tumour viruses dependent on cellular DNA replication for their own DNA 
synthesis, for example papilloma and polyoma viruses [34, 89]. E1A has also 
been shown to change chromatin structures upon activation of E2F target 
genes [67], including a loss of methylation followed by an induction of acety-
lation of histones in the promoter region. 

E1A-induced apoptosis 
The cell cycle promoting activities of E1A have been suggested to explain 
the apoptosis observed in cells expressing only E1A [174, 177], and these 
activities are mostly dependent on the binding of the CR1 region to RB and 
p300 [176]. p53-dependent apoptosis is a consequence of E1A-mediated sta-
bilisation of p53. Increased levels of p53 are achieved through E2F-mediated 
activation of p14/ARF [40, 109 ] or via Mdm4 [122]. The inhibition of the ubi-
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quitin ligase activity of p300 by E1A [79] also results in p53 protein stabilisa-
tion. E1A also induces apoptosis through p53-independent mechanisms. 
Sensitation of TNF -mediated apoptosis can occur through a repression of 
NF B-dependent transcription [32, 120], or independently of NF B via a deg-
radation of caspase inhibitors [166]. E1A also enhances TRAIL-induced acti-
vation of Caspase 8, 9 and 3 [194]. Finally, a sensitation to anoikis, a type of 
apoptosis induced by disruption of epithelial cell-matrix interactions [61]
occurs through E1A-induction of epithelial cell adhesion genes, for example 
E-cadherin, achieved by binding of CtBP and prevention of CtBP-mediated 
repression [78].

Role in transformation 
The cell cycle deregulating activities of E1A, achieved through sequestration 
of RB and CBP/p300, can, together with a cooperating oncogene such as 
adenoviral E1B or activated ras, immortalise primary cells [10, 65]. E1A-
mediated transformation is also dependent on the interaction of E1A with 
members of the SWI/SNF-containing chromatin remodeling complex [142],
p400 [63] and TRRAP [42]. E1A has also been shown to suppress transforma-
tion by repression of the expression of the oncogene HER2 [26, 239] or by 
reverting the epithelial-mesenchymal transition occurring during genesis of 
carcinomas [60]. In addition, E1A binding to CtBP seems to suppress trans-
formation, since mutants lacking the CtBP binding site are hypertransform-
ing [15, 189].

C-terminal binding protein (CtBP)
CtBP family proteins  
CtBP was first identified in a screen of E1A-243R mutants for transforma-
tion ability. The greatest increase in transformation was obtained when a 
region in the C-terminus was deleted (amino acids 225-238). This region 
was found to bind CtBP via a conserved amino acid sequence PLDLS [15, 
189]. CtBP1 and CtBP2 were later identified as highly conserved and ubiqui-
tously expressed cellular corepressors of transcription. Endogenous CtBP is 
located both in the cytoplasm and nucleus, and is usually targeted to the nu-
cleus through binding to nuclear transcription factors. Vertebrates have two 
CtBP genes, ctbp1 and ctbp2, which express four different CtBP proteins. 
Invertebrates have one single ctbp gene but produce different isoforms due 
to alternative splicing. The widely studied Drosophila gene gives at least 
three different alternatively spliced transcripts [152, 153, 168].

Alternative activities have been described for some of the CtBP isoforms. 
CtBP3/BARS is produced from an alternative transcript of the ctbp1 gene, 
and only differ from CtBP1 by 13 additional amino acids in the N-terminus. 



29

CtBP3/BARS is proposed to play important roles during Golgi maturation 
using its acyl transferase activity on membrane lipids [146, 226]. RIBEYE, 
expressed from the ctbp2 gene, is a 120 kDa cytoplasmic protein only ex-
pressed in sensory neurons [212]. Even plants express a CtBP variant, AN-
GUSTIFOLIA (AN), with 31 % homology to human CtBP3/BARS at amino 
acid level. AN is a cytoplasmic protein that determines cell morphology by 
regulating the structure of the cytoskeleton [30, 59, 105].

CtBP was early shown to be phosphorylated and the level of phosphoryla-
tion changes during the cell cycle with the highest level during mitosis [15].
Phosphorylation of CtBP was later shown to result in cellular redistribution 
and block of corepressor function [9] and also proteasome-mediated degrada-
tion [248]. Contrary, sumoylation of CtBP at Lys428 [102, 125] results in nu-
clear localisation [125] and retained repression activity. 

CtBP interacting proteins 
The transcriptional corepressor CtBP has been shown to repress transcription 
in several organisms. Promoter recruitment occurs through the interaction 
with a broad range of transcription factors (Table 2), mostly via a sequence 
similar to the initially described PLDLS sequence [28, 217].

Mechanisms of CtBP-mediated repression 
The exact mechanism by which CtBP represses transcription is still unclear 
and seems to differ depending on the type of promoter. The first indication 
that CtBP represses transcription came from studies with E1A, when it was 
found that CtBP can efficiently block transactivation by E1A CR1 fused to 
Gal4 [199]. CtBP has been shown to interact with both class I and II HDACs 
[107, 204, 206, 207, 243] but can also repress transcription independently of 
HDACs through binding to the corepressor mSin3A [107] or CtBP interacting 
protein (CtIP) [141]. Recently, an alternative mechanism was suggested, in-
volving inhibition of histone acetylation through sequestering of the 
p300/CBP family proteins [106, 140, 192]. CtBP has also been shown to bind 
Eu-HMT and G9a methylases and be able to methylate Lys9 of H3, resulting 
in transcriptional repression [196]. CtBP1 and CtBP2 has been copurified 
with a large complex containing both DNA binding transcription factors and 
histone modifying enzymes [196].

CtBP has homology with NAD+-dependent D2-hydroxy acid dehydro-
genases and has been found to have dehydrogenase activity [7, 115]. The 
binding of NAD+/NADH can increase the interaction between CtBP and its 
targets (including E1A) [7, 115, 246], and these reports suggest that CtBP can 
serve as a cellular redox sensor for transcription. 
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Table 2. CtBP-interacting proteins involved in transcriptional regulation. Interac-
tions with CtBP results in repression of target genes, unless otherwise indicated. 
Interacting factor Description Ref 

DNA binding transcription factors 

 AML1-FOG2 fusion protein in myelodysplasia [19] 
 AP-2rep repression of AP-2  involved in embryonic development [191] 

 BKLF Basic Krüppel-like factor [165] 

 CIBZ CtBP-interacting BTB zinc finger protein [188] 

EF1 repression during development [64] 
 Eos Ikaros-family transcription repressor [164] 

 Evi-1 repression of TGF -signaling via Smad3 [98] 
 KLF8 Krüppel-like factor [221] 

 Net Ets-family transcription repressor of the c-fos promoter [35] 
 SIP1 repression of E-cadherin promoter [220] 

 SP1 repression of hTERT protmoter [72] 
 TCF-4 HMG box transcription factor repressing Wnt-target genes  [219] 

 TGIF repression of TGF -signaling [139] 
 YY1 repression of PcG-responsive promoters [4] 
 ZEB repressor of lymphocyte and muscle differentiation [169] 

 ZEB2 repressor of TGF -signaling [170] 

Cofactors

 APC repression of Wnt-target genes through sequestering of APC- -catenin  [81] 
 BMPR-II BMP receptor involved in cell differentiation and proliferation [85] 
 CtIP BRCA1-binding corepressor [190] 

 HIC1 tumour suppressor protein [43] 
 MITR MEF2-interacting transcription repressor [243] 

 mSin3A repression independently of HDACs [107] 

 Polycomb Polycomb group repressors during development [193] 

 RIP140 repressor of signaling from the glucocorticoid receptor  [210] 

 Smad6 repression of BMP-induced transcription [124] 

Chromatin modifying factors

 ArpN  part of SWI/SNF chromatin remodeling complex, CtBP prevents activation [157] 

 EuHMT histone methylase conferring transcriptional repression [196] 

 G9a histone methylase conferring transcriptional repression [196] 

 HDAC1,2,3 (I) histone deacetylase conferring transcriptional repression [204, 
207] 

 HDAC4,5,7 (II) histone deacetylase conferring transcriptional repression [243] 

 p300/CBP repression through prevention of acetylation [106, 
140, 
192] 
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Biological role of CtBP 
Development 
CtBP-mediated repression plays an important role during development in 
Drosophila. Binding to CtBP is required for the activity of three different 
short-range repressors; Krüppel, Snail and Knirps [104, 152, 153, 168]. Homo-
zygous mutants of CtBP are embryonic lethal, and reduced levels of CtBP 
cause severe segmentation and patterning defects [153, 168]. CtBP appears to 
be important also during vertebrate development. It interacts with several 
transcription factors needed to maintain repressed gene expression during 
development, for example ZEB [169, 171], Ikaros [107, 108] and several mem-
bers of the Polycomb family of transcription factors [4, 193]. Studies on ctbp1
and ctbp2 knockout mice have showed that CtBP1 and CtBP2 have overlap-
ping functions during development [92]. CtBP1 is expressed at higher levels 
in the adult, while CtBP2 seems to be more important early during develop-
ment as ctbp2 knockouts are embryonic lethal [92].

Mutation of the PLDLS motif in TGIF disrupts the binding to CtBP and 
results in familial holoprosencephaly, a disease characterised by defects in 
craniofacial development [139]. TGIF is a repressor of TGF -activated genes 
and is dependent on CtBP binding and HDAC recruitment for efficient re-
pression, also suggesting important for the functions of CtBP during devel-
opment. 

Oncogenesis 
CtBP has important functions in tumour development, and can play both 
positive and negative roles depending on which transcription factors that are 
targeted. A tumour suppressive property is the modulation of Wnt-signaling, 
in which CtBP is needed to maintain a repressed state of Wnt target genes 
through interactions with TCF-4 [219]. CtBP also interacts with two repres-
sors of TGF  signaling, TGIF [139] and Evi-1 [98, 161], suggesting a positive 
role in oncogenesis. Through its interaction partner CtIP, CtBP can bind two 
tumour suppressors involved in regulation of the cell cycle; RB and the 
breast cancer tumour susceptibility gene product, BRCA1. The binding of 
CtBP to RB might provide an additional mechanism by which RB represses 
E2F-mediated transcription, possibly in an HDAC-independent manner [141].
The binding to BRCA1 is destroyed by tumour-associated mutations in 
BRCA1 [233, 240] and can mediate transcriptional regulation of the cyclin 
dependent kinase inhibitor p21 in response to DNA damange [121], thus link-
ing CtBP to cell cycle regulation. In addition, CtBP has been found to be a 
repressor of proapoptotic genes [77, 248], also contributing to tumour devel-
opment through sustained proliferation. 
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PRESENT INVESTIGATION 

Aim
The CtBP binding motif in E1A, as well as the region surrounding it, is con-
served in several human and primate adenoviruses [5], pointing to important 
functions during an adenovirus infection. Several studies with mutant viruses 
show that deletion of regions in the C-terminus of E1A enhance transforma-
tion by E1A in cooperation with ras [15, 126, 205], which is due to the inabil-
ity to bind CtBP [15, 189]. E1A has been shown to have effects on CtBP-
mediated transcriptional regulation through a derepression mechanism [141, 
206, 207] and its binding to CtBP activates several epithelial cell adhesion 
genes, contributing to the tumour suppressive properties of E1A [78].

The aim of this thesis was therefore to study the contribution of CtBP 
binding to the known properties of E1A, such as transcriptional regulation 
and subsequent regulation of various cellular processes, in order to get a 
better understanding of the importance of CtBP binding for the viral infec-
tion.

Construction and characterisation of E1A-expressing 
cell lines (Papers I and II) 
Experimental setup 
Studies on prolonged expression of E1A in regulation of cellular processes 
are limited, due to the fact that E1A is a cytotoxic protein. The apoptosis-
inducing activities of E1A make it difficult to establish and maintain consti-
tutively expressing cell lines without the parallel introduction of counteract-
ing viral proteins such as adenovirus E1B [228]. E1A-expressing cell lines do 
exist but often they also contain other viral proteins or oncogenes to counter-
act E1A-induced apoptosis [177]. One example is the 293 cell line trans-
formed by the adenovirus E1A and E1B proteins [1, 75]. Even if E1A expres-
sion in many established cells does not induce apoptosis, the cells often 
loose their tumourigenic potential [177], indicative of a deregulated gene 
expression pattern.

Since we wanted to study the effect of E1A alone, we decided to use an 
inducible system of E1A expression. The TetON™ system (Clontech) allows 
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the regulated expression of an otherwise silent gene, without affecting the 
growing cells. The constructed cell lines permit the expression of the E1A 
trans-gene in all cells in controllable amounts and at desired time points [74].
Establishment of stable TetON cell lines was in two steps; (i) establishment 
of a parental cell line expressing the rtTA activator, which was then used in 
the (ii) establishment of cell lines expressing the genes of interest. 

The human osteosarcoma (U2OS) cell line has been used in our lab to 
study transcriptional regulation by E1A and CtBP [199, 206, 207], and was 
therefore chosen for the establishment of E1A-expressing cells to allow the 
generation of comparable data. In addition, U2OS cells are both RB and p53 
positive. Although a parental U2OS TetON cell line is commercially avail-
able, we preferred to produce our own to be able to compare previous results 
without problems with different sources of cells. 

In the initial establishment of a parental rtTA-expressing U2OS cell line, 
two clones, U2OS TetON-10 and -42, showing high levels of induction and 
low background, were selected and chosen for the establishment of E1A-
expressing cells. To study the effect of E1A-targeting of CtBP, two variants 
of the full length E1A gene were selected; expressing wild type E1A 
(E1Awt) and a mutant, unable to bind CtBP (E1A CID), due to a 14-amino 
acid deletion (amino acids 225-238 of the 243R protein) including the CtBP 
Interacting Domain (CID) [189, 199, 207]. Both genes were introduced into the 
TRE vector containing the tetracycline response element (TRE), allowing 
induction by rtTA. E1A-expressing cells were identified with Western blot 
using a polyclonal antibody able to recognise both the wild type and mutated 
protein.

E1Awt is cytotoxic and CtBP binding contributes to E1A-
induced apoptosis 
Initial characterisation of the E1A-expressing cell lines demonstrated that 
approximately 20 % of the isolated clones showed detectable levels of 
E1Awt proteins following doxycyclin (a tetracycline derivative) induction of 
rtTA. However, both the total number of drug resistant clones and the fre-
quency of E1A-expressing clones were significantly higher when scoring for 
E1A CID clones. Cell clones with the highest level of inducible expression 
and the lowest level of background expression were selected for further stud-
ies. Titration experiments revealed that a gradual increase in E1A expression 
was seen with increasing amounts of doxycyclin (0-2 g/ml) for all cell 
lines. Importantly, in the linear phase, equal amounts of doxycyclin resulted 
in an at least ten-fold higher protein expression in E1A CID-expressing 
cells compared to E1Awt, although the control reporter plasmid, pTRELuc, 
indicated that transactivation by rtTA was identical in both cell lines (data 
not shown). 
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The difficulty to establish E1Awt-expressing clones and the relatively 
modest E1A expression in the ones obtained, indicated a cellular selection 
against high E1Awt expression. To evaluate the outcome of prolonged E1A 
expression, cells were analysed at different time points after induction. The 
levels of the E1Awt protein reached its maximum between 24 and 48 hours 
and thereafter declined. After 14 days of induction, only 10 % of the amount 
present at day one remained. In contrast, the level of the E1A CID protein 
continued to increase and remained relatively constant throughout the 14-day 
induction period. When doxycyclin was withdrawn for 14 days and cells 
were again induced for two days, only 20 % of the E1Awt expression level 
at day 1 was obtained, while the capacity of E1A CID-expressing cells to 
respond to doxycyclin remained the same. The same trend was also seen in 
the analysis of relative number of E1A-expressing cells determined by im-
munohistochemistry staining. No E1Awt-expressing cells were detected 
after 14 days of induction, while the number of E1A CID-expressing cells 
remained relatively constant over the initial induction period. This suggested 
that E1Awt-expressing cells were irreversibly lost and/or that E1Awt expres-
sion was permanently suppressed. The growth rates of the two cell lines 
were therefore determined over a period of eight days. The growth rate of 
E1Awt-expressing cells rapidly decreased after induction, and eventually 
levelled out at the time point where protein levels were decreased. Cells 
expressing E1A CID did not change growth potential upon induction, point-
ing to a more tolerable protein. The low number of E1Awt-expressing cells 
after prolonged induction indicated that these cells were eliminated at an 
early stage. 

The question arose whether an increased level of apoptosis in cells ex-
pressing E1Awt caused the decrease in growth rate and ultimately led to the 
loss of the E1A protein. E1A is known to be able to induce both p53-
dependent and p53-independent apoptosis. Induction of E1Awt increased 
p53 protein levels two-fold, while E1A CID rather decreased the levels of 
p53. This increase in p53 protein levels may contribute to increased apop-
tosis and loss of E1Awt-expressing cells. The effect of CtBP binding was 
also tested in E1A-induced sensitation to TNF -induced apoptosis, by the 
measurement of nucleosomal degradation after doxycyclin induction and 
TNF -treatment. In the cell line expressing E1Awt, a three-fold increase in 
the amounts of degraded nucleosomes was seen after 48 hours of induction. 
In contrast, the cell line expressing E1A CID showed minimal signs of nu-
cleosomal degradation. 

Increased levels of p53 can in itself lead to sensitation of TNF -induced 
apoptosis [249]. E1A is also known to upregulate the expression of four 
proapoptotic cofactors of p53; ASPP1, ASPP2, JMY and TP53INP1 [90],
which might further enhance the effect of p53. It is, however, not yet known 
how the increase in p53 is achieved, and it is possible that E1A can regulate 
p53 expression both at transcriptional and protein stability level. Further-
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more, the inhibition of CtBP activities can be further enhanced by the activa-
tion of p53 since phosphorylation of CtBP by the p21-activated kinase 1 
(Pak1), which is a downstream effector of p53, has been shown to cause 
cellular redistribution of CtBP and block of corepressor functions [9]. CtBP 
is also phosphorylated by HIPK2 upon induction of apoptosis leading to its 
proteasomal degradation [245].

Together, these results indicate that the ability of E1A to interfere with 
normal activities of CtBP has detrimental effects on the growth potential of 
the host cell, explaining the reduced growth rate of E1Awt-expressing cells 
indicative of higher levels of apoptosis. Prevention of CtBP binding to E1A 
alleviated some of the cytotoxic E1A activities, pointing to a contribution of 
CtBP binding in E1A-mediated apoptosis.  

Figure 6. Cooperation of N- and C-terminal activities results in E1Awt-induced 
apoptosis. Deletion of the CtBP binding domain results in sustained repression of 
proapoptotic genes by CtBP, enabling cells to resist apoptosis. 

This suggests a dual model for E1Awt-induced apoptosis; the apoptosis-
inducing activities of the first exon of E1A together with the inhibition of 
CtBP by the second exon will together induce apoptosis (Figure 6). CtBP 
binding therefore negatively modulates the proliferative activities of the N-
terminus, which are achieved by the multiple interactions with members of 
the p300/CBP and RB protein families. A functional CtBP protein, as pre-
sent in E1A CID-expressing cells, is enough to prevent apoptosis, supported 
by the observation that CtBP represses proapoptotic genes [77, 248].

The previous observation that E1A mutants unable to bind CtBP increases 
transformation and tumourigenicity [15, 189], might similarly be caused by 
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increased cell survival due to reduced apoptosis. Consequently, the trans-
formation-inducing activities encoded by the first exon of E1A and the tu-
mour suppressive activities encoded by the second exon might individually 
have mutually exclusive activities, but together cooperate to optimise the 
cellular activities for virus propagation. 

Established cell lines expressing only the second exon of E1A and the 
corresponding mutant lacking CID did not show any differences in expres-
sion levels and both E1A proteins were equally tolerated by the cells (data 
not shown), despite the ability to differently regulate a number of genes 
[206]. This suggests that activities dependent on the first exon of E1A, are 
necessary but not sufficient to confer cytotoxic properties to E1A, supporting 
the model of coupling between N- and C-terminal activities. 

Effects of CID on stability of E1A
The decrease in protein accumulation of the E1Awt protein could only par-
tially be explained by reduced mRNA accumulation. The larger decrease in 
protein levels therefore indicated that either the translation efficiency or the 
stability of the E1A proteins were different. To evaluate if there was a dif-
ference in the half-life of E1Awt and E1A CID proteins, cells were grown 
in the presence of the protein synthesis inhibitor Anisomycin, which allows a 
tracking of the protein degradation by Western blot. The wild type protein 
was rapidly degraded with a half-life of less than three hours, whereas the 
mutant protein was more stable, showing a half-life of five hours. Treatment 
with the proteasome inhibitor MG-132 resulted in increased accumulation of 
E1Awt, while E1A CID accumulation remained unaffected or even de-
creased. This indicates that the wild type protein is degraded to a larger ex-
tent by the proteasome, and suggests that sequences in the extreme C-
terminus of E1A also affect the stability of the protein.  

Transcriptional regulators are usually rapidly turned-over and the half-life 
of E1A is known to vary from 30 minutes to two hours during a virus infec-
tion, possibly dependent on the host cell [200, 216]. However, the stability of 
E1A during a virus infection and in 293 cells differ significantly [200], possi-
bly due to the absence of other viral proteins in the established cell line. 
Degradation does not seem to depend on prior ubiquitination, but rather 
phosphorylation of PEST sequences, primarily in the C-terminus, that targets 
the protein to the proteasome and determines the stability of the protein [216].
One of the defined PEST sequences is located in CR3 resulting in lower 
stability of the E1A-289R protein [200], also in accordance with Paper II. 
Even though the 14-amino acid deletion in E1A CID does not overlap with 
any of the defined PEST sequences it is possible that it contains additional 
sequences that influence protein stability. Alternatively, the more rapid deg-
radation of E1Awt might be a secondary effect of increased apoptosis, since 
E1A-289R also is cleaved by Caspase 3 during apoptosis [76].
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The ubiquitin-proteasome system (UPS) can regulate transcription by 
several means, resulting in both activation and repression [127, 144]. The sim-
plest model is that recruitment of the UPS and degradation reduces transcrip-
tional activity by reducing the level of a specific activating transcription 
factor. However, in many transcription factors, the transcription activation 
domain (TAD) and sequences conferring proteolysis overlap [185] and re-
cruitment of the UPS is required to activate transcription. Degradation is 
always dependent on DNA binding and might be an important step in PIC 
assembly or promoter clearance. Many transcription factors also have E3 
ligase activity. Proteasomal components have been detected on promoters 
and might in addition be needed as scaffolds for the recruitment of important 
factors. E1A is able to bind Sug1 and S4, which are regulatory components 
of the 19S proteasome, via the N-terminus. This reduces the ATPase activity 
of these subunits resulting in decreased proteasomal degradation of p53 [216],
but if these interactions are needed for E1A-mediated transcriptional regula-
tion remains to be investigated. 

Sequestering of CtBP activates early viral promoters 
Despite the fact that CtBP binding seems to contribute to the cytotoxicity of 
E1A, the interaction may have important functions during an adenovirus 
infection. The CtBP binding motif in E1A is conserved in several human and 
primate adenoviruses [29], and one possibility is that the binding of CtBP is 
an essential step in the E1A-induced activation of viral promoters. Earlier 
experiments have shown that the second exon of E1A can activate the ade-
noviral E4 promoter through a CtBP binding-dependent mechanism [206].
We show here that wild type E1A efficiently activated the E1B and E4 pro-
moters two- and five-fold, respectively, while mutants lacking the CtBP 
binding domain showed decreased activation capacity. This indicates that 
sequestering of CtBP contributes to E1A-induced activation of the native 
viral E1B and E4 promoters. E1A probably activates the E1B and E4 pro-
moters by different mechanisms. The modest activation of the E1B promoter 
might be explained by its simple composition, containing only one binding 
site for the transcription factor Sp1 in addition to the TATA box [163, 235].
Importantly, CtBP has recently been shown to interact with the Sp1 tran-
scription factor [72], which could contribute to the activation by E1A through 
a derepression mechanism. The E4 promoter, on the other hand, contains 
several binding sites for ATF2 and E4F transcription factors, which are both 
targets for E1A-mediated activation [100, 179]. In addition, preliminary data 
suggests that CtBP can bind ATF2 (data not shown), but if CtBP works as a 
repressor of ATF2-dependent transcription remains to be investigated.  
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Impact of CtBP binding on targets for adenovirus E1A-
mediated transcription regulation (Paper I) 
Microarray analysis of E1A-expressing cells 
The adenoviral E1A proteins contain functions to deregulate the cell cycle 
and activate early viral genes to ensure optimal virus replication. This is 
achieved through interactions with a variety of transcription factors and 
modulations of target gene expression [57]. The ability to target transcrip-
tional regulatory processes at all levels results in regulation of genes in-
volved in a wide range of cellular processes. Only a little is known about 
cellular targets for E1A-mediated transcriptional regulation, and most studies 
are done on the transformed 293 cell line also expressing E1B proteins.  

To examine global changes in host cell mRNA expression during E1A 
expression, a microarray strategy was initiated. Microarray technology al-
lows the screening of many target genes simultaneously. By comparison of 
mRNA amounts in a test and a reference sample, the relative fold of activa-
tion or repression can be calculated in the test sample. By comparing gene 
expression patterns in E1Awt- and E1A CID-expressing cells, we are also 
able to compare CtBP binding effects and possibly identify new CtBP target 
genes that might explain the different tolerance for E1Awt and E1A CID 
seen in Papers I and II.

RNA from cells expressing equal amounts of E1A protein was used as 
template for cDNA synthesis and labelling. To avoid problems with potential 
leakage of E1A expression in the absence of doxycyclin, but also the effects 
caused by doxycyclin itself, RNA from the induced parental U2OS TetON-
10 cell line was used as a reference for both E1A-expressing cell lines. Since 
the time course experiments of E1Awt showed a poor tolerance for conti-
nous expression, global changes in host mRNA expression were analysed at 
24 hours, prior to the decline in E1Awt expression. Out of 7500 cDNAs, 125 
genes were selected through SAM (Significance Analysis of Microarrays)-
analysis [218] as regulated at least 1.5 fold by E1Awt and/or E1A CID ex-
pression. Out of 96 genes demonstrating regulated expression in E1Awt- 
and/or E1A CID-expressing cells, 67 genes (70 %)  were similarly regulated 
by E1Awt and E1A CID, suggesting that the majority of the E1A-
responsive genes were not affected by the binding of CtBP, but mainly re-
sponded to regulation by the first exon of E1A.  

Regulated genes were involved in different cellular processes, such as 
transcription, regulation of the cell cycle and proliferation, apoptosis, macro-
molecular metabolism, intracellular sorting and transport and various types 
of signaling, confirming the idea that E1A can regulate a wide range of cel-
lular processes. Genes involved in cell cycle regulation were exclusively 
similarly regulated, whereas the transcription factors demonstrated the high-
est proportion of different regulation. Several previously known E1A targets 
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were among the regulated genes. The cdk inhibitor CDKN1A (p21) [37] was 
repressed in both E1Awt and E1A CID cells. Similarly, CCND1 (cyclin 
D1) [201], which was also found to be repressed by microarray analysis of 
early adenovirus type 2 infected cells [252], was repressed by both E1Awt 
and E1A CID. These confirmations validated the experimental setup. 

However, 29 genes showed differential regulation by the two proteins. 
The differences in expression patterns were consistent with the characterisa-
tion of cells expressing E1A mutants, lacking the capacity to bind CtBP, as 
hypertransforming [15, 189] and less prone to undergo apoptosis (Paper II). 
Differently expressed genes included the activated leukocyte cell adhesion 
molecule, ALCAM, which is known to be upregulated in several kinds of 
tumours [114, 225] and the M-phase phosphoprotein, MPHOSPH1, which is 
involved in transport of Golgi membranes along microtubules and is upregu-
lated in B-cell lymphomas [154]. Both of these genes were not detectable in 
E1Awt-expressing cells but upregulated by E1A CID. Connective tissue 
growth factor (CTGF) has previously been shown to be upregulated in E1A-
positive human bronchial epithelial cells [156] and has been shown to inhibit 
metastasis and invasion of human lung adenocarcinomas [22]. The receptor 
tyrosine kinase AXL, which is structurally similar to cell adhesion mole-
cules, has been shown to be lost in small cell lung cancer [231]. Both of these 
genes are upregulated by E1Awt and downregulated by E1A CID, which is 
consistent with the tumour suppressive properties of E1Awt. Cytoskeleton 
integrity is regulated by a family of RhoGTPases. Rnd1, Rnd2 and Rnd3 
have been linked to actin cytoskeleton rearrangements during transformation 
and overexpression correlates to loss of adhesion and break-down of stress 
fibers resulting in increased tumourigenicity [23]. Cellular transformation by 
E1A mutants deleted in the second exon results in loss of cell-cell adhesion 
junctions and has implicated members of the Rho family of GTPases as ef-
fectors during transformation [56]. Rnd1 (Rho6) was previously shown to be 
upregulated in U2OS cell lines expressing a 100-amino acid fragment of 
E1A lacking the CtBP binding site [206]. Here, we show that expression of 
Rnd1, Rnd2 and Rnd3 was specifically upregulated in E1A CID-expressing 
cells, again concurring with the hypertransforming phenotype of E1A CID-
expressing cells.  

Microarray analysis in CtBP knock-out cells identified several proapop-
totic genes as regulated by CtBP [77]. Specifically, an overexpression of sev-
eral epithelial cell specific keratins was found in knockout cells and could be 
repressed by the rescue of CtBP [77]. E1Awt was found to activate expres-
sion of KRT14 and also caused a four-fold stronger up regulation of KRT8 
compared to E1A CID. This pronounced upregulation of KRT8 by E1Awt 
is in line with the observation that several epithelial keratins are suppressed 
in tumours [62].
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Analysis of potential transcription factor binding sites in E1A- 
regulated genes 
Although E1A has multiple targets for transcriptional regulation, the shift in 
specificity due to loss of CtBP binding might be reflected in promoter com-
position of regulated genes. To be able to explain the differences in gene 
regulation by the two proteins, sequences of the ( 500 to +1) promoter region 
of the regulated genes were retrieved using the EZ-Retrieve tool [244]. These 
sequences were thereafter scanned for potential transcription factor binding 
site using the TFSearch tool (http://www.cbrc.jp/research/db/ 
TFSEARCH.html), and compared to 157 randomly selected E1A-
unresponsive genes within the data set. For many of the transcription factors, 
potential binding sites were about two times more frequent in the promoters 
of E1A-regulated genes compared to the unregulated genes reflecting the 
many mechanisms by which E1A regulates gene expression. In general, this 
may also point to differences between genes subjected to fluctuations in 
expression and genes with more stable expression pattern. 

Based on the classification of CtBP as a transcriptional corepressor, we 
assumed that some genes specifically activated by E1Awt might represent 
natural targets for CtBP-mediated repression. Genes upregulated by E1Awt 
and repressed by E1A CID showed an overrepresentation of binding sites 
for c-Ets, Ikaros and/or EF1 in their promoters compared to genes similarly 
regulated by E1Awt and E1A CID. Significantly, these transcription repres-
sors have been shown to work through binding to CtBP [35, 64, 107]. Thus, 
sequestering of CtBP by E1A seems to result in derepression, in accordance 
with previous results [207].

E1A is also known to induce apoptosis through modulation of NF B-
dependent transcription [32, 120]. Even if the overall prevalence of NF B
binding sites was approximately the same in E1Awt- and E1A CID-
regulated genes, they were underrepresented in the genes specifically regu-
lated by E1A CID. The increased tolerance for E1A CID might partly be 
caused by a failure to target NF B-dependent genes involved in apoptosis. 

Binding sites for E2F were twice as frequent in genes upregulated by 
E1Awt, showing functional inactivation of RB by the first exon of E1A. 
However, genes upregulated by E1A CID did not show higher frequency of 
E2F binding sites, indicating that CtBP binding also modulates the regula-
tion of RB/E2F complexes. Targeting of CtBP to RB through CtIP [141]
might be a contributing factor to RB-mediated repression of E2F target 
genes. E1A has also been shown to facilitate the p300-dependent acetylation 
of RB by simultaneously binding to p300/CBP [20]. Thus, it is possible that 
some of the observed differences reflect a delicate balance in the interaction 
between E1A and coactivators/corepressors, which influences targets for 
E1A-dependent regulation of transcription. 
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However, it is likely that also CtBP-independent pathways regulate some 
of the genes identified as differently regulated by E1Awt and E1A CID.
The second exon of E1A has also been shown to bind the Dual-specificity 
tyrosine(Y)-regulated kinase (DYRK) Yak1p, whose interaction was 
mapped to amino acids 187-221 and 239-284 [251]. E1A was also shown to 
bind to two other members of the DYRK family of kinases, DYRK1a and 
1b, and stimulate their kinase activity [251]. However, this interaction was 
not mapped but probably also engaged the C-terminus of E1A. Further ex-
periments are required to determine whether the inability of E1A to bind 
CtBP might facilitate alternative interactions engaging the C-terminal region 
of the E1A protein.  

Characterisation of CtBP-mediated transcriptional 
repression (Paper III) 
Repression by promoter-recruited CtBP can be efficiently studied using fu-
sions to the DNA binding domain of the yeast transcription factor Gal4 [35,
107, 141, 167, 206] and promoter constructs containing Gal4 binding sites in 
addition to various other regulatory elements. By comparing structurally 
different promoter constructs, indications on the mechanism of CtBP-
mediated repression can be obtained. 

Promoter-targeted Gal4CtBP was able to efficiently repress transcription 
from different reporter constructs of varying complexity when cotransfected 
into U2OS cells. Repression was equally effective on reporters containing 
strong enhancer elements, (the SV40 enhancer and thymidine kinase (tk) 
promoter) and simpler constructs, (the minimal adenovirus E1B promoter 
containing only a simple TATA-box, and a construct containing the initiator 
sequence (-46 to +62) from the PCNA-promoter). This independence on 
upstream binding of DNA sequence-specific transcription factors or coregu-
lators suggested that CtBP might act at the basal transcription machinery and 
not by interfering with the function of upstream binding activators. 

The ability to interfere with the basal transcriptional machinery requires 
promoter-proximal localisation of the regulator. The question whether CtBP-
mediated repression required localisation close to the promoter was ad-
dressed in two ways. The comparison of the effect of Gal4CtBP on the tk 
reporter (G5tkLuc) and the corresponding reporter lacking the five Gal4 
binding sites (tkLuc), showed that Gal4CtBP efficiently repressed the Gal4 
binding site-containing promoter but showed severely reduced capacity to 
repress the promoter lacking the Gal4 binding sites. Moreover, the efficiency 
of repression decreased as the distance between the transcription initiation 
site and the Gal4 binding sites were increased by the insertion of non-coding 
plasmid vector DNA. This again suggests that CtBP targets the basal tran-
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scription machinery for repression. A probable mechanism might be that 
CtBP interferes with the assembly of the PIC and/or promoter clearance, and 
is supported by the fact that CtBP has been shown to bind to both TBP and 
TFIID in vitro [108]. Although little is known about distance dependent re-
pression in the mammalian system it is noteworthy that the Drosophila CtBP 
homologue has been suggested to belong to the group of ”short range” rep-
ressors of transcription [153].

The mechanism of CtBP-mediated repression – An interplay 
between HDACs and HATs 
In order to map the repression domain of CtBP and address the mechanism 
of Gal4CtBP-mediated repression, a series of deletion mutants were created. 
Amino acids 1-173 of CtBP were identified as the minimal repressor domain 
of several different reporters although amino acids 1-267 of CtBP reproduci-
bly gave a slightly stronger repression than both Gal4CtBP and Gal4CtBP(1-
173). Surprisingly, a central domain of CtBP, spanning amino acids 284 to 
374, demonstrated a significant capacity to activate transcription. This acti-
vator domain was not apparent in the context of full length Gal4CtBP, sug-
gesting that the N-terminal repressor domain might mask the activity of this 
activator domain.

The mechanism of CtBP-mediated repression is still unclear but seems to 
involve targeting of chromatin remodeling complexes through histone deace-
tylases and histone acetyl transferases. Endogenous CtBP interacted with 
HDAC1 in vivo and recruited histone deacetylase activity from HeLa cell 
nuclear extracts in an in vitro assay to the same level as HDAC1 and 
mSin3A. The binding to HDAC1 was mapped to amino acids 1-267 of CtBP 
and probably accounts for the efficient repression achieved by the N-
terminus of CtBP. In vitro binding assays showed that p300/CBP primarily 
bound the C-terminus of GSTCtBP, which could explain the activation by 
the C-terminal mutants. A weak binding by a separate domain of p300 to the 
N-terminus of CtBP was also detected. Furthermore, GSTCtBP and 
GSTCtBP(1-267) was able to inhibit recombinant p300-dependent acetyla-
tion of purified histones in an in vitro assay, while GSTCtBP(284-373) had 
no effect on acetylation efficiency. 

Together, this supports the hypothesis that the interaction between CtBP 
and histone modifying enzymatic complexes is important for the in vivo
function of CtBP, and we propose a model for CtBP-mediated repression as 
a combination of recruitment of HDAC activity and inhibition of HAT activ-
ity (Figure 7). The N-terminus of CtBP efficiently recruits HDAC1. By us-
ing both N-terminal and C-terminal sequences, CtBP can bind two separate 
domains of p300, and the outcome of these interactions might differ depend-
ing on which domain of CtBP that participates in the targeting. It seems that 
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binding through the N-terminal repressor domain inhibits p300/CBP activity, 
whereas p300/CBP recruited to the C-terminal activating domain retains its 
HAT activity. A similar mechanism has been suggested for Jun dimerisation 
protein, JDP2, a repressor and member of the AP1 family of transcriptional 
regulators. JDP2 forms homo- or heterodimers with Jun/ATF family mem-
bers and counteracts their transcriptional activity by a combination of re-
cruitment of HDACs and inhibition of HATs [162].

Figure 7. The interplay between Gal4CtBP-recruited chromatin remodeling com-
plexes. A. CtBP-mediated repression is a combination of recruitment of HDAC 
activity and inhibition of HAT activity. A, activator; R, repressor. B. When the N- 
and C-terminal domains of CtBP are expressed alone, they confer transcriptional 
repression and activation, respectively.  

The importance of the observed in vivo interaction between CtBP and 
HDACs remains unclear. Gal4CtBP mediated repression is in many cases 
insensitive to addition of the histone deacetylase inhibitor Trichostatin A 
(TSA) [35, 98, 107, 206]. In contrast, sequestering of endogenous CtBP by the 
expression of E1Aexon2 efficiently derepressed the native PCNA promoter, 
which could be further activated two-fold by TSA [206], indicating that there 
might be a mechanistical difference between CtBP repression obtained by 
Gal4CtBP fusions and repression by CtBP targeted through molecular inter-
action with promoter-bound transcription factors. CtBP has been shown to 
repress through HDAC-independent repression mechanisms through the 
interaction with corepressors mSin3A and CtIP [108]. Promoter recruitment 
of endogenous wild type CtBP using Gal4ctE1A, a Gal4 fusion protein ex-
pressing the CtBP binding domain of adenovirus E1A showed the same 
proximity-dependence as Gal4CtBP (data not shown). However, it is still 
possible that CtBP represses artificial promoter constructs by different 
mechanisms depending on the distance between the Gal4 binding sites and 
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the start site but also the presence of other regulatory elements and recruited 
factors.

The CtBP - p300/CBP interaction has been shown to be dependent on the 
PXDLS motif in the bromodomain of p300/CBP [106] and thus to require the 
PXDLS interacting domain in the N-terminus of CtBP [140]. However, it is 
possible that the interaction with the C-terminus is equally important for the 
in vivo function of CtBP. CtBP is targeted to promoters through the binding 
to PXDLS-containing DNA binding repressor proteins. While on the pro-
moter, CtBP is able to confer repression, either by recruiting HDACs and/or 
inhibiting HATs. The capacity of CtBP to dimerise may be involved in the 
simultaneous PXDLS-dependent binding to transcription factors and histone 
modifying complexes. However, such complexes have not been demon-
strated and it is therefore possible that additional regions of CtBP are in-
volved in recruitment of different factors. 

Adenovirus E1A is known to activate transcription by interfering with 
CtBP-mediated repression [206]. When the Gal4CtBP mutants were coex-
pressed together with E1A (constitutively expressed in 293 cells or trans-
fected into U2OS cells) the repression by fullength Gal4CtBP and the N-
terminal mutants was completely alleviated. Furthermore, fullength CtBP 
was even able to activate transcription in the presence of E1A, in agreement 
with previous results with Drosophila CtBP [167]. This indicates that CtBP 
might be able to act as an activator under conditions when the activities of 
the repressor domain are impaired. This hypothesis is supported by our ob-
servation that cell lines expressing E1A in addition to derepression, demon-
strated repression of a number of target genes ([206] and Paper I). In contrast, 
expression of E1A did not prevent the ability of Gal4CtBP(284-373) and 
Gal4CtBP(284-440) to activate transcription. Gal4CtBP(284-373)-mediated 
activation was - in a dose-dependent manner - enhanced by the overexpres-
sion of CBP, supporting the model of recruitment of p300/CBP by the C-
terminus of CtBP for increased histone acetylation and transcriptional activa-
tion. Importantly, overexpression of p300/CBP could not prevent the tran-
scriptional repression by Gal4CtBP and Gal4CtBP(1-267), probably due to 
their dual ability to both recruit HDACs and inhibit HATs. Further analyses 
are required to determine the relevance of the activation domain for the func-
tion of the wild type CtBP protein.  
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CONCLUDING REMARKS 

Both Papers I and II present important modulation of E1A activities by the 
binding of CtBP to the C-terminus. The altered transcriptional regulation 
capacity triggered by the deletion of the CtBP binding domain of E1A re-
sults in measureable effects on cell growth, apoptosis and transformation. 
Furthermore, Paper III identifies the involvement of HAT and HDAC com-
plexes in CtBP-mediated transcriptional repression, pointing also to the im-
portance of chromatin remodeling for E1A-mediated transcriptional regula-
tion.

The ability of E1A to bind CtBP is conserved in all adenovirus serotypes 
but it is still not entirely clear why E1A has evolved to counteract the activi-
ties of CtBP. Although adenovirus E1A mutants unable to bind CtBP do not 
show dramatic phenotypic alterations, it remains to be established how the 
E1A-CtBP interaction contributes to optimise the conditions for the viral 
infection in natural hosts. One possible explanation is that CtBP represses 
the activity of transcription factors involved in the activation of viral genes, 
for example Sp1 and ATF2, and that inhibition of CtBP contributes to a pro-
ductive viral infection through derepression. In another possible scenario, 
E1A recruits CtBP for repression of specific genes negatively influencing 
viral proliferation, which seems to be the case during Epstein-Barr virus 
(EBV) infection where EBNA3A and EBNA3C recruit CtBP to achieve 
transcriptional repression, which also enhances transformation together with 
ras [91, 213].

Acetylation and deacetylation might not only determine the structure of 
histones and the accessibility of specific genes but also the activity of regula-
tory proteins, as for p53 where acetylation enhances DNA binding, facili-
tates coactivator recruitment and increases the stability of the protein [17].
E1A binds proteins recruiting both HATs and HDACs and it is possible that 
the activity of E1A itself is subjected to a fine-tuned regulation mediated by 
the acetylation state of the protein. E1A is acetylated by p300/CBP at the 
Lys239 residue, immediately following the PLDLS sequence [131, 247]. This 
lysine residue is a critical element in the C-terminal nuclear localisation sig-
nal and its acetylation was found to inhibit binding to importin-  and block 
nuclear localisation [131] and possibly also binding to CtBP [247]. Through 
interactions with E1A, p300/CBP may also gain access to and acetylate 
E1A-interacting factors, such as YY1 [236], SP1 [94] and p21 [27]. Similarly, 
the acetylation of CtBP or a CtBP-interacting factor might be important for 



46

the mechanism of CtBP-mediated repression. The binding of CtBP to the 
nuclear hormone receptor corepressor RIP140 is disrupted by the acetylation 
of RIP140 [232]. E1A also recruits acetyl transferase activity to RB [20], re-
sulting in cellular differentiation [151]. Thus, the different effects of E1Awt 
and E1A CID might be explained by the shift in the balance of acetylation 
and deacetylation due to the different ability to recruit HATs and/or HDACs 
via CtBP. 

Many viral oncogenes modulate key cellular processes to ensure efficient 
viral replication and are therefore useful tools to learn more about cellular 
mechanisms and their regulating proteins. The study of E1A and CtBP can 
give important information on CtBP functions in the uninfected cell. E1A 
shares some properties of CtIP. In addition to a PLDLS sequence both pro-
teins contain the conserved RB-interacting domain, LXCXE. It is possible 
that E1A has evolved to interfere with RB and CtBP activities during an 
adenovirus infection by functioning as a homologue to CtIP. Through these 
interactions, the CtBP-CtIP repressor complex can modulate the activity of 
RB and the tumour suppressor BRCA1, linking CtBP to cell cycle control. 
Additional CtBP target genes might be identified from the microarray data 
set that can explain the different effects of E1Awt and E1A CID on cell 
growth, apoptosis and transformation. The expression patterns of these genes 
during loss and gain studies of CtBP can be determined. 

The molecular mechanisms of CtBP-mediated repression are still rela-
tively unclear. Possibly, CtBP recruits histone modifying complexes to re-
press some promoters, but interferes with PIC formation and/or promoter 
clearance on others, explaining the different effects of the HDAC inhibitor 
TSA. These events can be distinguished between using the Chromatin Im-
munoprecipitation (ChIP) technique, which allows the determination of the 
presence of specific regulatory proteins at promoters. In addition, the levels 
of histone acetylation and methylation can be similarly obtained, giving indi-
rect information on the activity of a gene. 
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