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Abstract
Östberg, S. 2014. Functional Characterization of the Evolutionarily Conserved Adenoviral
Proteins L4-22K and L4-33K. Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 1062. 74 pp. Uppsala: Acta Universitatis Upsaliensis.
ISBN 978-91-554-9132-1.

Regulation of adenoviral gene expression is a complex process directed by viral proteins
controlling a multitude of different activities at distinct phases of the virus life cycle. This thesis
discusses adenoviral regulation of transcription and splicing by two proteins expressed at the late
phase: L4-22K and L4-33K. These are closely related with a common N-terminus but unique
C-terminal domains. The L4-33K protein is an alternative RNA splicing factor inducing L1-IIIa
mRNA splicing, while L4-22K is stimulating transcription from the major late promoter (MLP).
The L4-33K protein contains a tiny RS-repeat in its unique C-terminal end that is essential
for the splicing enhancer function of the protein. Here we demonstrate that the tiny RS-repeat
is required for localization of the protein to the nucleus and viral replication centers. Further,
we describe an auto-regulatory loop where L4-33K enhances splicing of its own intron. The
preliminary characterization of the responsive RNA-element suggests that it differs from the
previously defined L4-33K-responsive element activating L1-IIIa mRNA splicing.

L4-22K lacks the ability to enhance L1-IIIa splicing in vivo, and here we show that the protein
is defective in L1-IIIa or other late pre-mRNA splicing reactions in vitro. Interestingly, we
found a novel function for the L4-22K and L4-33K proteins as regulators of E1A alternative
splicing. Both proteins selectively upregulated E1A-10S mRNA accumulation in transfection
experiments, by a mechanism independent of the tiny RS-repeat.

Although L4-22K is reported to be an MLP transcriptional enhancer protein, here we
show that L4-22K also functions as a repressor of MLP transcription. This novel activity
depends on the integrity of the major late first leader 5’ splice site. The model suggests that at
low concentrations L4-22K activates MLP transcription while at high concentrations L4-22K
represses transcription.

So far, characterizations of the L4-22K and L4-33K proteins have been limited to human
adenoviruses 2 or 5 (HAdV-2/5). We expanded our experiments to include HAdV-3, HAdV-4,
HAdV-9, HAdV-11 and HAdV-41. The results demonstrated that the transcription- or splicing-
enhancing properties of L4-22K and L4-33K, respectively, are evolutionarily conserved and
non-overlapping. Thus, the sequence-based conservation is mirrored by the functions, as
expected for functionally important proteins.
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Abbreviations 

3RE IIIa repressor element  
3VDE IIIa virus-infection dependent splicing enhancer  
A Adenine  
Adpol Adenoviral DNA polymerase  
ALS Amyotrophic lateral sclerosis  
ARD Acute respiratory disease  
C Cytidine  
CAR Coxsackie-adenovirus receptor  
CMV Cytomegalovirus  
CTD Carboxy-terminal domain of RNA pol II  
C-terminal Carboxy-terminal  
DBP DNA binding protein  
DNA Deoxyribonucleic acid  
E1 etc.  Early region 1 of adenovirus etc.  
eGFP Enhanced green fluorescent protein  
eIF Eukaryotic initiation factor  
EKC Epidemic keratoconjunctivitis  
ESE Exonic splicing enhancer  
ESS Exonic splicing silencer  
GTF General transcription factor  
G Guanine  
HAdV-x/n Human adenovirus species x/type n  
HEK Human embryonic kidney (cells)  
HGPS Hutchinson-Gilford progeria syndrome  
hnRNP Heterogeneous nuclear ribonucleoprotein  
IGC Interchromatin granule clusters  
Inr Initiator  
ISE Intronic splicing enhancer  
ISS Intronic splicing silencer  
kbp Kilo basepairs  
kDa Kilodalton  
L1 etc. Late region 1 of adenovirus etc.  
L4P L4 promoter  
MLP Major late promoter  
MLTU Major late transcription unit  
miRNA Micro RNA  



 

mRNA 
MDa 

Messenger RNA 
Megadalton 

 

NLS Nuclear localization signal  
N-terminal Amino-terminal  
ORF Open reading frame  
PABP Poly(A) binding protein  
PAP Poly(A) polymerase  
PTB Polypyrimidine-tract binding protein  
PIC Preinitiation complex  
PKR Protein kinase R  
PPY  Polypyrimidine tract  
Pre-mRNA Precursor mRNA  
Pri-miRNA Primary miRNA  
pTP Precursor terminal protein  
rRNA Ribosomal RNA  
RNA pol n RNA polymerase n  
RNA Ribonucleic acid  
Rpb RNA pol II B subunit  
RRM RNA recognition motif  
RS-domain Arginine- and serine-rich domain  
Sern Serine at position n  
SF1 
SINEs 
siRNA 

Splicing factor 1 
Short interspersed elements 
Small interfering RNA 

 

SMN Survival of motor neuron  
snRNA Small nuclear RNA  
snRNP Small nuclear ribonucleoprotein particle  
SR protein Serine-arginine rich protein  
SRSFn Serine-arginine rich splicing factor n  
ss Splice site  
TBP TATA-binding protein  
TFIIX Transcription factor pol II X  
tRNA Transfer RNA  
T Thymine  
VA Virus associated  
U2AF U2 snRNP auxiliary factor  
UPE Upstream promoter element  
USF Upstream stimulatory factor  
VA RNA Virus-associated RNA  
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Introduction 

Animals and plants are eukaryotic organisms, made up of a complex net-
work of different cell types. These cell types all share the same set of genes 
and are derived from the same precursor; the fertilized cell, yet they show 
different and specific characteristics. This diversity in cell function is due to 
the intricate regulation of complex processes such as transcription, post-
transcriptional processing, and translation. These processes are differentially 
regulated between cell types, but also during the lifetime of a single cell. The 
precise regulation of gene expression is therefore an absolute requirement 
for the eukaryotic organism.  

Our chromosomes consist of 46 double-stranded DNA molecules that to-
gether contain around 24,000 protein-coding genes. These genes are tran-
scribed by a DNA-dependent RNA polymerase to produce a precursor mes-
senger RNA. This pre-mRNA is subject to various post-transcriptional modi-
fications including 5’-capping, 3’-polyadenylation and, most importantly for 
this thesis, RNA splicing. The process of splicing includes cutting and join-
ing of the pre-mRNA at precise sites, thus forming a mature mRNA. The 
mRNA is then exported from the nucleus to the cytoplasm where it is trans-
lated by the ribosome into an amino-acid sequence, which is folded into the 
final gene product; the protein. 

Eukaryotic cells can be infected by different pathogens, such as bacteria, 
parasites or viruses. A virus can be thought of as something in between a life 
form and a molecular machine. It is an obligate parasite, relying on a host 
cell in order to replicate. In its simplest form it is composed of an RNA or 
DNA genome encapsidated by a protein shell. The virus enters the cell and 
in most cases takes control of the host cells transcription, pre-mRNA pro-
cessing and translation machineries, thereby turning the host cell into a veri-
table virus-replicating factory. The viral genome is limited to a certain size 
in order to fit into a capsid; therefore it relies heavily on the differential pro-
cessing steps to maximize its own coding potential.  

Adenovirus is a common virus infecting various vertebrates, including 
humans. Its gene expression is strictly temporally regulated. The present 
thesis focuses on the characterization of the adenoviral proteins L4-22K and 
L4-33K, which both take an important part in the temporal regulation of the 
adenoviral life cycle. 



 14 

Transcription 

Before the genetic information stored in our DNA can be translated into 
functional proteins, an intermediate message consisting of RNA must be 
produced. The DNA is transcribed into a pre-mRNA by a large enzyme 
complex called the RNA polymerase II (RNA pol II). 

The polymerase 
Bacteria and archaea use a single type of RNA pol, whereas all eukaryotes 
use (at least) three nuclear RNA polymerases. These are evolutionarily con-
served with common structural framework and mechanisms, which suggests 
that they are derived from a last universal common ancestor before life was 
split into the three branches of bacteria, archaea and eukarya (1).  

The polymerases are specialized to transcribe distinct sets of genes (Table 
1) (2). RNA pol I transcribes genes coding only for ribosomal RNA (rRNA), 
while RNA pol III can produce a variety of transcripts: 5S ribosomal RNA 
(5S rRNA), transfer RNA (tRNA), primary miRNAs (pri-miRNA) and some 
other small RNAs (7SL RNA, U6 snRNA). In contrast, RNA pol II produces 
protein-coding pre-mRNAs, pri-miRNAs and small nuclear RNAs (snR-
NAs), and is of main interest to this thesis (3). Structural analyses of RNA 
pol II subunits suggest that the ancestral RNA pol is bacterial, from which 
the archaeal RNA pol was evolved (Figure 1). In eukaryotes, RNA pol II is 
the closest relative to archaeal and bacterial polymerases, and RNA pol I and 
RNA pol III are thought to have evolved from RNA pol II (4). Remarkably, 
in plants there are two additional polymerases; IV and V, which coordinate 
gene-silencing processes and appear to have evolved from RNA pol II (3, 5). 

Table 1. Nature and function of RNA pols and their transcribed products. 

RNA pol Transcribed product Function 
I rRNA Catalytic RNA of ribosomes 
II mRNA, miRNA, small RNAs, 

long non-coding RNAs 
Protein-coding pre-mRNA, 
modifying and regulating 
RNAs, gene silencing 

III rRNA, tRNA, miRNA, SINEs Gene silencing, protein trans-
lation, regulation 

IV (plants) siRNA precursors  Gene silencing  
V (plants) small RNAs Gene targeting of siRNAs 
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Figure 1. Proposed evolutionary tree of RNA polymerases. 

Despite the structural homology between bacterial and eukaryotic RNA pols, 
the regulation of transcription by these enzymes differs substantially. While 
the eukaryotic RNA pol II relies on temporal changes in its phosphorylated 
status, the bacterial RNA pol needs no such modification. There are very few 
bacterial and eukaryotic transcription factors that share any features, even if 
they have overlapping functions (6). 

The RNA pol II in eukaryotes consists of 12 subunits: Rpb1-Rpb12, to a 
total mass of more than 500 kDa (7). The largest subunit, Rpb1, has a C-
terminal domain (CTD) which is essential for transcription in vivo as remov-
ing major parts of the CTD is detrimental for the fruit fly (D. melanogaster) 
viability (8, 9). Interestingly, some gene promoters can be in vitro tran-
scribed without the presence of a CTD, for example the adenovirus major 
late promoter (MLP) (10). The human RNA pol II CTD contains 52 con-
served amino acid heptad repeats, YSPTSPS. Intriguingly, the YSPTSPS 
sequence contains two serine residues, Ser2 and Ser5, which undergo exten-
sive phosphorylation/dephosphorylation adjustments during gene transcrip-
tion. In the initiating steps of transcription, the CTD is hypophosphorylated 
(11). After transcription preinitiation complex (PIC) formation, the general 
transcription factor IIH (TFIIH) phosphorylates Ser5 in the heptad repeat, 
which triggers RNA pol II transition from initiation to elongation (10, 12, 
13). Shortly after initiation of elongation, Ser5 is dephosphorylated and in-
stead Ser2 becomes hyperphosphorylated (11, 14). In addition to Ser2 and 
Ser5, also Ser7 can be phosphorylated during gene transcription, however 
the exact role of this modification is less known (15, 16). 
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The promoter 
RNA pol II transcription is usually initiated by the binding of a sequence-
specific activator protein to a DNA enhancer element which leads to a se-
quential assembly of general transcription factors (GTFs) and the RNA pol II 
on the promoter (17–19). 

The core promoter extends around 40 bp upstream and 40 bp downstream 
of the transcription start site and can be further divided into specific regions 
(20). The initiator (Inr) contains the transcription start site, and is recognized 
and bound by a subunit of the TFIID complex (21, 22). Another subunit of 
this protein, the TATA-binding protein (TBP), binds to the TATA-box, 
which is located approximately 30 nt upstream of the start site. The TATA-
box has a consensus sequence of TATAWAAR1 and is conserved among 
eukaryotes. Promoters can be divided into TATA-containing and TATA-less 
promoters. TATA-containing promoters are by far the most studied but only 
account for 20-30 % of all eukaryotic promoters (20, 23, 24). Interestingly, 
TATA-containing promoters are often associated with stress response and 
are extensively regulated (25, 26), while TATA-less promoters often control 
transcription from housekeeping genes (27). 

Initiation 
Thousands of transcription factors have been identified in the human ge-
nome, revealing the importance of gene transcriptional regulation (28). Eu-
karyotic chromosomes are covered by nucleosomes, which are the basic 
repeating structural units of chromatin. In addition to providing structural 
constraints, the nucleosomes are also involved in regulation of gene expres-
sion. Therefore the most basic transcriptional regulators are nucleosome 
remodeling factors, which permit other transcription factors and the RNA 
pol II access to the DNA (17).  

The initiation of transcription is an ordered process starting with the 
recognition of the core promoter by TFIID (Figure 2). The TFIID subunit 
protein, TBP, binds to the TATA-box in concert with several TBP-
associated factors (TAFs) (18). This interaction is in turn recognized by 
TFIIB, and the hypophosphorylated RNA pol II/TFIIF complex is recruited. 
TFIIA stabilizes the interaction between TBP and DNA by counteracting 
repressive elements at this time point (18, 29). TFIIE and TFIIH arrive to the 
promoter after TFIID recruitment. TFIIH contains a helicase activity, which 
unwinds the DNA strands granting the RNA pol II access to the template 
strand (“promoter melting”) (30). Thus, the PIC is formed and transcription 
begins with the production of short transcripts (abortive transcription) due to 

                                                
1 W stands for nucleotides A or T, R for nucleotides A or G (250). 
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Polyadenylation 
The final step of transcription is the 3’ end processing. An AAUAAA se-
quence in the pre-mRNA and a G/U-rich sequence downstream of the cleav-
age site comprise the core poly(A) element. Human genes may have multiple 
potential cleavage sites leading to the production of alternative isoforms of 
the mRNA. A multimeric protein complex assembles on the poly(A) site 
during the initiation of the polyadenylation reaction. The cleav-
age/polyadenylation specificity factor (CPSF) identifies the poly(A) signal 
AAUAAA, whereas the cleavage-stimulating factor (CstF) recognizes the 
G/U-rich sequence elements on the pre-mRNA. These two main polyadenyl-
ation factors direct the nucleolytic cleavage of pre-mRNA at the poly(A) site 
(34, 35). 

In total, 14 essential factors in mammals have been identified that regu-
late mRNA 3’-end processing (35). Interestingly, the SR proteins involved in 
the regulation of splicing (see below) have also been reported to regulate the 
polyadenylation process. Conversely, both CPSF and a subunit of CstF have 
been found in purified spliceosomes (36).  

After pre-mRNA cleavage, the poly(A) polymerase (PAP) adds the 
poly(A) tail to the newly cleaved 3’ hydroxyl end (33). The poly(A) tail con-
sists of around 200-300 adenosine residues in mammals and is covered by 
the poly(A) binding protein (PABP). The poly(A) tail is crucial for the sta-
bility, transport and translation of the mature mRNA (35). 
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Splicing 

Before the entire genomes of mammals had been sequenced, it was estimat-
ed that such complex organisms should require at least 100,000 genes (37). 
Thus, it came somewhat as a shock in 2001 when the human genome project 
initially reported less than 30,000 genes for what is commonly granted to be 
the most complex organism on earth (28). In the following years, the finish-
ing of the project arrived at around 24,000 protein-coding genes and 6,000 
putative RNA genes (38, 39). The result is staggering. The human genome 
contains only approximately four times more primary genes compared to the 
bacterium Escherichia coli. The question is therefore how is complexity 
generated? The process of RNA splicing and, more specifically alternative 
splicing, appears to be a major mechanism explaining this apparent paradox. 

The primary mRNA transcript produced from transcription is composed 
of exons and introns. Introns are non-coding regions that are excised during 
splicing, and the coding exons are joined together in an ordered fashion. In 
constitutive splicing, the pre-mRNA is processed in the same fashion every 
time, whereas in alternative splicing different exons are combined to produce 
multiple mature mRNAs. There are five major modes of alternative splicing 
(Figure 3) where exon skipping is by far the most common in humans (40, 
41).  

 
Figure 3. Model of different types of alternative splicing. Colored boxes represent 
exons and horizontal lines represent introns. 
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Significance of alternative splicing 
The average human gene is approximately 28,000 base-pair long, and pro-
duces a pre-mRNA that contains nine short exons of approximately 120 nu-
cleotides each, separated by eight introns that can vary tremendously in size, 
ranging from less than 100 to more than 100,000 nucleotides in length. It is 
estimated that over 90% of all human genes are alternatively spliced, bring-
ing our approximately 24,000 protein-coding genes to over 90,000 proteins 
(42, 43). Another advantage of organizing the genome into split genes, is the 
possibility of recombination events within non-coding intronic regions; ex-
ons from other genes may be inserted without disrupting the gene thus creat-
ing an evolutionary drive towards diversification (44, 45). Intriguingly, the 
use of alternative exons may lead to structurally disordered regions within 
the protein, which seem to be targeted for post-translational modifications 
and creating binding motifs for protein-protein interactions. This further 
increases the functional versatility of these proteins (46, 47).   

Alternative splicing is a hallmark of higher multicellular eukaryotes. Uni-
cellular eukaryotes like Saccharomyces cerevisiae have short introns in only 
a fraction of its genes (around 230), and only three out of some 6,000 genes 
are thought to be alternatively spliced (48, 49). Invertebrates make use of 
alternative splicing to a higher degree. For example, D. melanogaster sur-
passes all organisms exhibiting the gene with the highest number of mRNA 
variants known as of today; the DSCAM gene, which has the potential to 
encode more than 38,000 protein isoforms (50). However, alternative splic-
ing is most extensively used in vertebrate species, as can be deduced from 
the observation that invertebrates and vertebrates have approximately the 
same number of genes (compare 19,000 in Caenorhabditis elegans to 24,000 
in human) despite the great difference in complexity (48). 

It has been shown that splice sites in lower eukaryotes show more conser-
vation than those in higher eukaryotes. This infers that alternative splicing 
might have evolved from constitutive splicing, thus giving the organism an 
advantage by diversifying its repertoire of gene products (42). In two-thirds 
of all alternatively spliced genes, the longer form is the ancestral and the 
shorter isoforms have evolved due to exon skipping (49). 

Splicing signals and elements 

There are several important sequence elements in the pre-mRNA that signal 
and direct factors to take the proper actions. The upstream border between 
the intron and exon is defined as the 5’ ss, and the downstream intron-exon 
boundary is defined as the 3’ ss.  

There are four major classes of introns. Group I, II and III are ribozymes, 
i.e. they fold into a three-dimensional structure that catalyze their own splic-
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ing reaction (51–54). A macromolecular machine called the spliceosome 
splices the fourth class, the nuclear introns. There is a debate whether the 
spliceosome can be regarded as a ribozyme as well, since the active site has 
been proposed to reside in the U6 snRNA. This fact also points to the con-
clusion that autocatalytic (specifically group II) introns and spliceosomal 
introns along with the spliceosome have developed from a common ancestor 
(53).  

The nuclear introns can further be divided into U2-dependent and U12-
dependent introns, spliced by the major and the minor spliceosome, respec-
tively. Most U12-dependent introns have an AT-AC splice site consensus 
sequence. The more common group of introns is the U2-dependent introns, 
where most have a GT-AG consensus sequence at the splice sites (54–56). 
All further mentions of splicing and the spliceosome will refer to the U2-
dependent introns and the major spliceosome.  

The 3’ end of the intron contains additional sequence elements. The 
branch point is located 18-40 nucleotides upstream of the 3’ ss and contains 
one or two conserved adenine residues. One of these adenines is the acceptor 
of the 5’ end of the intron, forming the intermediate lariat structure. The 
polypyrimidine tract (PPY) is positioned between the 3’ ss and the branch 
point. The nature of this element influences the binding of U2AF: The more 
pyrimidines (C, T/U) the stronger the interaction and the efficiency of splic-
ing is increased (57). 

Splicing catalysis 
The two-step transesterification reaction of splicing involves cutting at the 5’ 
ss and ligating the two exons while removing the intron. The oxygen of the 
2’ hydroxyl group of a conserved adenine residue within the intron targets 
the 3’-5’ phosphodiester bond at the 5’ ss through a nucleophilic attack. This 
forms a 5’-2’ phosphodiester bond and two splicing intermediates: The free 
5’ exon and the 3’ exon still containing the intron in a lariat structure. As a 
second step, the oxygen of the free hydroxyl group of the 5’ ss targets the 3’ 
splice site by a second nucleophilic attack, forming another 3’-5’ phos-
phodiester bond. Finally, the two exons are ligated to produce a spliced 
mRNA and a free intron in a lariat structure (54, 58). 

The spliceosome 
The large macromolecular machine called the spliceosome is made up of 
five small nuclear ribonucleoprotein particles (snRNPs) and over 100 addi-
tional proteins and splicing factors to a size of around 4.8 MDa (59, 60). The 
U snRNPs consist of small uridine-rich RNA molecules, called U1, U2, U4, 
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U5 or U6 snRNA, as well as Sm-proteins and Sm-like proteins. The U 
snRNPs assemble de novo on the pre-mRNA for each splicing event (54, 56, 
61, 62). Splicing and transcription can be both physically and functionally 
coupled through the CTD of the RNA pol II; however, it seems that constitu-
tive splicing are more co-transcriptional than alternative splicing (63). 

As the first step in spliceosomal assembly, the E complex is set up by the 
U1 snRNP binding to the 5’ ss, whereas SF1 binds the branch point and the 
U2 auxiliary factor (U2AF) associates with the PPY and the 3’ ss (Figure 4). 
The U2AF binding is needed for the recruitment of U2 snRNP to the branch 
point, thereby forming the spliceosomal A complex. A tri-snRNP consisting 
of U4/U5/U6 arrives, forming the B complex, and U6 replaces the U1 
snRNP at the 5’ ss. U5 bridges the splice sites as U1 and U4 dissociate, thus 
creating the activated B* complex. Further rearrangements of the spliceo-
some during the first catalytic step of splicing lead to the transition from B* 
to C complex. After the second catalytic step the spliceosome disassembles 
and releases the mRNA in the form of an mRNA-protein complex (mRNP) 
(54). 

 
Figure 4. Spliceosome assembly. U snRNPs assemble sequentially on the pre-
mRNA, building up the different spliceosome complexes leading to splicing. 

Splicing factors  
A multitude of proteins are performing different tasks associated with the 
splicing process. Serine-arginine (SR) rich proteins constitute a large phylo-
genetically conserved and structurally related class of splicing factors. The 
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N-terminal domain includes one or two RNA recognition motifs (RRMs) 
and the C-terminus has an RS-domain consisting of a variable length of SR 
dipeptide repeats. The RRM and RS-domains are to a large extent modular 
and can be interchanged between different SR proteins without affecting 
their function (64). 

The SR protein SRSF1 (previously known as ASF/SF2, see (65) for re-
vised nomenclature) binds to exonic enhancer elements and recruits and 
stabilizes the binding of U1 snRNP to the downstream 5’ ss. Simultaneously, 
SRSF1 can stimulate the recruitment of U2AF to the upstream 3’ ss.  This 
“cross-talk” over the exon is important in pre-mRNAs with relatively short 
exons interspersed within long introns (i.e. vertebrate pre-mRNAs), as a 
mechanism defining which splice sites should be recognized by the spliceo-
some: the so-called exon definition model (42, 66). At low concentrations of 
SRSF1, only functionally strong 5’ ss are selected. At higher concentrations, 
U1 snRNP also binds to weak 5’ ss, thus promoting the choice of the nearest 
5’ ss to be fused to the 3’ ss (67, 68). 

The SR proteins are found throughout the nucleoplasm but are enriched in 
structures called interchromatin granule clusters (IGCs), or speckles. The 
RS-domains are both necessary and sufficient for the localization of several 
SR proteins to the nucleus and further into the IGC compartments. The nota-
ble exception is SRSF1, which depends on further speckle localization sig-
nals to be correctly localized to the IGCs (69–71). The RS-domain can also 
permit the SR protein to shuttle between the nucleus and the cytoplasm (72). 
The IGCs are found in close proximity to genes with a high basal transcrip-
tional activity and are proposed to be functional centers of enhanced mRNA 
processing (73). SR proteins, snRNPs and other splicing factors are in rapid 
flux through these compartments while the IGCs themselves stay immobile 
(74). Nascent pre-mRNA is predominantly located at the periphery of IGCs, 
in structures called perichromatin fibrils (75).  

Another family of splicing regulators is the class of heterogeneous nucle-
ar ribonucleoproteins (hnRNPs). They contain one or two RRMs and an 
auxiliary domain. In general, hnRNPs are negative regulators of splicing; for 
example, the well-characterized hnRNP A1 binds silencer regions and mul-
timerizes to inhibit usage of nearby splice sites, thus favoring the use of dis-
tal 5’ ss (as opposed to SRSF1). PPY binding protein (PTB) inhibits splicing 
by competing with U2AF for binding to the PPY (76). 

It is important to keep in mind that the regulation of splicing through the-
se proteins is in itself a complex process and takes place in the complex mi-
croenvironment of the cell nucleus. At one specific time-point, there are 
numerous stimulatory and inhibitory processes affecting the splicing ma-
chinery simultaneously. Therefore the relative changes in concentration of 
different splicing factors can govern alternative splice site selection, leading 
to temporal, tissue-specific or cell-specific patterns (reviewed in (67)).  
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Regulatory elements 
There are several different sequence elements in the pre-mRNA, onto which 
splicing factors can bind and thereby regulate splicing. They are named after 
their location and effect; elements in exons are thus named exonic splicing 
silencers (ESS) or enhancers (ESE), and elements in introns are named in-
tronic splicing silencers (ISS) or enhancers (ISE). Silencer elements are 
more common in introns than exons, while the opposite is true for enhancer 
elements. Splicing enhancer elements are typically bound by SR proteins 
while splicing silencer elements are bound by hnRNP proteins, but this is not 
universally true (76). 

SR proteins binding to an ESE enhance spliceosome assembly and splice 
site recognition. Different ESEs are recognized by specific regulatory SR 
proteins (77). A common feature of splicing signals and regulatory elements 
is that they are often short and degenerate, which can lead to elegant solu-
tions further diversifying the proteome complexity or in worst case scenario 
to disease (reviewed in (78)). 

Disease 
A complex, physiological process involving many essential factors and 
mechanistical features is also vulnerable to error. As a result, there are a 
number of different pathologies reported as a consequence of disturbed 
splicing patterns. Mutations in both cis-elements as well as trans-acting fac-
tors, such as splicing factors and other regulatory proteins, can lead to dis-
ease or affect disease susceptibility or severity (79). 

One of the best-characterized examples of exonic mutations affecting 
splicing is spinal muscular atrophy (SMA), the most common genetic cause 
of infant mortality. The Survival of motor neuron (SMN) protein is encoded 
by two genes, SMN1 and SMN2, which are almost identical. SMN is an es-
sential protein in splicing required for tri-snRNP assembly, and a deletion of 
SMN1 leads to the degradation of motor neurons resulting in paralysis. 
SMN2 cannot substitute for SMN1 due to a single point mutation that causes 
exon 7 skipping and leads to accumulation of a truncated and inactive SMN 
protein (80, 81).  

In frontotemporal dementia and Parkinsonism linked to chromosome-17 
(FDTP-17), the ratio between two alternatively spliced isoforms of the tau 
protein has been disrupted. Several mutations might interfere with the splic-
ing regulation of exon 10 of the gene encoding tau, and the change in bal-
ance of the isoforms leads to a pathological aggregation of tau protein (82). 

The activation of a cryptic 5’ ss within the LMNA gene leads to a trunca-
tion of exon 11 in the nuclear membrane protein lamin A. This is the most 
common cause of Hutchinson-Gilford progeria syndrome (HGPS). The re-
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sulting truncated protein lacks a proteolytic cleavage site required for func-
tional lamin A production, leading to a perturbed accumulation of the protein 
affecting overall gene expression. This results in a premature and rapid aging 
of several tissues, ending with death at the mean age of 13 years (83). 

A member of the hnRNP family, TDP-43, is implicated in several differ-
ent diseases such as cystic fibrosis (CF), amyotrophic lateral sclerosis 
(ALS), and frontotemporal dementia. In CF, malfunctioning TDP-43 binds 
repetitive elements within the CF transmembrane conductance regulator 
gene (CFTR), promoting exon skipping and decreasing expression of the 
functional protein. In ALS, TDP-43 is found in ubiquitinated protein aggre-
gates in neurons and glia cells (84). 

Cancer tissue is often enriched in aberrant splice variants, this can be the 
result of changes in the nuclear microenvironment as well as actual muta-
tions in oncogenes and tumor suppressors (79). The cause-effect relationship 
can be difficult to establish, but some mutations have been well character-
ized. For example, BRCA1 is a tumor suppressor gene involved in DNA 
repair. An inherited mutation within an ESE in exon 18 results in the exclu-
sion of this exon from the RNA transcript and an increases the risk of devel-
oping breast cancer (85).  
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Adenovirus 

Adenoviruses have been very useful as model systems for the study of 
mechanisms controlling gene expression in eukaryotic cells. For example, 
the concept of split genes and pre-mRNA splicing was discovered by the 
Roberts and Sharp labs in 1977 working in the adenovirus system (86–88). 
Several adenoviruses are oncogenic and can transform cells in vitro into 
tumorigenic cell lines. While they are not known to cause cancer in humans, 
members of species A adenoviruses can cause cancer in rodents and rabbits 
(89). 

Genome  
The family Adenoviridae consists of five genera. Mastadenovirus originate 
from mammals, Aviadenovirus from birds, whereas Atadenovirus and Siade-
novirus have a wider host spectrum. The Atadenovirus genus was named due 
to the members high AT nucleotide content and include viruses that target 
ruminant, avian, reptilian and marsupial hosts (90). The Siadenovirus genus 
gathers frog and bird viruses with the common denominator that they encode 
for a putative sialidase or sialidase-like gene. The first fish adenovirus has 
been assigned to a fifth genus: Ichtadenovirus (91–93). Interestingly, several 
turtle adenoviruses have been recently isolated and sequenced and due to the 
large evolutionary distance a sixth adenovirus genus has been proposed: the 
Testadenovirus (94). 

Adenovirus infections are generally not zoonotic, but asymptomatic infec-
tions across species barriers have been described. For example, antibodies 
against HAdV-12 have been found in simians and inversely, antibodies 
against simian, bovine and canine adenoviruses have been detected in hu-
mans (95). 

There are about 100 adenovirus types characterized so far, infecting hu-
mans or other mammals, birds, reptiles, amphibians and fish. 67 of these 
infect humans and have been further divided into seven species: A to G (ta-
ble 1) (91, 92, 96, 97). This classification is based on virus oncogenic poten-
tial, immunological characteristics, genome homology and their ability to 
agglutinate red blood cells (98). It can be noted that types 1-51 were charac-
terized by serological methods (hence called serotypes from the beginning), 
while types 52-67 have been identified by genomic sequencing and phyloge-
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netic tools (97). The sequence homology within the species ranges from 48% 
(A) to over 99% (C), with less than 20% homology between species (99).  
Table 2. Classification of human adenoviruses. 

Species HG Types Tumorigenic in 
animals 

Transfor-
mation of 
cells 

Disease 

HAdV-A IV 12, 18, 31, 61 High Positive Enteric infection 
HAdV-B I 3, 7, 11, 14, 

16, 21, 34-35, 
50, 55, 66 

Moderate Positive Conjunctivitis 
Acute respiratory disease  
Hemorrhagic cystitis 
CNS 

HAdV-C II 1-2, 5-6, 57 Low or none Positive Endemic infection 
Respiratory symptoms 

HAdV-D III 8-10, 13, 15, 
17, 19-20, 22-
30, 32-33, 36-
39, 42-49, 51, 
53-54, 56, 58-
60, 62-65, 67 

Low or none Positive Keratoconjunctivitis in  
immunocompromised  
patients 

HAdV-E III 4 Low or none Positive Conjunctivitis 
Acute respiratory disease 

HAdV-F III 40-41 Unknown Negative Infantile diarrhea 
HAdV-G  52 Unknown Unknown Gastroenteritis 

HG = Hemagglutination groups: (I) complete for monkey erythrocytes (II) partial 
for rat erythrocytes (III) complete for rat erythrocytes (IV) little or none. 

Genome organization 
The viruses in the Adenoviridae family have linear double-stranded DNA 
genomes, ranging from 26-45 kbp. The viral genome is organized into eight 
transcription units, which produce around 40 proteins due to an extensive 
use of alternative splicing and polyadenylation (Figure 5) (89, 100, 101).  

During the early phase of infection viral regulatory proteins are produced. 
The late phase commences after the onset of DNA replication and leads to 
accumulation of adenovirus structural proteins. The division into an early 
and a late phase contributes to the efficiency of the viral life cycle by ensur-
ing a sizeable pool of newly replicated genomes before packaging into cap-
sids (102). This also allows time for the early, regulatory proteins to high-
jack the cellular pathways before replication, thus streamlining its produc-
tion of progeny (103). In addition to early (E1A, E1B, E2, E3, E4) and late 
genes (L1-L5), there are two intermediately expressed genes: pIX and IVa2 
(104). IVa2 binds the MLP to stimulate transcription (105) and has been 
shown crucial for the packaging of viral DNA into the capsid (106). The pIX 
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protein acts as a transcriptional activator and as a cement protein stabilizing 
the viral capsid (107). 

Both viral DNA strands contain open reading frames (ORFs) and are 
templates for transcription by the cellular RNA pol II. The terminal protein 
(TP) is covalently attached to the 5’ end of the genome and functions as a 
primer protein during the initiation of viral DNA replication (108). At each 
end of the genome there are inverted terminal repeats (ITRs), functioning as 
origins for viral genome replication (98). 

Two adenovirus genes are transcribed by RNA pol III to produce two vi-
rus-associated RNAs, known as VA RNAI and VA RNAII. These small, ca. 
160 nt in length, non-coding RNAs form imperfect stem loop structures and 
accumulate to massive amounts during the late phase of infection (108 copies 
per cell) (109, 110). During the infection viral dsRNA is produced by sym-
metrical transcription of the genome. These molecules are recognized by the 
cellular protein kinase R (PKR) that can phosphorylate the eukaryotic initia-
tion factor 2 alpha (eIF2α), which in turn blocks the cellular translation ma-
chinery. The high levels of VA RNAI produced in the infected cell compete 
with the dsRNAs for binding to PKR and thereby block PKR activation and 
concomitantly eIF2α phosphorylation. Thus, VA RNAI ensures an efficient 
viral protein synthesis in infected cells (111). 

 
Figure 5. Schematic map of the human adenovirus 5 genome. Grey arrows represent 
early genes, light grey arrows represent late genes, white arrows represent interme-
diate genes.  

Evolution and phylogeny 
There are at least four major genome organization patterns, which matches 
the classification into the different genera (112). The internal part of the 
genome is the most conserved, containing the structural proteins and en-
zymes. The ends of the genome, however, are more variable and also confer 
the difference in sizes of the genomes of different genera (113). The Aviade-
novirus genus-specific genomes reaches up to 45 kbp, mastadenoviruses 
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comes in second with a range of 31-36 kbp. The smallest genomes are found 
in atadenoviruses (29-33 kbp) and siadenoviruses (26 kbp), due to the high 
AT content that leads to overlapping genes and thus a more compacted ge-
nome (113). 

Among the mastadenoviruses, E1 and E4 are located at either end of the 
genome, and E2 and E3 internally (114). In atadenoviruses, the position of 
E1A is taken up by a structural protein p32K and in siadenoviruses it is the 
place for the sialidase gene (113). IVa2 is found among all types investigated 
from the different genera, as is the E2 region containing the DBP, pTP and 
the Adpol (113). The E3 region is only found among mastadenoviruses, and 
its immune response-modulating genes can be deleted or replaced without 
affecting replication – a fact often used when constructing adenovirus vec-
tors (113). The E4 region is only conserved among mastadenoviruses.  

The late region is well conserved across the genera. All late genes are 
coupled to the MLP, which is also conserved (114–116). Twelve late genes 
are fully conserved within the family, namely 52,52K, pIIIa, III, pVII, pX, 
pVI, hexon, protease, 100K, 33K, pVIII and fiber (113). The fiber gene is a 
special case; most adenoviruses have only one fiber protein, but aviadenovi-
ruses have two fibers per vertex. They can be encoded from one or two 
genes created by duplication. The mastadenovirus species F, HAdV-40 and -
41, have two fiber genes but only one protrusion per vertex, thereby alternat-
ing between a long and a short fiber protein (113). 

The VA RNA genes are only found in human, chimpanzee and some 
monkey adenoviruses. The promoter elements of the VA RNA genes are 
homologous to tRNA genes, suggesting that tRNA pseudogenes may have 
been captured by retrotransposable elements, thus giving birth to the VA 
RNAs. Both VA RNAI and II from human adenovirus species B, D, E and 
chimpanzee are evolutionarily close, indicating a gene duplication arising 
before the segregation of these species – probably in a hominoid ancestor 
(109, 117, 118). Viruses within species A contain a single VA RNA gene, 
which is most related to monkey adenoviruses. Strains within human species 
C are unique in having two VA RNA genes that does not seem to be closely 
related - VA RNAI is monkey-like and VA RNAII is chimp-like, indicating 
a recombination between a human strain and a macaque virus, SAV13 (117).  

Benkö and Harrach postulate that the five genera corresponds to the five 
major vertebrate classes (113). The fact that lower vertebrate classes, such as 
amphibians and fish, have their own adenovirus genera suggests that this 
virus family existed before divergence of bony fish from other vertebrate 
species, approximately 450 million years ago (119). 

The ancestral adenovirus is speculated to have been very small, with only 
the most critical information for replication and survival. In all likelihood, 
the evolution of adenoviruses used the same mechanisms suggested for other 
large dsDNA viruses including recombination, gene capture and duplication 
(113). Gene capture may have happened both from host chromosomes and 
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simultaneous infections of different viruses. For example, the capture of a 
VA RNA gene is estimated to have taken place between 5.5 and 23 million 
years ago: the point of divergence of chimps, old world monkeys and hu-
mans (the only species with VA RNA genes) (113, 117). Recombination is 
quite common in adenoviruses and seems to be especially utilized when it 
comes to the fiber gene. Gene duplication is exemplified by the previously 
discussed VA RNA genes in HAdV species B, D or E, but also by the fiber 
in some strains (113).  

The bacteriophage PRD1, within the family Tectiviridae, shares some ob-
vious features with adenoviruses. They both have an icosahedral capsid with 
fiber protrusions and a unique symmetry, the genome is dsDNA with ITRs 
of the same length, and they contain genes for a DNA pol and a terminal 
protein (pTP). The latter is used as a protein primer in genome replication, a 
strategy shared only by these two viruses and an additional phage. Structural 
studies on the hexon protein of HAdV-2 and corresponding P3 from PRD1 
reveal a common feature of two β-barrels (or “jelly rolls”) without any ami-
no acid sequence homology. The hexon proteins are also both trimers in 
need of chaperones to assemble correctly (120–122). 

Adenoviruses isolated from great apes are phylogenetically related to hu-
man adenoviruses in species B, C, and E, consistent with the possibility of 
interspecies spread at some point in time; however, frequent interspecies 
infections are unlikely (95). Seroprevalence to HAdV-5 in neonates is very 
high in some parts of the world (close to 90 % in Africa, Thailand, India, 
China, Brazil) while dropping to around 50% in Europe and the United 
States. On the other hand, seroprevalence for more unusual types such as 
Ad35, ranges from less than 10% in Europe and the US, to 15% in Japan and 
Thailand to up to 20% in Sub-Saharan Africa (95).  

Pathology and disease  
Adenoviruses are spread from person to person through contaminated water 
or fomites, most commonly via the fecal/oral route in young children but 
also via the respiratory and ocular systems (95). The virus is contagious for 
up to three weeks in room temperature. The virions are relatively stable and 
withstands low pH and gastric secretions, allowing the virus to replicate 
within the gut to a high viral load (123). Severe adenovirus infections occur 
only under pre-disposing conditions such as immunocompromisation (AIDS, 
cancer treatment, organ transplantation treatment), simultaneous infections, 
old age or individual susceptibility (14).  

The adenovirus-infected cell degenerates in specific ways and the nucleus 
swells with inclusion bodies. Viral toxins are uncommon but the fiber pro-
tein is directly toxic to cells and has been found in the blood of fatal cases of 
Ad pneumonia (124).  
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Acute respiratory disease (ARD) is a frequent manifestation of adenovirus 
infection, especially in children, and is most commonly caused by HAdV-1, 
-2, -5 and -6. The symptoms include rhinitis, cough, fever, myalgia and 
headache, and can sometimes not be distinguished from other viral respirato-
ry infections such as influenza (95, 125). Severe lesions within bronchioli 
and alveoli can be found in adenovirus pulmonary syndromes. Hypertrophy 
in lymphatic tissue can also be associated with adenovirus infections (95). 

Mild infections of the conjunctiva are normally caused by HAdV-3 and -
7, but the more serious epidemic keratoconjunctivitis (EKC) are caused by 
HAdV-8, -19 or -37. EKC is epidemic in certain parts of Asia, such as Japan, 
Vietnam and Taiwan, and can lead to severe lesions of conjunctival tissue 
(95, 126). 

Most HAdV types replicate in the gastrointestinal tract, but HAdV-40 and 
-41 can cause disease within the intestines. Gastrointestinal adenoviral infec-
tions are mainly presented in children under the age of four, and are not as 
common as rotavirus infection (95). HAdV-B can cause urinary tract infec-
tions, which suggests that the adenoviral spread has been viremic at some 
stage in order to reach the urinary bladder (95).  HAdV-11 and -21 are asso-
ciated with severe hematuria and various other types have been found in the 
urine during systemic adenoviral infections (127, 128).  

Infections in other organs can sometimes occur, such as in the pancreas or 
the central nervous system (129, 130). In immunocompromised and/or he-
patic transplant patients, hepatitis caused by HAdV-1, -2, -4, -5 and -6 has 
been reported (131, 132). The infection is either acquired de novo or by acti-
vation of a latent virus population. The outcome of these cases is poor, due 
to the intake of immunosuppressive drugs.  

Therapy and prevention 
Adenoviruses was first discovered in 1953 when Rowe and associates isolat-
ed adenovirus from human adenoid tissue while on the hunt for a single 
agent responsible for the “common cold”, or ARD (133). Already during the 
time of World War II, the epidemics of adenovirus-caused ARD were rec-
orded: It occurred in up to 80% of new military recruits with 20-40% hospi-
talized, but did not affect more experienced personnel or civilians (134).  

The high rates of infection and hospitalizations led to the production of a 
vaccine against HAdV-4 and -7, the types responsible for infection in the US 
army (125). The vaccine consisted of live, microencapsulated virus given 
orally, which bypasses the respiratory tract and probably lead to a mild in-
fection that immunized the host. However, the manufacturer ceased produc-
tion in the late 20th century, and the incidence of adenovirus-caused ARD 
rose to levels seen before the vaccination program was initiated. In 2004 an 
initial study of a new adenovirus vaccine showed efficacy and safety and the 



 32 

vaccination program has been implemented again in the US military (135). 
The vaccine is not administered to civilians (95). 

No specific antiviral therapy against adenovirus infections exists today, 
only palliative care can be administered and preventive measures taken such 
as basic hygiene. Intravenous ribavirin has been tested in isolated cases and 
could possibly be effective in localized infections such as cystitis, but has no 
effect on disseminated adenovirus infections (99). 

Latency and persistence  
The lytic replicative cycle of adenoviral infections has been extensively 
studied since the discovery in the 1950’s, but the details of a long-term la-
tent/persistent infection is still unknown. If the virus is not cleared after the 
initial replicative phase, it can persist in a dormant state in specific cell 
populations within the host. Virus amplification can then be reactivated un-
der certain conditions. Recently, studies have shown that HAdV-1, -2 and -5 
are common in human adenoids and can be reactivated in immunocompro-
mised patients with the potential to cause serious illnesses (123, 136).  

The rate of adenovirus infections depends on various factors such as pa-
tient age (pediatric patients are around three times more likely to be infected 
than adults), type of immunosuppression or background disease. For bone 
marrow or hematopoietic stem cell transplants, 5-47% (mean value 18%) of 
patients were infected with a mortality rate of 2-70% (mean value 27%) 
(123). When it comes to solid organ transplants, pediatric patients incidence 
of adenovirus infection spans from 4-10% with mortality rates of as high as 
53%, in renal transplantations as many as 76% of patients were diagnosed 
with adenovirus infections (137) and the mortality rate reaches 17% (123). 
The risk of adenovirus infection in patients with AIDS is 28% after the first 
year. The large group of species D adenovirus is associated with AIDS pa-
tients; most cases of adenovirus infections in AIDS patients are due to 
HAdV-D and many species D types have been isolated from this patient 
group as well. The potential for long-term co-infections with other adenovi-
rus types in AIDS patients may provide a susceptible environment for re-
combination and thus creation of new types (123). 

Adenoviruses as vectors 
Recombinant adenoviruses have been the most prevalent vectors used in 
clinical trials. Approximately 23% (or n= 438) of all gene therapy clinical 
trials use adenovirus as the delivery vector (138). The great majority of these 
are aimed at treating cancer, while a smaller part of the clinical trials use 
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adenovirus vectors for the treatment of cardiovascular disease or for the de-
velopment of vaccines against other infectious agents (139). 

The rationale for using adenoviruses as vectors is based on their large 
packaging size, easy production and manipulation, broad tropism, and effi-
cient transduction of both dividing and non-dividing cells. However, the 
transduction has been shown to be limited due to strong immune responses, 
pre-existing neutralizing antibodies to many strains, and inefficient targeting 
of the vector to appropriate tissues and cells because of promiscuous binding 
to many receptors (139, 140). In order to reduce the immunogenic response, 
vectors have been “gutted” of the immune response genes (E3), covered with 
polyethylene glycol or simply replaced with a more uncommon type of ade-
novirus. The inefficient targeting of vectors is mainly caused by binding to 
other molecules, thus directing the vector to the liver where it will be de-
graded.  

Well-designed mutations of the E1A or E1B genes lead to a conditionally 
replicating virus targeting cancer cells lacking the Rb or p53-controlled tu-
mor suppressor pathways, thus leaving normal cells intact (140, 141). For 
oncolytic therapies, the results are wavering – although adenoviruses are 
well tolerated and safe, only for a fraction of patients do they increase sur-
vival slightly, shrink solid tumors or stabilize the progression of the cancer 
(142). The promise and the challenges of the use of adenoviruses as vectors 
clearly demonstrate the need for further research into both molecular mecha-
nisms and clinical matters. 

With special consideration to this thesis, the special challenge of pro-
nounced residual activity of the late genes, which leads to a low persistence 
of transgene expression, need to be addressed (143–146). Therefore, a better 
understanding of how late gene expression is controlled during a lytic infec-
tion is of great importance for the development of new and improved adeno-
viral gene therapy delivery vehicles.  

The viral life cycle 
Virus entry 
The adenovirus capsid is icosahedral, around 70-100 nm in diameter with 
protruding fibers at the twelve corners of the capsid. The traditional view is 
that the fiber contacts the cellular coxsackievirus and adenovirus receptor 
(CAR), while the penton, at the base of the fiber, interacts with a cellular 
integrin. These concerted interactions lead to the endosomal uptake of the 
virus particle into the cells (reviewed in (98)).  

However, there are some problems with this picture; CAR is poorly ex-
pressed in lung tissue and on the apical side of the epithelial cells where the 
adenovirus is thought to initiate infection (139, 147). CAR is forming ho-
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modimers with two molecules on the basolateral sides of the tight junctions. 
The fiber is overproduced in the infected epithelium, and when secreted they 
bind to the CAR molecules thus breaking up the homodimers and the cell-
cell adhesion, giving the newly formed adenovirus capsids an easy way out 
(147). This may well be the main function of the CAR receptor in adenoviral 
infection. On the other hand, in a wild type infection the sheer number of 
produced virions may be enough to find any ruptures of the tight junctions 
between the epithelial cells in order to be able to bind CAR and enter the 
cells. Besides CAR, there is a plethora of cellular receptors, like sialic acid, 
CD46, MHC1-α2 and a heparan sulfate proteoglycan, that might be used in 
order for the virus to be taken up by the cell (139). 

While inside the endosome, the acidic environment induces conforma-
tional changes which lead to the stepwise release of virus particle compo-
nents (148). The release of viral polypeptide VI from the interior of the virus 
particle triggers the degradation of the endosomal membrane and the partly 
dismantled capsid is released into the cytoplasm (149) and further delivered 
to the nuclear membrane via an active transport on microtubuli (150). At the 
nuclear membrane, the viral DNA is imported into the nucleus via nuclear 
pores by the help of viral protein pVII (151). 

The early phase 
The early phase of the viral gene expression is devoted to producing proteins 
needed for reprogramming of the cell to favor virus replication. The E1A 
transcription unit is the first to be expressed and is referred to as an immedi-
ate-early transcription unit. It does not require expression of other viral pro-
teins but is in itself required for other viral genes to be transcribed (152, 
153). The E1A mRNA accumulation is temporally regulated at the level of 
alternative splicing during the infectious cycle. Early in infection two major 
mRNAs, 13S and 12S are produced, while the minor 9S mRNA is preferen-
tially expressed at the late phase of infection. In addition to these mRNAs, 
two minor isoforms 11S and 10S are produced predominantly during the late 
phase of infection (101, 154, 155). The proteins translated from the two ma-
jor E1A mRNAs function as transcriptional regulators that activate expres-
sion of other viral transcription units as well as regulating transcription of 
some cellular genes. 

The E1B transcription unit codes for a protein of 55 kDa in size, which 
plays a number of functions during infection. For example, together with E4-
ORF6 the E1B-55K protein has a function in degradation of cellular pro-
teins, including p53, and the transport of late viral mRNAs (156).  

The concerted expression of both E1A and E1B genes is needed for repli-
cation to take place. E1A binds pRB, thus freeing the E2F transcription fac-
tor which activates transcription of genes required for driving cells into the S 
phase (157). E1A also enhances accumulation of the tumor suppressor pro-
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tein p53, which triggers cellular defense systems leading to apoptosis. This 
pro-apoptotic activity of E1A is counter-productive for the virus amplifica-
tion. Therefore, the viral E1B-55K/E4-ORF6 complex causes proteasomal 
degradation of the p53 protein to ensure an efficient virus replication in in-
fected cells (158).  

The E4 unit codes for several regulatory proteins referred to as E4-ORFs 
(E4 open reading frames). The E4-ORF4 protein interacts with the cellular 
protein phosphatase 2A. This interaction can cause dephosphorylation of 
transcription factors (e.g. E1A, AP-1) and SR proteins (e.g. SRSF1, SRSF9), 
thus inducing the shift from early to late phase (159–162). E4-ORF3 and E4-
ORF6 both stimulate the accumulation of spliced late mRNAs, block the 
DNA repair system from degrading the viral genome and interact with E1B-
55K to degrade the p53 protein (162, 163).  

The adenovirus E3 genes regulate the immune response of the host. E3-
gp19K blocks transport of MHC class I antigens to the cell surface, thereby 
inhibiting cytotoxic T-lymphocyte recognition (164). The adenovirus death 
protein (E3-11.6K) is pro-apoptotic and at the late stage of virus infection 
transcribed by the major late promoter. A high level of E3-11.6K production 
is crucial for the release of mature progeny viruses (165). 

Finally, the E2 unit encodes proteins needed for viral DNA replication 
(see below) and is the last of the early transcription units to be activated (89, 
101, 166).  

Viral DNA replication 
The distinction between the early and the late phase of gene expression is 
defined by the onset of viral DNA replication. The major site of initial repli-
cation is the oropharynx, as expected by the initial findings of adenovirus 
within the tonsils. However, experiments have shown that replication is op-
timal within the respiratory epithelium (98). 

Three viral proteins encoded from the E2 transcription unit are involved 
in adenovirus DNA replication: DNA polymerase (Adpol), the precursor 
terminal protein (pTP) and the single-stranded DNA binding protein (E2A-
72K) (167). In addition, three cellular proteins (NFI-III) are also needed 
(168).  

The replication starts when the E2 proteins have accumulated and the cell 
has entered the S phase. The cellular factors NFI and NFIII bind to Adpol 
and pTP, respectively, and recruit them to the core origin of replication 
through specific interactions with cis-elements within the ITRs of the ge-
nome (169). This pre-initiation complex can assemble at either end of the 
genome, and then replication is initiated by the covalent attachment of the 
terminal nucleotide of viral DNA to the pTP protein. The free 3’ hydroxyl 
group of the pTP-nucleotide then primes the synthesis of nascent DNA by 
Adpol in a polarized fashion from 5’ to 3’. The E2A-72K protein coats the 
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second strand thus enabling Adpol to elongate the growing strand to full-
length viral DNA (168). The displaced strand can reanneal to itself through 
its ITRs, forming a short duplex identical to that of the dsDNA genome 
thereby starting a second round of replication (170). 

The viral DNA replication takes place at defined sites in the nuclear repli-
cation centers, which can be monitored by immunostaining of infected cells 
with an E2-72K antibody. At the start of replication, viral replication centers 
are visible as small dots in the nucleoplasm, however as infection proceeds 
they expand in number and size until they fill the entire nucleus (171–174). 
Viral transcription occurs simultaneously with DNA replication, and is 
thought to take place in ring-like structures surrounding the replication cen-
ters (171, 173, 175–179). Splicing factors such as SRSF1 and snRNPs that 
are normally found in IGCs are relocalized to the ring-like structures of viral 
transcription, indicating that these are also sites of viral RNA splicing (171–
174, 180, 181). Interestingly, some splicing factors are displaced from these 
sites later in infection. The nuclear localization of the virus-encoded alterna-
tive splicing factor L4-33K is discussed in paper I.  

The late phase 
With the exception of pIX, all the structural proteins needed for virus assem-
bly are encoded from the MLTU. The pre-mRNA produced from the MLTU 
is around 28 kb. From this single transcript 20 different mRNAs are pro-
duced by alternative 3’ ss selection and polyadenylation (100). The late 
mRNAs are divided into five families, L1-L5, depending on their poly(A) 
site choice (182). Early in infection the major fraction of RNA pol II initiates 
transcription at the MLP and terminates gradually after the L1 polyadenyla-
tion site. Only a minor proportion of the RNA pol II continues past the L3 
poly(A) site. After the onset of DNA replication, but before late viral protein 
synthesis has commenced, the L4 poly(A) site is activated (183–185), and 
later the transcription proceeds to the L5 poly(A) site (166, 186).  

All mRNAs expressed from the MLTU share a tripartite leader sequence 
at their 5’-end. This leader sequence is important for efficient translation of 
the late structural proteins. The leader consists of three small exons, where 
the 5’ ss of the third exon is joined to the alternative 3’ ss forming the indi-
vidual late viral mRNAs. The tripartite leader may also contain a small ele-
ment called the i-leader, which is present between exon two and three in 
some mRNAs during the early and intermediate phase of infection. This 
exon serves an as yet unknown function (101). 

Virus assembly and release 
Virus particles are assembled in the nucleoplasm. Thus the structural pro-
teins must be imported into the nucleus after their translation in the cyto-
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plasm. The individual capsid proteins are oligomerized by several different 
mechanisms (74), and the empty procapsids are assembled. The viral ge-
nome is packaged in a polar fashion through one of the open vertexes in the 
capsid, probably through interactions between the capsid and viral proteins 
binding the AT-rich packaging sequences of the genome. Viral proteins im-
plicated in this process are IVa2, which is positioned at the vertex where the 
viral DNA enters the procapsid, L1-52,55K, L4-22K and L4-33K (187, 188). 

Finally, the proteolytic cleavage of several precursor proteins by the L3 
protease matures the capsid into an infectious particle. As the virions accu-
mulate in the late phase, several viral proteins (most prominently the adeno-
viral death protein, E3-11.6K) are involved in triggering the lysis of the in-
fected cell in order to release the infectious progeny (187).  

The MLP 
The core MLP contains an initiator sequence (Inr) and a consensus TATA-
box along with two additional cis-activating upstream elements: the CAAT 
box and the upstream promoter element (UPE). The latter two are function-
ally redundant, while the TATA-box seems to be the most crucial element 
(22, 189, 190) to initiate transcription from the MLP. The MLP TATA-box 
conforms neatly to the canonical TATA sequence found in many vertebrate 
promoter sequences (22). The general transcription factor TBP binds effi-
ciently to the MLP TATA-box (191, 192), which is needed for transcription 
initiation from MLP. 

There is a complex interplay between the players of the transcription ma-
chinery and the cis-elements of the promoter, which could help explain the 
general robustness of the MLP. Adenoviruses with single or even multiple 
point mutations in the UPE, TATA or CAAT box do not show any signifi-
cant transcriptional deficiencies in vivo, unless mutations in several MLP 
elements were affected simultaneously (190, 193). Also, the Inr element is 
dispensable if the TATA-box or other DNA elements are functional (22). 

As described above (chapter Transcription, section Initiation), the TATA-
box and Inr are bound by TFIID, thus stimulating pre-initiation complex 
formation. TFII-I binds both the Inr and the UPE (194) and USF can also 
bind the Inr thus stimulating transcription (195), furthermore there are pro-
tein-protein interactions between TFII-I and USF (196). There are also 
communication between the TBP-associated factors (TAFs) in the TFIID 
complex and the Inr, which are important for the correct function (21, 197, 
198). CP1 binds to the CAAT box, and the upstream stimulatory factor 
(USF) binds UPE. 

The TATA-box is surrounded by highly GC-rich sequences, which are 
required for high levels of transcription (199, 200). The exact function of 
this peculiar sequence arrangement is not known, but it has been speculated 
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that they could create a specific DNA structure scaffold for the PIC (22) or 
alternatively function as recognition sites for cellular transcription factors 
such as TBP, TFIIB (201–203), Sp1 and Maz (199). It can also be noted that 
the GC-rich sequence are lacking in several non-primate adenoviral MLPs 
(114). 

The late-specific activation of the MLP also requires the so-called down-
stream element located within the first intron (204–206). There are two ele-
ments, DE1 and DE2b/a, which specifically bind factors present in adenovi-
rus late infected cells. The so-called DEF-B factor binds DE2b and consists 
of a homodimer of the IVa2 protein. DEF-A on the other hand binds both to 
DE1 and DE2a, and has been proposed to consist of a heterodimer of IVa2 
and another viral protein (207). One research group has suggested that the 
unknown protein of DEF-A is the adenoviral L4-33K (see section “The L4 
unit” below) (208). However, more convincing evidence suggests that the 
L4-22K protein is the second component of DEF-A (209–213). The interac-
tion of IVa2 with the downstream elements has been suggested to be needed 
for the efficient activation of the MLP specifically at late times during a 
virus infection (105). 

The L1 model 
The regulation of L1 alternative splicing is an important model system for 
the study of the temporal shift in 3’ ss selection. The L1 unit produces two 
mRNAs, the 52,55K and the IIIa (Figure 6A). The 52,55K mRNA is the 
exclusive L1 mRNA produced during the early phase of infection. During 
the late phase the IIIa 3’ ss is also activated, which leads to the production of 
both L1 mRNAs (100). 

The selection of the IIIa 3’ ss depends on two cis-elements in the pre-
mRNA: the IIIa repressor element (3RE) and the IIIa virus infection-
dependent splicing enhancer (3VDE). These elements are located in the in-
tron upstream of the IIIa 3’ ss (Figure 6B). Highly phosphorylated SR pro-
teins bind to the 3RE during the early phase of infection. This blocks U2 
snRNP recruitment to the branch point sequence, thereby inhibiting the use 
of the IIIa 3’ ss for spliceosome assembly (214). To relieve this inhibitory 
effect on IIIa 3´ss selection, the E4-ORF4 protein associates with the cellular 
protein phosphatase IIA (PP2A) and induces a dephosphorylation of SR 
proteins (160). 

The 3VDE has been shown to be the major cis-acting element controlling 
IIIa 3’ ss usage in adenovirus infected nuclear extracts (Ad-NE). It contains 
a weak PPY, which has a low affinity for binding the cellular splicing factor 
U2AF. The cellular IgM transcript shares the characteristic of a weak PPY, 
but can actually proceed through the first step of splicing in U2AF-depleted 
Ad-NE, which is a strong indication that a viral factor somehow replaces 
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U2AF late during infection (215). This factor has been named 3VDF and is 
suggested to contain the adenoviral L4-33K protein (185) together with a yet 
to be discovered cellular factor. L4-33K has also been shown to play a role 
in the early to late switch of adenoviral gene expression during infection, 
which further supports this hypothesis (216). 

There are additional viral proteins that have been shown to play a role in 
the temporal shift in MLTU alternative splicing. The early proteins E4-
ORF3 and E4-ORF6 stimulate tripartite leader splicing by inducing i-leader 
exon inclusion and i-leader exon skipping, respectively (163). Whether these 
activities are essential for the regulated expression of the MLTU mRNAs is 
not known. 

 
Figure 6. The L1 transcription unit. A) The temporal splicing pattern of the L1 pre-
mRNA. B) The working model for L1 alternative splicing. In the late phase, hypo-
phosphorylated SR proteins are released from the 3RE and the 3VDF recruits U2 
snRNP to the branch point, thus activating IIIa 3’ ss usage. 

The L4 unit 
The L4 unit contributes to the temporal control of adenoviral gene expres-
sion. It encodes for five proteins: pVIII, two isoforms of L4-100K, L4-33K 
and L4-22K. pVIII is a structural protein, while the L4-100K protein aids in 
the translation of viral mRNAs (217) and the assembly of viral hexon trimers 
(218). The L4-22K and L4-33K protein share the 3’ ss, which is joined to the 
5’ ss of the third tripartite leader exon. L4-33K is spliced at an additional 
intron, leading to a frame-shift in the amino acid sequence (Figure 7A). 
Thus, the two proteins share the first 105 amino acids, but their C-termini are 
unique. Both L4-33K and L4-22K have been implicated in binding to the 
core sequences of the viral DNA packaging domain (187, 188, 208–210), 
which suggests that this function might be connected with the N-terminus.  
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L4-33K is a nuclear phosphoprotein of 227 amino acids (HAdV-5), with 
a highly conserved C-terminal end. This part includes an intron designated 
“ds” which is rarely used. The ds region has been shown to be critical for 
both the function (185) and localization of the protein (see paper I). The 27 
amino acids of the ds region comprise three RS- and one SR-repeat (Figure 
7B). As mentioned before, these RS/SR-repeats are important for the func-
tion of SR proteins, suggesting that L4-33K might indeed be similar in struc-
ture to this class of splicing factors. However, L4-33K is not a classical SR 
protein, since a classification into this family of proteins requires a domain 
of at least 50 amino acids with more than 40% RS content (65). Also, L4-
33K differs from the classical SR proteins in that it cannot complement cy-
toplasmic S100 extracts in an in vitro splicing assay. Further, L4-33K is not 
phosphorylated by the SR protein–specific kinases Clk/Sty or SRPK1 (219). 

A distinctive feature of L4-22K is its ability to stimulate transcription. It 
has been shown to activate expression from the MLP and that maximal tran-
scriptional activation of the MLP by L4-22K requires the presence of the DE 
element (220). In addition, the L4-22K protein can activate other viral pro-
moters such as the pIX and L4 promoters, which makes it an important part 
of the early to late switch of adenoviral gene expression (220, 221).  

 
Figure 7. A) Organization of the L4 region of the MLTU. Boxes represent ORFs, 
and diagonal lines show which parts are excised from the RNA. B) Schematic pic-
ture of the L4-33K protein. The C-terminus is evolutionarily conserved and contains 
the tiny RS-repeat important for both function and localization (ds).  
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Present investigation 

Paper I 

Serine 192 in the tiny RS-repeat of the adenoviral L4-33K protein is 
essential for nuclear localization and reorganization of the protein to the 
periphery of viral replication centers 
The L1 pre-mRNA transcribed from the MLTU has one 5’ ss and two 3’ ss, 
which are used differentially during the virus life cycle. Early in infection, 
the proximal 3’ ss is selected, producing only the 52,55K mRNA. In the late 
phase there is an effective use of the distal 3’ ss too, leading to the accumu-
lation of IIIa mRNA. The L4-33K protein, which starts to be expressed at 
intermediate times, increases the use of the distal 3’ ss, thus taking part in 
the switch from early to late phase. L4-33K has a tiny RS-repeat, which is 
closely connected to its function. This feature can also be found among the 
members of the SR family of splicing factors, which are essential splicing 
regulators. The function of SR proteins is regulated by reversible phosphory-
lation of the RS-repeats (69–71). However, L4-33K is not classified as an 
SR protein since it does not fulfill the formal requirements (65). Our group 
has previously shown that the tiny RS-repeat of L4-33K is crucial for the 
function of the protein as an alternative RNA splicing regulator (185). The 
RS-domain in the cellular SR family of splicing factors has been shown to 
govern the subcellular localization of the SR proteins within the nucleus, 
where the level of phosphorylation is closely connected to their presence in 
the IGCs (splicing factor compartments) (71, 222–224). Here we further 
investigated the role of the tiny RS-repeat in the subcellular localization of 
the L4-33K protein.  

L4-33K does not localize to nuclear speckles 
When transfecting a plasmid expressing a FLAG-tagged L4-33K protein into 
HEK293-cells, and subsequently immunostaining for FLAG and SRSF2, we 
found that L4-33K does not co-localize with the nuclear IGCs. In fact, L4-
33K was evenly distributed in the nucleus with considerable enrichment in 
the nuclear membrane. The protein was also present in small cytoplasmic 
spots in proximity to the nucleus, but the nature of these structures was not 
further investigated. The distribution of L4-33K within the nuclear mem-
brane closely resembled that of lamins (nuclear matrix proteins), and when 



 42 

transfected cells were co-stained for L4-33K and lamin B a certain co-
localization was evident. Interestingly, the nuclear lamina tethers transcrip-
tion factors and DNA to the nuclear membrane. The related L4-22K protein 
also localized to the nucleus but did not co-localize with the nuclear mem-
brane, which implies that the domain responsible for membrane attachment 
is confined to the C-terminus of L4-33K.  

Serines in the tiny RS-repeat are important for nuclear localization 
The L4-22K and L4-33K proteins are closely related and share the 105 N-
terminal amino acids. Since the two proteins both localize exclusively to the 
nucleus, we decided to sequentially delete parts of the N-terminus of L4-33K 
to investigate whether there was a common nuclear localization signal within 
this region. For this experiment, we transfected L4-33K deletion mutants 
into HEK293 cells and investigated the sub-cellular distribution using im-
munofluorescence and fractionation methods. None of the truncated proteins 
displayed an altered nuclear localization, indicating that both proteins must 
have their own localization signal within their unique C-terminal ends. 

The tiny RS-repeat has previously been shown to be essential for the L4-
33K splicing enhancer function (185). Since there is a correlation between 
RS-domains and nuclear localization, we decided to investigate whether this 
was also the case for L4-33K. Using deletion and point mutants of L4-33K, 
we observed that a deletion taking out the tiny RS-repeat resulted in a loss of 
the exclusive nuclear distribution of the L4-33K protein. Mutating the serine 
residues individually demonstrated that serine 192 was crucial for nuclear 
localization, whereas mutations affecting the other serines did not change the 
nuclear localization pattern. Interestingly, these results correlate well with 
our previous results from in vitro splicing assays with the same mutant pro-
teins (185). Our data suggest a tight connection between the splicing en-
hancer function of L4-33K and its sub-cellular localization, which is a hall-
mark of several SR proteins (71, 222–224). This further strengthens the no-
tion that L4-33K shows similarity to the SR protein family of splicing fac-
tors. 

Splicing defective L4-33K mutant proteins do not relocalize to viral 
replication centers  
During a wild type HAdV-5 infection L4-33K is organized into ring-like 
structures in the nucleoplasm, the so-called viral replication centers (225). 
We asked whether this distribution pattern might depend on the tiny RS-
repeat. Cells were transiently transfected with wild type and mutant L4-33K 
constructs and subsequently infected with wild type HAdV-5. The results 
showed that the wild type L4-33K protein efficiently reorganizes to the pe-
riphery of replication centers. On the other hand, the splicing defective mu-
tant proteins maintained their diffuse nuclear distribution. Interestingly, our 
results demonstrated an excellent correlation between the function of L4-
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33K as a splicing enhancer protein and the capacity of the protein to localize 
to the nucleus and reorganize into viral replication centers. This suggests a 
link between the splicing enhancer function and the sub-nuclear localization 
mediated through the tiny RS-repeat. It should also be noted that the func-
tional splicing assays were performed in vitro with uninfected HeLa cell 
nuclear extracts (HeLa-NE) supplemented with recombinant L4-33K pro-
tein. Thus, the defective splicing function of the mutants cannot be ascribed 
to loss of nuclear localization or reorganization.  

During a wild type HAdV-5 infection, SRSF1 has been reported to inhibit 
L1-IIIa splicing (160). The viral E4-ORF4 protein binds the cellular protein 
phosphatase PP2A, relieving an SR-mediated inhibition on L1 splicing, 
thereby governing the shift from early to late pattern of L1 alternative splic-
ing. The E4-ORF4/PP2A complex binds to highly phosphorylated SR pro-
teins and induces SR protein dephosphorylation (226). Early in infection 
SRSF1 is present in ring-like structures surrounding the viral replication 
centers, but as the infection proceeds it is redistributed into the periphery of 
the nucleus (180, 181, 227). The same has been shown for hnRNP A1 (227). 
Collectively, these observations might suggest that adenovirus reorganizes 
the cellular splicing machinery to the viral replication centers early in infec-
tion. At late times of infection, a subset of the cellular splicing factors that 
are not needed for late virus-specific splicing are redistributed to the periph-
ery of the nucleus, perhaps in order for the virus to use its own factors, like 
L4-33K, to induce the late phase of gene expression. In fact, when monitor-
ing SRSF1 localization and L1 alternative splicing in a time course experi-
ment, the IIIa 3’ ss choice is favored at the time point when SRSF1 is dis-
placed from the viral replication centers (181). 

Function and localization of L4-33K is not restored by replacing serine 192 
with the phosphomimetic aspartic acid 
Phosphorylation can be used as a means of regulating both function and lo-
calization of SR-proteins (228). In the mutants we had tested so far serine 
was substituted for glycine, which is the smallest amino acid with only a 
hydrogen atom in place of the side chain. To mimic the properties of a phos-
phorylated serine, we exchanged Ser192 with aspartic acid, which has a 
permanent negative charge. However, this mutant behaved essentially as the 
S192G mutant with a partial nuclear localization in transiently transfected 
cells and a failure to relocalize to viral replication centers after wild type 
HAdV-5 infection. Further testing of the S192D mutant protein in our L1 
alternative splicing reporter assay, demonstrated that it lacked the IIIa splic-
ing enhancer activity associated with the wild type L4-33K protein. 
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The ds region is necessary but not sufficient for the nuclear localization of 
L4-33K 
Since we found that the ds region and its serine residues are important for 
the subnuclear localization of L4-33K, we decided to investigate whether 
this region was also sufficient for directing the protein to the nucleus and 
into viral replication centers. For this experiment we transfected 911 cells 
with plasmids expressing different eGFP-L4-33K fusion proteins, infected a 
proportion of them with wild type HAdV-5 and investigated protein localiza-
tion by immunofluorescence. The eGFP protein itself is dispersed through-
out the whole cell. However, fusion of the entire wild type L4-33K reading 
frame efficiently relocalized the eGFP-L4-33K protein to the nucleus, as 
expected. The fusion protein also efficiently relocalized to the periphery of 
the viral replication centers in HAdV-5 infected cells. Though, when attach-
ing only the ds region with its tiny RS-repeat to eGFP, the construct local-
ized to the whole cell both in infected and uninfected cells. Thus, we con-
clude that the ds region is necessary but not sufficient for the exclusive nu-
clear localization and redistribution of L4-33K.  

Paper II 

A suppressive effect of the first leader 5’ splice site on L4-22K-mediated 
activation of major late transcription  
The adenoviral MLP is active both at the early and the late phase of infec-
tion, but maximal activation requires both DNA replication and expression 
of viral late proteins (182, 229). Activation of the MLP depends on several 
viral factors, for example E1A-289R (22), IVa2 (230), pIX (231) and L4-
22K (220). Downstream of the MLP transcription start site, the DE element 
is located. It has been shown to bind the IVa2 and L4-22K proteins (209, 
210, 212, 213, 220), which enhances MLP transcription. Here we report a 
novel effect of L4-22K on MLP transcription through another promoter ele-
ment overlapping the first leader 5’ ss, the so-called R1 region. 

The R1 region suppresses L4-22K-mediated activation of MLP transcription 
in vivo and in vitro 
Efficient transcription from the MLP has been suggested to need binding of 
viral factors to sites downstream of the MLP start site, R1-R3 (205, 232). R2 
and R3 overlap the DE element, and R1 interacts with a viral factor specific 
for the late phase. To test whether the L4-22K protein was the unknown late 
phase-specific factor interacting with the R1 region, we cotransfected cells 
with L4-22K-expressing plasmids and an MLP reporter with or without R1. 
Reporter gene expression was measured using the primer extension assay or 
the S1 protection assay. The results showed that whereas L4-22K activated 
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expression from the MLP wild type construct, the activation was approxi-
mately 2-fold higher for the MLP∆R1 reporter construct. To further charac-
terize the significance of the R1 region for L4-22K-mediated activation of 
MLP transcription we resorted to an in vitro experimental system. In this 
experiment linearized MLP wild type and MLPΔR1 templates were incubat-
ed in HeLa-NE with recombinant L4-22K protein. The results showed that 
deletion of the R1 region lowered the basal activity of the MLP, while addi-
tion of L4-22K activated the MLPΔR1 template approximately 1.5-fold bet-
ter compared to the MLP wild type template. Interestingly, addition of high-
er amounts of L4-22K protein suppressed accumulation of the full-length 
transcript on the wild type MLP template and resulted in an increased accu-
mulation of prematurely terminated transcripts around 40 nucleotides in 
length. Deletion of the R1 region resulted in a reduction of premature tran-
script accumulation. Previously, it has been reported that MLP transcripts, at 
late times of infection, can terminate at discrete sites within 300 nucleotides 
after the transcription initiation site (233, 234). 

Inactivation of the major late first leader 5’ splice site increases L4-22K-
mediated activation of the MLP 
The major late first leader 5’ ss is situated within the R1 region. To investi-
gate whether this was the regulatory element of R1, we introduced four point 
mutations in the conserved 5’ ss consensus sequence. This construct was 
cotransfected with L4-22K-expressing plasmid, and gene expression assayed 
with primer extension and S1 analysis. The disruption of the 5’ ss led to an 
increase in transcription analogously to the R1 deletion mutant. The MLP-
5’ss mutant, similarly to the MLP-ΔR1, accumulated less prematurely termi-
nated transcripts as compared to the wild type MLP.  

L4-22K binds to the distal part of the R1 region 
A factor specific for the late phase has been shown to bind to the R1 region 
(205), and we speculated that this factor might be L4-22K. The distal end of 
the R1 region contains a sequence motif, 5’-TTTG-3’, which is the consen-
sus sequence for L4-22K-specific binding (210). In a gel shift assay we 
demonstrated that not only did recombinant L4-22K protein bind to the wild 
type R1 region, but also that it interacted specifically with the 5’-TTTG-3’ 
motif in R1. R1 oligonucleotides with mutations within the 5’-TTTG-3’ 
motif could not out-compete L4-22K binding to the radiolabeled wild type 
R1 probe, whereas mutants with point mutations within other parts of the R1 
region did so efficiently. As pointed out earlier, L4-22K has been shown to 
bind to the DE element and also enhance MLP transcription by a DE ele-
ment-dependent mechanism (220). In an effort to analyze the relative effi-
ciency of L4-22K binding to the R1 region contra the DE element, gel shift 
assays with different combinations of cold and radiolabeled probes were 
performed. The binding of L4-22K to the DE element was much stronger, 
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but seemed to be saturated at a point where L4-22K started to bind to the R1 
region. This result agrees with the observation that protection of the R1 re-
gion was much weaker than L4-22K binding to the R2 and R3 regions 
(which overlap the DE element) (205). These observations could indicate 
that the virus controls transcription from the MLP both in a positive and 
negative way – once there is profuse amounts of L4-22K, the protein starts 
to bind the R1 region, thus exerting an inhibitory effect on MLP transcrip-
tion. 

L4-22K binding to the R1 region promotes recruitment of Sp1 to the 5’ splice 
site 
The incubation of radiolabeled R1 oligonucleotides in HeLa-NE with L4-
22K enhanced the formation of four specific complexes. Complex 1 corre-
sponds to the complex formed without HeLa-NE and thus only consists of 
the L4-22K protein. Using a cold DE element probe, we could show that 
complex 3 appears to form at lower L4-22K concentrations as compared to 
complex 2 and 4. The R1 region has a high GC-content, which could suggest 
the presence of binding sites for Sp1 and Sp3-related transcription factors 
(235). Sp1 can both activate and repress transcription, and has been reported 
to activate MLP transcription through GC-rich sequences located immediate-
ly downstream of the TATA box (199, 236). To determine whether complex 
2 and/or 4 was composed of these proteins, the R1 DNA probe was incubat-
ed in HeLa-NE with or without antibodies against Sp1 or Sp3 transcription 
factors. A super-shift of complex 4 occurred with the Sp1 but not with the 
Sp3 antibody. The nature of complexes 2 and 3 is currently unknown.  

Cellular factors are recruited to the major late first leader 5’ splice site 
Next, we tested whether L4-22K could recruit cellular factors through bind-
ing to the 5’ ss by comparing the R1 and MLP-5’ssM probes. The addition 
of a surplus of cold MLP-5’ssM probe competed as well as the R1 oligonu-
cleotide for binding of L4-22K protein to the R1 region. However, L4-22K 
was not able to stimulate the recruitment of cellular factors to the R1 region 
in the 5’ssM. This result suggests that formation of complexes 2-4 takes 
place at the major late first leader 5’ ss, or at sites overlapping this element. 
Collectively, our data suggests that complex 1 consists of L4-22K and com-
plex 4 of L4-22K and Sp1 in unknown constellations. 
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Paper III 

RNA elements involved in adenovirus L4-33K regulation of alternative 
splicing 
Adenovirus gene expression is subjected to a temporal regulation with dis-
tinct phases designated as the early, the intermediate and the late phase of 
infection (100). Several viral proteins have been shown to participate in the 
switch from the early to the late phase, two of them being L4-22K and L4-
33K. In this paper we further investigated the differential roles of these pro-
teins on RNA splicing and additionally characterized a novel cis-acting RNA 
element required for L4-33K activation of splicing.  

L4-33K but not L4-22K functions as a splicing enhancer protein 
Since the L4-22K and L4-33K proteins are closely related, sharing the first 
105 amino acids, they might have overlapping functions. L4-22K has been 
suggested to function as a transcriptional activator (220) whereas L4-33K 
has been demonstrated to possess an alternative splicing enhancer activity 
(185). However, L4-22K has not been investigated in detail when it comes to 
a possible function as a splicing enhancer protein. In fact, Morris and Lep-
pard proposed that both L4-22K and L4-33K are processing factors activat-
ing MLTU RNA expression, since both proteins could rescue late protein 
synthesis in transient transfection assays (184).  

We tested the activity of L4-22K and L4-33K in in vitro splicing experi-
ments using the IIIa, pV, pVII, penton and hexon pre-mRNAs as templates. 
The results clearly demonstrated that L4-22K did not activate splicing of any 
of the transcripts, but actually seemed to inhibit hexon splicing. In contrast, 
and in agreement with our previous results, L4-33K activated splicing of all 
tested transcripts (185). This result further strengthens the hypothesis that the 
two L4 proteins carry out different functions in the cell.  

L4-33K activates splicing of its own pre-mRNA 
In order to create a timely shift from the early to the late phase of gene ex-
pression, a self-inducible feature such as a feed-forward mechanism of acti-
vation is an attractive hypothesis for a key regulator such as L4-33K. We 
decided to test this both in vivo and in vitro. For the in vivo experiments we 
cotransfected cells with L4-33K-expressing plasmids and reporter constructs 
and analyzed reporter gene expression by the S1 protection assay. The in 
vitro splicing assay was performed on an L4-33K transcript incubated with 
recombinant L4-33K protein in HeLa-NE. Both assay systems confirmed the 
hypothesis that L4-33K induces splicing of its own pre-mRNA.  
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It is interesting to note that L4-33K has previously been shown to prefer-
entially activate splicing of transcripts with a weak 3’ ss context, i.e. a highly 
interrupted PPY such as that of our L1 model transcript (185). However, the 
L4-33K second exon 3’ ss has a moderately weak PPY. We therefore decid-
ed to map the L4-33K responsive cis-element(s) in the L4-33K pre-mRNA, 
by creating several β-globin/L4-33K chimeric transcripts. β-globin was cho-
sen since it is constitutively spliced and non-responsive to L4-33K (185). 
The transcripts were tested in in vitro splicing assays, with or without the 
addition of L4-33K. Surprisingly, we found that the L4-33K responsive ele-
ment in the L4-33K pre-mRNA was positioned upstream of the branch point, 
in variance with the position of the 3VDE in the L1 model. The results from 
these studies could indicate that the L4-33K responsive element in the L4-
33K pre-mRNA might not correlate with the PPY as previously has been 
demonstrated for the L1 model pre-mRNA.  

The L4-33K induced shift in L1 alternative splicing is not promoter-
dependent 
In vivo, transcription and splicing are for the most part closely connected 
(237). Several transcription and splicing factors are promiscuous in that they 
can regulate both processes. This connection is lacking in our in vitro exper-
iments, and as a way to study whether the IIIa splicing activation capacity of 
L4-33K might be promoter-dependent, we compared the effect of L4-33K on 
mRNA expression from an L1 construct driven by a CMV- or an MLP-
promoter. Both reporter constructs were transfected into HEK293-cells with 
or without an L4-33K expressing plasmid and mRNA expression was visual-
ized by the S1 protection assay. The basal level of expression was higher 
from the CMV-construct, in agreement with the observation that the CMV-
promoter is intrinsically strong. However, the observed L4-33K enhance-
ment of IIIa mRNA expression was similar in both constructs, implying that 
the promoter driving transcription is not crucial for the correct control of L1 
alternative 3’ ss usage. 

The requirement for cis-competition in L1 alternative splicing 
Activation of IIIa splicing in single 3’ ss constructs appears to be regulated 
correctly in vitro (238). Therefore cis-competition between the 52,55K and 
IIIa 3’ ss has not been believed to be required for a correct regulation of L1 
alternative splicing. However, a deletion of the 52,55K 3’ ss weakly activat-
ed the non-regulated use of the IIIa 3’ ss in transient transfection assays 
(239). Clearly, these opposing results warranted a further analysis.  

For these experiments we removed a large part of the L1 sequence (600 
bp) including the 52,55K 3’ ss, which resulted in a high basal activity of IIIa 
splicing that was not further enhanced by L4-33K cotransfection. This result 
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indicated that an upstream 3’ ss can indeed suppress the usage of the down-
stream IIIa 3’ ss. Further, exchanging the wild type 52,55k 3’ ss with an 
unrelated 3’ ss from the rabbit β-globin gene, the L4-33K activation of the 
IIIa splice site usage was restored. The loss of normal splicing regulation of 
L1 in the absence of an upstream splice site suggests that there may be an-
other dimension to the regulation of L1 alternative splicing. 

Interaction of L4-33K with cellular proteins 
We have previously failed to detect a direct RNA binding capacity of L4-
33K (unpublished results). Therefore it seems that this protein must rely on a 
cellular component in order to exert its effect on splicing. To investigate 
whether selected cellular splicing regulators control L4-33K-activated splic-
ing, we cotransfected plasmids expressing L4-33K and SRSF3, PTB, 
PUF60, U2AF, hnRNP F or hnRNP H, along with a IIIa reporter construct, 
and analyzed the results using the S1 protection assay. Strikingly, none of 
the cellular candidate proteins had an activating effect on IIIa splicing, with 
our without the presence of L4-33K protein. However, most interestingly we 
found that PUF60 and U2AF repressed IIIa splicing. SRSF3 and PTB actual-
ly neutralized the L4-33K enhancer effect on IIIa splicing. Both these pro-
teins are known to bind PPYs and regulate alternative splicing (34, 240, 
241). This may be an indication that, if not L4-33K itself, another protein 
must bind to the PPY of IIIa to activate its splicing, and that this binding is 
outcompeted by overexpressing SRSF3 and PTB.  

Paper IV 

Conservation of transcriptional and post-transcriptional activities of 
serotype-specific adenoviral L4 proteins 
A decade ago, the functions of the L4-22K and L4-33K proteins were basi-
cally unknown but interest was sparked after a publication stating that L4 
gene products were involved in the early to late switch in viral gene expres-
sion (216). L4-22K as a transcriptional activator and L4-33K as a splicing 
enhancer have gained interest in the past few years, but little is known about 
what function/-s they have in other adenovirus serotypes. Since they are 
highly conserved in the C-terminal parts and share the N-terminus, there 
may well be an overlap in functions. Here we investigated whether the func-
tions of the L4 proteins encoded by HAdV-3, HAdV-4, HAdV-5, HAdV-9, 
HAdV-11 and HAdV-41 are indeed conserved. While investigating the dif-
ferent serotypes, we came across an interesting finding, namely that the L4-
22K and L4-33K proteins from all tested serotypes also functioned as en-
hancer proteins of E1A alternative RNA splicing. 
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Activation of adenovirus L1 pre-mRNA splicing by serotype-specific L4-33K 
proteins 
L4-33K has a pivotal role in the selection of the distal 3’ ss of the L1 pre-
mRNA, thus leading to an efficient accumulation of the IIIa mRNA. This 
has been shown for HAdV-5 L4-33K both in vivo and in vitro, while HAdV-
5 L4-22K has been shown to lack this effect (5, 21, paper III). Here, we in-
vestigated the regulatory activity of L4-22K and L4-33K proteins from dif-
ferent serotypes by cotransfecting HEK293 cells with an L1 reporter plasmid 
and serotype-specific L4-22K or L4-33K-expressing plasmids. The harvest-
ed RNA was probed using the S1 nuclease protection assay, which showed 
that L4-33K from all tested serotypes stimulated accumulation of the IIIa 
mRNA to the same degree. On the other hand, none of the L4-22K proteins 
could stimulate distal 3’ ss usage.  

Differential MLP transcriptional activation properties of the serotype-
specific L4-22K proteins 
As previously described, HAdV-5 L4-22K, but not HAdV-5 L4-33K, can 
activate transcription from the MLP (220). We investigated whether this 
feature was conserved through the different serotypes tested here. For this 
experiment, HEK293 cells were cotransfected with an MLP reporter plasmid 
and L4-22K or L4-33K serotypes, and RNA was subsequently analyzed by 
the S1 assay. As previously shown for the HAdV-5 protein, the L4-33K 
proteins from the other serotypes could not activate MLP transcription. 
However, among the L4-22K proteins there were striking differences in ac-
tivity with the HAdV-4 and HAdV-9 L4-22K proteins stimulating MLP 
activity much better than the previously characterized HAdV-5 L4-22K pro-
tein; 6-fold and 10-fold, respectively.  

HAdV-9 L4-22K protein localizes to the nuclear rim 
Previously, L4-22K and L4-33K has been shown to be exclusively localized 
within the nucleus of infected and/or transfected cells (242). The nuclear 
pattern of L4-33K localization depends on the serine residues within the tiny 
RS-repeat. Serines can be phosphorylated, which is a common means of 
controlling both function and localization of proteins. An analysis of the 
potential phosphorylation sites within the serotype-specific L4-22K proteins, 
demonstrated that the HAdV-9 L4-22K protein had significantly less poten-
tial phosphorylation sites compared to the other L4-22K proteins. We found 
this interesting, since HAdV-9 L4-22K was considerably better at enhancing 
transcription from the MLP compared to the HAdV-5 L4-22K protein. We 
also tested whether this lack of potential phosphorylation sites affected the 
intracellular localization using in vivo transfection experiments followed by 
immunofluorescence staining. While the L4-22K protein from HAdV-5, 
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HAdV-3 and HAdV-4 localized exclusively to the nucleus, HAdV-9 L4-22K 
was also found in the cytoplasm and most interestingly in the nuclear mar-
gin. The nuclear rim, or margin, has been reported as a place for both tran-
scriptional silencing and activation (243, 244), thus it is an interesting loca-
tion for  the  L4-22K protein as a transcriptional regulator.  

HAdV-5 L4-22K acts at the level of E1A alternatively spliced mRNA 
accumulation 
While L4-33K functions as a splicing enhancer protein preferentially activat-
ing L1-IIIa and other late adenovirus pre-mRNA splicing reactions (185, 
220, 242), L4-22K has been shown to have no stimulatory effect on splicing 
in our experimental systems ((220) and paper III). Others have implicated 
L4-22K in splicing and/or post-transcriptional processing (184, 245). Here 
we demonstrated that the L4-22K protein, much to our surprise, activated 
E1A alternatively spliced mRNA accumulation in transiently transfected 
HeLa cells. Isoform-specific E1A mRNAs were analyzed by RT-PCR, with 
carefully designed primer pairs differentiating between isoforms. The results 
demonstrated that the E1A-10S mRNA was greatly induced, while only 
small differences could be detected for the other isoforms. The wild type 
E1A plasmid includes the viral DNA packaging signal, which contains seven 
so-called A-repeats that have been shown to bind L4-22K (209, 210, 212, 
213). In order to test whether L4-22K binding to the A-repeats was neces-
sary for the E1A alternative splicing enhancer function, we used a CMV-
driven E1A construct that lacks the packaging motifs. Although more effi-
cient in basal transcription (and thus accumulation of all isoforms), the E1A-
10S was still upregulated by L4-22K cotransfection.  

HAdV-5 L4-33K enhances E1A-10S mRNA accumulation 
Since L4-33K stimulates splicing of several late transcripts (185), we also 
tested whether this protein regulated E1A alternative splicing. The experi-
mental set up was as before, but this time L4-22K only had a modest effect 
on E1A splicing. L4-33K on the other hand, gave a dramatic increase in 
E1A-10S mRNA accumulation.  

The tiny RS-repeat within the C-terminal end unique to the L4-33K pro-
tein has previously been shown to be the crucial motif required for the L1-
IIIa splicing enhancer effect of the protein. The serine residues within this 
motif are essential for the stimulatory effect on IIIa splicing with serine 192 
being crucial for the function of the protein (185, 242). However, the S192G 
point mutant had no negative effect on the E1A-10S stimulatory effect of the 
protein.  

Since our experiments show that only L4-33K stimulates L1 splicing 
(185) but both L4-33K and L4-22K activates E1A-10S splicing, we propose 
that the splicing activation of L1-IIIa and E1A-10S is carried out by different 
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mechanisms. The E1A-10S effect is probably dependent on the common N-
terminal of the L4-22K and L4-33K proteins.  

Impact of other adenoviral L4-22K serotype proteins on E1A mRNA 
expression 
As commented on before, little if any data exists on the function of L4 pro-
teins from human serotypes other than HAdV-5. On this note, we tested 
whether the serotype-specific L4-22K proteins also regulated E1A alterna-
tively spliced mRNA accumulation. The results demonstrated that all sero-
type-specific L4-22K proteins increased E1A-10S mRNA accumulation, 
although the magnitude of this increase varied somewhat between serotypes. 
Interestingly, HAdV-11 L4-22K markedly inhibited the overall E1A mRNA 
expression, although the pattern of E1A-10S mRNA increase was still obvi-
ous. We have also constructed L4-33K-expressing plasmids from the corre-
sponding serotypes that will be of great interest to investigate whether the 
effects on E1A splicing pattern will be similar or different with these con-
structs. 
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Concluding remarks 

In this thesis I have outlined the current knowledge about the general con-
cepts in transcription and RNA splicing, and in more depth described what is 
known about adenoviruses and more specifically the late proteins L4-22K 
and L4-33K. Before this project was undertaken, conflicting reports existed 
on the properties and functions of these two proteins. Both have been impli-
cated in viral genome packaging and virus assembly, as well as being regula-
tors of gene expression. Multiple reports had shown that L4-22K binds to the 
DE element (209, 210, 212, 213), and our group has shown that this binding 
leads to an induction of MLP transcription (220). We have also shown that 
L4-33K stimulates IIIa pre-mRNA splicing (185), while L4-22K lacks this 
activity in vivo (220). However, other groups have reported on a possible 
role for L4-22K in post-transcriptional gene regulation (184) and for L4-33K 
as a factor binding to the DE element and activating MLP transcription 
(208). The aim of my project was to further characterize the functional prop-
erties of these two L4 proteins. 

In paper III, I characterize some basic properties of L4-22K and L4-33K. 
I further establish the difference between them in in vitro splicing assays, 
where L4-22K, in contrast to L4-33K, were found to be non-functional in 
activating splicing of several of the pre-mRNAs expressing late viral genes. 
Further, I showed that L4-33K activates its own internal splicing event both 
in vitro and in vivo. Interestingly, recent in vivo experiments point to L4-22K 
also being involved in the post-transcriptional regulation of L4-33K mRNA 
splicing (211). Clearly, my experiments should be complemented by the 
addition of L4-22K to the assay. While dissecting the L4-33K pre-mRNA 
and constructing hybrid transcripts with β-globin (which is inert to L4-33K-
induced splicing (185)), I identified a region immediately upstream of the 
branch-site of the 3’ ss that was required for L4-33K activation of self-
splicing. This RNA element does not correspond to the earlier described 
weak PPY as responsive to L4-33K activation of splicing. Thus, it may rep-
resent a new motif perhaps responsive to stimulation by both L4-22K and 
L4-33K. However, this remains to be experimentally tested.  

Previously, our group identified and characterized a region within the C-
terminus of the L4-33K protein closely connected to its function as an alter-
native splicing enhancer (185). I show here that this so-called tiny RS-repeat 
contains a signal governing the exclusive nuclear localization of the protein 
in transient transfection assays, as well as the relocalization of the protein to 
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replication centers during infection (paper I). Removing the entire RS-repeat 
redistributed the protein equally between the cytoplasm and the nucleus. An 
analysis of the localization of eGFP-L4-33K fusion proteins, demonstrated 
that a hybrid of eGFP and the full-length L4-33K protein effectively relocal-
ized the cytoplasmic eGFP protein to the nucleoplasm. The eGFP fusion 
with the tiny RS-repeat did not relocalize to the nucleus or to the viral repli-
cation centers in HAdV-5 infected cells. Thus, the tiny RS-repeat is neces-
sary but not sufficient for the correct localization of L4-33K. 

Our immunofluorescent experiments with L4-22K demonstrated that this 
protein also is exclusively nuclear. L4-33K mutant proteins that fail to ac-
cumulate in the nucleus retain the N-terminal 105 amino acids; this indicates 
that the L4-22K protein must have its own unique nuclear localization signal 
within its unique C-terminus. Future experiments could be aimed at identify-
ing this signal through sequential deletions of the N-terminus. A specific 
nuclear receptor, Transportin-SR, is responsible for import of SR proteins to 
the nucleus (246, 247). Using a Yeast Two Hybrid system, it should be pos-
sible to check for an interaction between our proteins and known nuclear 
import and export factors. Also, several SR-proteins shuttle between the 
nucleus and cytoplasm through their RS-domains (248). Thus it would be 
interesting to investigate whether the tiny RS-repeat (or any other domain) in 
L4-33K could convey this property by using a heterokaryon assay (249). In 
order to further establish the connection between nascent viral mRNA and 
the L4 proteins an in situ hybridization strategy could be employed. Using 
the same methodology as Gama-Carvalho and colleagues (181), we could 
survey the interactions between L4-22K and L4-33K and our model L1 tran-
script. 

In paper II, the interactions of L4-22K with the MLP were further investi-
gated. While L4-22K binding to the DE element stimulates MLP transcrip-
tion (220), we identified a novel self-regulatory mechanism causing an inhi-
bition of MLP transcription. A region spanning the first leader 5’ ss was 
shown to bind L4-22K, and when deleted resulted in a higher L4-22K-
mediated activation of MLP transcription. In fact, inactivation of the first 
leader 5’ ss achieved the same effect. The inhibitory effect of the first leader 
5’ ss seems to rely on L4-22K recruiting cellular factors to the MLP. One of 
these was demonstrated to be the cellular transcription factor Sp1. However, 
we have indications on at least two more possible cooperative partners, 
which we will try to identify by using chromatin immunoprecipitation as-
says. 

Surprisingly, we found that high amounts of L4-22K increased the accu-
mulation of prematurely terminated MLP transcripts. This may indicate that 
L4-22K might limit MLP transcription by suppressing transcription elonga-
tion. These findings could suggest a way of self-control of MLP transcrip-
tional activation. The L4-22K binding affinity was greater to the DE element 
than to the R1 region. Therefore, at low concentrations L4-22K binding to 
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the DE will be preferred, leading to a stimulation of MLP transcription. Lat-
er in infection, the amounts of L4-22K will build up and start to bind to the 
R1 region, thus leading to an inhibition in MLTU transcript synthesis. This 
is an attractive hypothesis of a negative feedback loop, effectively regulating 
the temporal expression from the MLTU. However, it needs much further 
experimental proof. 

Despite the use of several different methods, we have not been able to de-
tect a direct binding of L4-33K to RNA. Thus, this protein might act through 
a hit-and-run mechanism or use a cellular protein in order to bind RNA. In 
paper III, we tested different attractive candidate proteins known to have 
functions in transcription and splicing, but none of them showed a positive 
effect on IIIa splicing in vivo. Interestingly, two of them actually inhibited 
IIIa splicing, for example the polypyrimidine binding protein (PTB) and the 
splicing factor SRSF3. The experiment was based on transfection of PTB- 
and SRSF3-expressing plasmids, and thus an overexpression of these essen-
tial proteins might affect the entire process of splicing in unforeseen ways.  

A search for an associative cellular protein to L4-33K could be further ex-
tended. A possible approach would be to use a Yeast Two Hybrid assay with 
a library of cellular proteins, in an attempt to identify a protein that might 
bridge L4-33K binding to the RNA. 

Using mass-spectrometry-based methods, our group has previously iden-
tified a cellular protein kinase, DNA-PK, which interacts with L4-33K. This 
protein has a negative effect on L4-33K-activated L1 alternative splicing 
during a virus infection, while a second cellular protein kinase, PKA, has the 
opposite effect (219). Since the tiny RS-repeat contains several serine resi-
dues, a regulation of L4-33K activity by phosphorylation/de-phosphorylation 
reactions is an attractive model. Serine 192 in L4-33K has been shown to be 
crucial both for the splicing enhancer function (185) and subcellular locali-
zation of the protein (see paper I). Serines are commonly phosphorylated as 
a means of regulating the activity or specificity of proteins, which is interest-
ing in the context of the specific interaction of L4-33K with DNA-PK and 
PKA, respectively. However, replacing serine 192 with a phospho-mimetic, 
aspartic acid, the specific function and localization of L4-33K was lost – just 
as with the glycine mutant. Thus, phosphorylation of serine 192 might not be 
the regulatory step needed for function, but perhaps a cycle of phosphoryla-
tion/de-phosphorylation reactions. Also, we do not know whether serine 192 
is actually phosphorylated in vivo, so it might not depend on the net charge 
of the amino acid at this position but rather on other characteristics of the 
serine residue itself.  

While L4-22K and L4-33K from HAdV-5 have received a great deal of 
attention during the last decade, no information on the function of these pro-
teins in other human serotypes exists. Since the C-terminal parts of L4-22K 
and L4-33K are highly conserved, we decided to test whether the functions 
of the two proteins also have been evolutionary conserved. For this we con-
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structed several clones from adenovirus serotypes representing species A-F 
and tested them in vivo for their regulatory properties in MLP transcription 
and L1 splicing (paper IV). The results demonstrated that all serotype-
specific proteins mimicked that of their HAdV-5 counterparts: L4-22K en-
hances transcription but not splicing, L4-33K enhances splicing but not tran-
scription. Interestingly, the HAdV-9 L4-22K protein was considerably more 
efficient at stimulating transcription than the other serotype specific proteins, 
and also showed an aberrant localization. While HAdV-5 L4-22K was diffu-
sively localized exclusively to the nucleus, a proportion of the HAdV-9 L4-
22K protein was enriched at the nuclear rim while a fraction was localized to 
the cytoplasm. This compartment have been associated with both transcrip-
tional silencing and activation (243, 244). Further, HAdV-9 L4-22K have 
significantly less potential phosphorylation sites compared to the other sero-
type specific L4-22K proteins, indicating a possible difference in means of 
regulating function and localization (as discussed above). It will be interest-
ing to compare the phosphorylation status and localization of the L4-22K 
and L4-33K proteins from additional serotypes, to see whether these can be 
linked to each other. We have access to HAdV-5 mutant viruses lacking L4-
22K or L4-33K, which both are hampered in virus growth. To investigate 
whether these L4 proteins from other serotypes are essential for virus 
growth, we will infect cell cultures with the HAdV-5 ΔL4-22K or ΔL4-33K 
viruses and determine whether we can improve virus growth with serotype-
specific proteins. 

While L4-22K and L4-33K have been characterized by their function on 
late genes/gene products, new data indicates that L4-22K inhibits transcrip-
tion of the E1A unit and other early genes (211). We investigated this find-
ing more closely, and found that L4-22K in fact regulates the alternative 
splicing pattern of the E1A unit (paper IV). The E1A-10S isoform was 
strongly upregulated by the addition of an L4-22K-expressing plasmid in 
transient transfection experiments. L4-33K also increased the expression of 
E1A-10S, even when mutated on serine 192. These findings suggest a new 
mechanism of splicing activation common to L4-22K and L4-33K, which do 
not rely on the characterized RS-repeats unique to the L4-33K reading 
frame. This will be investigated further by using mutant proteins with se-
quential deletions of the C-terminus of L4-33K and N-terminal deletions of 
the common L4-22K and L4-33K reading frame. We will also try to find the 
responsive RNA element in the E1A pre-mRNA required for activation of 
E1A-10S splicing.  

Even after 10 years of research, much remains to be elucidated when it 
comes to the precise mechanisms of action of the L4-22K and L4-33K pro-
teins. In this thesis, I take an exploratory step forward towards an under-
standing of these adenoviral proteins. 
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visste inte att det fanns så mycket kärlek på denna jord innan du kom till oss. 
Jag älskar er! 
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