
ACTA
UNIVERSITATIS
UPSALIENSIS
UPPSALA
2006

Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 195

Global Profiling of Host Cell Gene
Expression During Adenovirus
Infection

FREDRIK GRANBERG

ISSN 1651-6206
ISBN 91-554-6704-0
urn:nbn:se:uu:diva-7221





Still round the corner there may wait, 
a new road or a secret gate.

J.R.R. Tolkien





List of publications 

This thesis is based on the following papers, which are referred to in the text 
by their Roman numerals: 

I Zhao H., Granberg F., Elfineh L., Pettersson U. & Svensson C. Stra-
tegic Attack on Host Cell Gene Expression during Adenovirus Infec-
tion. J. Virol. 77, 11006-11015 (2003). 

II Granberg F., Svensson C., Pettersson U. & Zhao H. Modulation of 
host cell gene expression during onset of the late phase of an adeno-
virus infection is focused on growth inhibition and cell architecture. 
Virology. 343, 236-45 (2005). 

III Granberg F., Svensson C., Pettersson U. & Zhao H. Adenovirus-
induced alterations in host cell gene expression prior to the onset of 
viral gene expression. Virology. 353, 1-5 (2006). 

IV Zhao H.*, Granberg F.*, & Pettersson U. How adenovirus perturbs 
cellular gene regulation when propagated in primary cells. Manu-
script

All reprints have been made with the permission of the copyright holders. 
* These authors contributed equally to this work. 



Related Publications 

i Dorn A., Zhao H., Granberg F., Hosel M., Webb D., Svensson C., 
Pettersson U. & Doerfler W. Identification of Specific Cellular Genes 
Up-Regulated Late in Adenovirus Type 12 Infection. J. Virol. 79, 
2404-2412 (2005). 

ii Johansson C., Zhao H., Bajak E., Granberg F., Pettersson U. & 
Svensson C. Impact of the interaction between adenovirus E1A and 
CtBP on host cell gene expression. Virus Res. 113, 51-63. (2005). 



Members of the committee

Faculty opponent:

Dr. Richard Roberts 
Research Director, Nobel laureate 
New England Biolabs 
Beverly, USA 

Review board: 

Dr. Göran Magnusson
Professor of Virology 
Uppsala University 
Uppsala, Sweden 

Dr. Aristidis Moustakas 
Group Leader 
Ludwig Institute for Cancer Research 
Uppsala, Sweden 

Dr. Lars-Gunnar Larsson 
Professor of Molecular Genetics 
Department of Plant Biology and Forest Genetics 
The Swedish University of Agricultural Sciences, SLU 
Uppsala, Sweden 





Table of contents 

Introduction.................................................................................................. 13

Adenovirus................................................................................................... 14
Adenovirus classification ........................................................................ 14
Adenovirus as a model system ................................................................ 15
Virion structure and genome organization .............................................. 15
The early phase of infection .................................................................... 17

Attachment and entry.......................................................................... 17
Expression of the early viral genes ..................................................... 17

The late phase of infection ...................................................................... 23
Viral DNA replication ........................................................................ 23
Activation of late viral genes .............................................................. 23
Host cell shutoff.................................................................................. 24
Virion assembly and release ............................................................... 24

Experimental approach ................................................................................ 25
Microarray technology ............................................................................ 25

Background......................................................................................... 25
The microarray experimental procedure............................................. 26

Present investigation .................................................................................... 30
Aim.......................................................................................................... 30
Adenovirus-host cell interactions in the early phase of infection  
(Paper I)................................................................................................... 31

Results ................................................................................................ 31
Discussion........................................................................................... 32

Modulation of host cell gene expression during the late phase of  
infection (Paper II) .................................................................................. 34

Results ................................................................................................ 34
Discussion........................................................................................... 36

Alterations in host cell gene expression prior to the onset of viral gene 
expression (Paper III) .............................................................................. 38

Results ................................................................................................ 38
Discussion........................................................................................... 39

How adenovirus perturbs cellular gene regulation when propagated in 
primary cells (Paper IV) .......................................................................... 40



Results ................................................................................................ 40
Discussion........................................................................................... 42

Final comments............................................................................................ 45

Acknowledgements...................................................................................... 47

References.................................................................................................... 48



Abbreviations

AA Arachidonic acid 
Ad Adenovirus 
ADP Adenovirus death protein 
bp Base pair 
cAMP Cyclic AMP 
CAR Coxsackievirus and adenovirus receptor 
CBP CREB-binding protein 
CCD Charge-coupled device 
cDNA Complementary DNA 
CREB cAMP-responsive-element-binding protein 
CtBP C-terminal Binding Protein 
CTLs Cytotoxic T lymphocytes 
DBP DNA binding protein 
DNA Deoxyribonucleic acid 
EGFR Epidermal growth factor receptor 
eIF2  Eukaryotic initiation factor-2 
ER Endoplasmic reticulum 
FIPs 14.7K interacting proteins 
HAT Histone acetyltransferase 
hpi Hours post-infection 
IFN Interferon 
IL Interleukin 
MAPK Mitogen-activated protein kinase 
MLP Major late promoter 
MLTU Major late transcription unit 
mRNA Messenger RNA 
NF- B Nuclear factor kappa beta 
NFI Nuclear factor I 
Oct-1 Octamer binding protein-1 
PCR Polymerase chain reaction 
PKR RNA-dependent protein kinase R 
PMT Photomultiplier tube 
PODs PML oncogenic domains 
PP2A Protein phosphatase 2A 
QRT-PCR Quantitative real-time PCR 
RID Receptor internalization and degradation 



RNA Ribonucleic acid 
SAM Significance analysis of microarrays 
TGF-  Transforming Growth Factor beta 
TNF Tumor necrosis factor  
TP Terminal protein 
TRAIL TNF-related apoptosis inducing ligand 
VA RNA Virus-associated RNA 
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Introduction

Viruses are small, infectious, obligate intracellular parasites that require the 
cellular machinery of a host to replicate. They have evolved to infect every 
form of life and are a common cause of diseases. The genome of viruses 
consists of either DNA or RNA and directs the viral replication by the syn-
thesis of viral gene products within an appropriate host cell. Progeny virions 
are subsequently constructed by de novo assembly from newly synthesized 
components and constitute the vehicles for transmission of the viral genome 
between hosts. 

For a successful infection, the virus must enter the host and redirect cellu-
lar processes for its replication. This is commonly achieved through interac-
tions between viral gene products and cellular regulatory proteins. However, 
most hosts have developed defense mechanisms aimed at inhibiting viral 
replication and eliminating the infecting virus. Viruses have in turn adapted 
and evolved numerous strategies to counter and evade the antiviral re-
sponses of the hosts. Studies of virus–host interactions can advance our 
understanding of viral and cellular functions and provide new insights into 
the mechanisms behind diseases. 

Since its discovery, adenovirus has served as an excellent model system 
to study regulatory mechanisms in eukaryotic cells. It is well established 
that adenovirus must effectively reprogram the host cell and overcome its 
antiviral defence mechanisms in order to reproduce. Adenovirus encodes 
several genes with the ability to target cellular proteins involved in tran-
scriptional regulation. However, the study of cellular gene expression 
changes during adenovirus infection has largely been focused on the activi-
ties of individual viral genes. The global changes in gene expression and the 
temporal cascades remain unclear, leaving the complex nature of the adeno-
virus reprogramming of the host cell unresolved. 

With the sequencing of the human genome complete and the advent of 
microarray technology, the global host response can now be analyzed on a 
transcriptional level during infection. Using microarrays to detect changes in 
host gene expression should give important information of the complex 
genetic processes that underlie the interaction between the virus and the 
host. This thesis investigates the interplay between adenovirus and its host 
cell throughout the infectious cycle.  
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Adenovirus

Adenovirus classification 
Adenoviruses were first identified in 1953 as cytopathic agents in surgically 
removed human adenoids [150]. These agents were soon recognized to be 
causative of upper respiratory tract infections (ie, colds) [85] and were later 
named adenoviruses after the tissue in which they were first discovered [54]. 
Adenoviruses are widespread in nature and have been isolated from several 
different vertebrates. Together, they constitute the Adenoviridae family of 
viruses, which have five genera [39]. The human adenoviruses comprise, so 
far, 51 different serotypes classified into the Mastadenovirus genus. These 
serotypes have been further divided into six subgroups, A-F, based on he-
magglutination, oncogenic potential in rodents, and DNA homology (table 
1). Serotypes within the same subgroup show similarities in tissue tropism 
and pathology. In addition to respiratory illness, human adenoviruses may 
also cause gastroenteritis, conjunctivitis, cystitis, and rash illness depending 
on infecting serotype. Although the symptoms are generally mild, patients 
with compromised immune systems are especially susceptible to severe 
complications [175]. The ability of certain human adenoviruses to induce 
malignant tumours in rodents was first discovered with adenovirus type 12 
(Ad12) [172]. Adenovirus-mediated oncogenesis appears to be associated 
with abortive infections and has, so far, never been observed in humans 
[86]. The most commonly used adenoviruses in research are types 2 and 5 
(Ad2 and Ad5) of the non-oncogenic subgroup C, Ad2 was used for the 
work presented in this thesis. 

Table 1. Adenovirus subgroups and serotypes

Subgroup Oncogenic potential Tissue Tropism Serotypes 

A High Gastrointestinal tract 12, 18, 31 
B Moderate Urinary tract, lung 3, 7, 11, 14, 16, 21, 34, 35, 50 
C Low or none Upper/lower respiratory 

tract
1, 2, 5, 6 

D Low or none 
(mammary tumors) 

Eye, Gastrointestinal 
tract

8–10, 13, 15, 17, 19, 20, 22–
30, 32, 33, 36–39, 42–49, 51 

E Low or none Respiratory tract 4 
F Unknown Gastrointestinal tract 40, 41 

The table is adapted from [153]. 
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Adenovirus as a model system  
Adenoviruses are DNA viruses which replicate in the nucleus of infected 
cells. They rely primarily on the host cell machinery to express their gene 
products, which in turn modulate regulatory processes to create an optimal
cellular environment for viral replication. The regulation of cellular proc-
esses, e.g. the ability of adenoviruses to induce S-phase in quiescent cells, 
makes adenoviruses suitable for investigating cellular mechanisms. In addi-
tion, adenoviruses have several advantageous properties as an experimental 
system: they can be grown to high-titers, pose no greater risk to humans, and 
the viral genome is easily manipulated [153]. Ever since their discovery, 
human adenoviruses have been used as model systems to study basic cellu-
lar processes, including transcription, RNA processing, DNA replication, 
cell cycle regulation, and oncogenesis. Consequently, many fundamental 
discoveries were made using adenoviruses, including pre-mRNA splicing 
[15, 34] and identification of  transcription factors and cellular proteins in-
volved in  cell cycle regulation [131, 183]. 

An important aspect for the continued and increased interest for adenovi-
ruses is the widespread use of adenovirus vectors in gene transfer studies and 
gene therapy [13, 178]. However, the immune response elicited by the ade-
novirus vectors is a major problem in this area [125]. In addition, adenovi-
ruses also have potential to be used as oncolytic viruses against cancer cells 
[47]. Knowledge about adenovirus-induced cell cycle deregulation has re-
sulted in a first line of adenovirus mutants that are restricted to replicate in 
cells with inactivated cell cycle checkpoints, such as cancer cells [133]. 
However, to advance in these fields, it is of great importance to better un-
derstand the interactions between the virus and the host cell.

Virion structure and genome organization
The adenovirus virion is a non-enveloped, icosahedral particle measuring 
70-100 nm in diameter. It consists of an outer capsid and an inner nucleo-
protein core with genomic DNA. The capsid is mainly composed of 252 
subunits (capsomers), of which 240 are hexons and 12 are pentons [72]. 
While the triangular facets of the capsid are formed by hexons, each vertex 
consists of a penton base with a protruding fiber unit. The fibers mediate 
primary attachment to host cells and differ in length and receptor binding 
capacity between serotypes [87]  

The adenoviral genome is a linear, double-stranded DNA with a size of 
30-38 kbp. Each end of the genome has an inverted terminal repeat of 100-
140 bp to which the terminal protein (TP) is covalently linked. The genome 
is transcribed from both strands and encodes around 40 proteins organized 
into eight RNA polymerase-II dependent transcription units. These are clas-
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sified according to time of expression during the viral life cycle into five 
early (E1A, E1B, E2, E3 and E4), two delayed early (IX and IVa2), and one 
major late transcription unit (MLTU). The MLTU is further processed by 
alternative splicing and polyadenylation site usage to generate five families 
of late mRNAs (L1-L5) [2]. In addition, the adenoviral genome also encodes 
one or two, depending on serotype, small virus-associated RNAs (VA RNA 
I and II) transcribed by RNA polymerase-III [98] (figure 1).  

E1A Transcriptional regulation 
S-phase induction 
Apoptosis

E1B Inhibits apoptosis 
p53 interaction  
mRNA export 

E2 Viral DNA replication E3 Counteract host immune  
defenses

E4 Transcriptional regulation 
mRNA export 
RNA processing
Apoptosis

L1-5 Capsid proteins 
Assembly factors 
DNA binding proteins

Figure 1. Organization of the adenovirus type 2 genome. The transcription units and 
their primary functions; early (white), delayed early (grey), and late (black). 1, 2 
and 3 denote the tripartite leader sequence of the major late mRNAs.  
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The early phase of infection 
The replicative cycle of adenovirus is divided into two phases, the early and 
the late phase, separated by the onset of viral DNA replication. The early 
phase includes virus attachment, entry, and the expression of the early viral 
genes. The general aim in the early phase of infection is to create an optimal 
host cell environment for viral DNA replication.  

Attachment and entry  
The coxsackie-adenovirus receptor (CAR) is the primary cellular receptor 
for all human adenoviruses except subgroup B [14, 148, 171]. Adenovirus 
binds to CAR via an interaction mediated by the knob domain of the fiber 
protein [137, 188]. Following attachment, the adenovirus penton base binds 
to the extracellular domain of v 5 integrins, thereby triggering virus entry 
through clathrin-dependent endocytosis [130, 185]. Endosome acidification 
induces partial disassembly of the viral capsid, which in turn leads to disrup-
tion of the endosomal membrane [186]. After entering the cytoplasm, the 
partially uncoated virus relies on dynein-mediated transport along micro-
tubules to reach the nucleus [97, 163]. Attachment of the virus particle to the 
nuclear pore complex receptor CAN/Nup214 and interaction with histone 
H1 are both required for complete disassembly of the viral particle and nu-
clear import of viral DNA [174]. 

Expression of the early viral genes 
In the early phase, adenoviral genes are primarily express to (i) force the 
host cell to enter the S-phase of the cell cycle, (ii) inhibit the cellular antivi-
ral defense mechanisms, and (iii) synthesize viral gene products needed for 
viral DNA replication [153]. The transcriptional program of adenovirus 
starts with the expression of the immediate-early E1A gene, which encodes 
a transactivator of the other early genes (E1B, E2, E3 and E4) [17]. Proper-
ties of the early viral gene products will be described for each transcription 
unit.

E1A : Key regulators of transcription and cell cycle control
The E1A transcription unit is initially expressed from a constitutively active 
promoter [80] and encodes two primary regulators of viral and cellular gene 
expression, the E1A-243R and E1A-289R proteins [136]. Four conserved 
regions (CR1-4) have beeen identified in the E1A proteins, and CR3 is 
unique to E1A-289R [5] (figure 2). Since the E1A proteins are not known to 
bind directly to DNA in vivo [60], they must interact with cellular proteins 
to modulate transcriptional activity of target genes. These interactions are 
primarily mediated by the conserved regions.  
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The CR3 domain of E1A-289R is mainly responsible for the transactiva-
tional activity of E1A and is required for efficient transcription of all the 
early viral genes [17, 124]. The transactivating properties of CR3 reside in 
its ability to act as a protein bridge, recruiting components of the basal tran-
scription machinery to specific promoter-bound transcription factors, 
thereby stabilizing the pre-initiation complex [20, 69, 110]. This has been 
demonstrated for several transcription factors bound by CR3, including 
ATF/CREB [28, 79] and AP1 [115]. Furthermore, CR3 also binds to the 
mediator complex via Sur2, which is required for full transactivation of the 
early viral genes [160, 179]. 

 The CR1 and CR2 domains, together with the extreme N-terminal region 
of E1A, are essential to drive the host cell into the S-phase of the cell cycle, 
which is required to create a cellular environment permissive for DNA syn-
thesis and viral replication. The S-phase-inducing capacity of E1A largely 
depends on its ability to bind members of the retinoblastoma tumor suppres-
sor (pRb) family [10, 50]. The binding of E1A disrupts inhibitory complexes 
between pRB and the E2F family of transcription factors, resulting in tran-
scription of E2F-responsive genes required in S-phase and cell cycle pro-
gression [29, 35, 49].

In addition, E1A can also promote cell proliferation through interaction 
with p300/CREB-binding protein (CBP) [159, 180], which is involved in 
multiple cellular processes as a transcriptional co-activator and histone ace-
tyltransferase (HAT). The binding of E1A to p300/CBP may alter or inhibit 
its ability to function as co-activator [4, 9], resulting in E1A-mediated re-
pression of genes involved in several different cellular processes, including 
growth arrest [121], cell differentiation [27] and antiviral defense [18]. 
However, the association of E1A with p300/CBP may also result in a redi-
rection of p300/CBP to activate specific target genes [59]. Furthermore, 
E1A can also interact with the p400/TRRAP containing chromatin-
remodeling complex, which offers another possibility to deregulate cellular 
transcription [67, 102].  

The binding of E1A to pRB and p300/CBP may also indirectly induce 
apoptosis, both through stabilization of the p53 tumor suppressor protein 
[43, 114], and through p53-independent pathways [32, 141]. Several specific 
mechanisms for E1A-induced stabilization of p53 have been proposed. In 
addition to pRb and p300/CBP binding, E1A dependent inhibition of the 
26S proteasome is also believed to contribute [200]. However, E1A have 
also been suggested to counteract its own induction of p53, to some extent, 
by blocking p53 transcriptional activation through the sequestering of 
p300/CBP [154].  

Finally, the CR4 domain may also exert transcriptional regulation 
through its ability to bind the C-terminal Binding Protein (CtBP) [31], which 
functions as a transcriptional co-repressors. Even though the precise mecha-
nisms are essentially undefined, CtBP has been demonstrated to promote 
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cell survival by suppressing the expression of several pro-apoptotic genes 
[16].  

Figure 2. Binding map of proteins to E1A. The two major E1A proteins with the 
four conserved regions (CR1-4) and known cellular binding proteins. The image is 
adapted from [68].   

E1B : Inhibitors of apoptosis
The E1B transcription unit encodes two major proteins, E1B-19K and E1B-
55K, with distinct anti-apoptotic properties. The E1B-19K protein is a viral 
Bcl-2 homologue that acts as a broad inhibitor of mitochondria-dependent 
apoptosis by binding to and inhibiting the Bak and Bax proteins [58, 77]. 
Since E1B-19K acts at the level of mitochondria, it is a potent inhibitor of 
death receptor-mediated apoptosis induced by various stimuli, including Fas 
and tumor necrosis factor alpha (TNF ) [162, 182]. By inhibiting Bak and 
Bax, E1B-19K also blocks the proapoptotic downstream effects of p53 in-
duced transcription [83]. In addition, E1B-19K has also been suggested to 
interfere directly with the activity of mitochondria-localized p53 [112].  

The E1B-55K is a multifunctional protein whose primary function differs 
between the early and the late phase of infection. In the early phase, E1B-
55K acts both alone and in complex with the E4orf6 protein to inhibit p53-
dependent apoptosis and growth arrest. The binding of E1B-55K to the acti-
vation domain of p53 has been shown to results in (i) inhibition of p53-
mediated transcriptional activation [167, 193], (ii) inhibition of transcription 
from p53-bound promoter regions [118, 139, 192], and (iii) relief of p53-
mediated transcriptional repression [140]. The interaction of E1B-55K with 
p53 also leads to sequestration of p53 into aggresomes in the cytoplasm 
where E1B-55K and E4orf6 collaborate to mediate p53 degradation [111, 

N CR4CR3CR2CR1 289R

ATF1-3
TBP 
Sur2
YY1
RAR
Sp1
CBF
c-Jun
TAFs  

CtBPp300
CBP
TTRAP 
p400
PCAF
p21
Proteosome

RB
p107
p130Sug1

Dr1
AP1
TBP 

N 243RCR2CR1 CR4



20

198]. E4orf6 recruits cellular factors into a ubiquitin ligase that together 
with E1B-55K mediates polyubiquitinylation and degradation of cellular 
targets [78, 144, 158]. In addition to p53, this complex has also been shown 
to target the cellular Mre11-Rad50-Nbs1 (MRN) DNA damage machinery 
for degradation [161]. In the late phase, the E1B-55K/E4orf6 complex fa-
cilitates nuclear export of late viral mRNAs while simultaneously prevent-
ing export of most cellular mRNAs [21, 64].

E2 : Proteins involved in viral DNA replication 
The E2 transcription unit encodes proteins required for viral DNA replica-
tion and is further subdivided into two parts, E2A and E2B. The E2A unit 
encodes the single stranded DNA binding protein (DBP), while the E2B unit 
encodes both the pre-terminal protein (pTP) and the adenovirus DNA poly-
merase [164]. 

E3 : Subversion of host defense mechanisms 
Among the seven known proteins encoded within the E3 transcription unit, 
five have been demonstrated to block the acquired or innate immune re-
sponse (figure 3). A unique feature of the E3 promoter is that it also contains 
binding sites for nuclear factor kappa beta (NF- B) [44], which is known as 
a central mediator of immune response. Thus, the transcription of E3 is en-
hanced in respond to stimuli that increase NF- B activity, such as the proin-
flammatory cytokines interleukin 1 (IL-1) and tumor necrosis factor (TNF) 
[135].  

The receptor internalization and degradation (RID) complex is a het-
erodimer composed of the E3 RID  and RID  proteins. RID counteract 
ligand-induced apoptosis by inducing internalization and degradation of 
death domain receptors, such as Fas, TNF, and TNF-related apoptosis-
inducing ligand (TRAIL) [53, 61, 170]. Similarly, RID also stimulates inter-
nalization and degradation of specific tyrosine kinase receptor family mem-
bers such as the epidermal growth factor receptor (EGFR) [25, 169], and the 
insulin and insulin-like growth factor receptors [101]. The removal of these 
receptors is believed to benefit the virus by preventing the inflammatory 
responses mediated through the Ras-ERK signalling pathway [187]. Another 
ability of RID is the inhibition of TNF-induced translocation of cPLA2 to 
membranes, which prevents release of arachidonic acid (AA) and thereby 
the formation of proinflammatory prostaglandins and leukotrienes [45]. Fur-
thermore, the RID complex has also been shown to inhibit the NF- B path-
way though a mechanism likely to be separate from the down-regulation of 
surface receptors. In response to stimulation of cells with IL-1 or TNF, RID 
appeared to block degradation of the inhibitor of NF- B (IkB) by preventing 
activation of the kinase complex, IKK [66].

The E3-6.7K protein is a small integral membrane protein, which act to-
gether with RID in the down-regulation of TRAIL receptor 2 [12, 108]. E3-
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6.7K has also been proposed to independently function in the endoplasmic 
reticulum as a general repressor of apoptosis by maintaining cytosolic Ca2+

homeostasis [123].  
The E3-14.7K is a cytosolic, multifunctional protein, which acts as a 

general inhibitor of apoptosis induced by TNF [73] and TRAIL [170]. In 
addition, E3-14.7K has also been shown to block TNF-mediated inflamma-
tion by preventing release of AA [202]. Even though the exact mechanisms 
are unclear, most properties of E3-14.7K are proposed to be a consequence 
of interaction with four different cellular proteins known as FIPs (14.7K 
interacting proteins) [105-107]. However, E3-14.7K was also recently 
shown to inhibit NF- B activity through direct interaction with one of its 
subunits [26]. 

E3-gp19K is a glycoprotein localized in the endoplasmic reticulum (ER) 
and binds to MHC-I antigens, blocking their transport to the cell surface. 
The infected cells will consequently be hidden from detection by adenovirus 
specific cytotoxic T lymphocytes (CTLs) [23]. 

Figure 3. Schematic drawing of the E3 transcription unit. Integral membrane pro-
teins are shown as black bars. The image is adapted from [187]. 

E4 : Modulators of transcription, DNA replication and cell signaling 
The E4 transcription unit encodes at least six different proteins named ac-
cording to the order of their corresponding open reading frames as E4orf1 to 
E4orf6/7. These proteins have been reported to be involved in transcription, 
nuclear structure organisation, DNA repair, mRNA export and cell signal-
ling through interaction with viral and cellular regulatory components [166].  

E4orf6 and E4orf3 provide redundant functions for efficient viral DNA 
replication and are involved in the synthesis of late viral proteins [22, 89]. 
Both proteins are also known to form mutually exclusive complexes with 
the E1B-55K protein [104]. E4orf3 associates with the nuclear matrix and 
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affects the distribution of large nuclear bodies known as PML oncogenic 
domains (PODs) or ND10 [48]. These structures contain proteins implicated 
in several different cellular functions, including transcriptional regulation, 
apoptosis, DNA repair, and response to interferon (IFN) [128]. The ability 
of E4orf3 to reorganize PODs has been shown to correlate with its stimula-
tory effect on viral DNA replication [56]. Interaction between E4orf3 and 
E1B-55K is associated with relocalization of E1B-55K to the nuclear matrix 
[104]. The functions of the complex formed by E4orf6 and E1B-55K have 
been described above.

The E4orf4 protein binds to protein phosphatase 2A (PP2A) and the com-
plex has been implicated in regulation of transcription, splicing, and viral 
replication [55, 100, 132]. However, E4orf4 has also been linked to the in-
duction of p53-independent apoptosis [99].  

The E4orf6/7 fusion protein seems to possess transactivating properties 
complementary to those of E1A. Transcription from both the adenoviral E2 
promoter and the cellular E2F-1 promoter can be induced by ORF6/7 
through interaction with E2F [7, 129, 151]. 

The functions of E4orf1 and E4orf2 during lytic infection are still un-
clear. However, ORF1 proteins from Ad9, Ad5 and Ad12 interact with a 
group of PDZ-proteins that are known to act as scaffolding proteins in cell 
signalling [166]. E4orf2 has never been detected in complex with cellular 
proteins, but appears to be a soluble cytoplasmic component in infected cells 
[46].

Virus associated (VA)-RNA  
VA-RNAs are short (~160 nt), GC-rich RNA polymerase III transcripts 
which forms stable dsRNA secondary structures that are important for their 
function [98]. Although the synthesis of VA RNAs begins in the early 
phase, it dramatically increases during the late phase. The VA RNAs inacti-
vate the RNA-dependent protein kinase R (PKR), which otherwise would 
block protein translation in response to infection by phosphorylating eu-
karyotic initiation factor-2 (eIF2 ) [119]. 
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The late phase of infection
The late phase begins with the onset of viral DNA replication and is charac-
terized by full transcription from the major late promoter (MLP), as well as 
selective transport and translation of viral mRNAs. This leads to the produc-
tion of structural proteins and the assembly of new virions. 

Viral DNA replication 
Viral DNA replication marks the switch from the early to the late phase of 
infection and begins after successful S-phase entry when enough E2 gene 
products have been accumulated [153]. For efficient viral DNA replication, 
three cellular proteins are required, including two transcription factors, nu-
clear factor I (NFI) and octamer binding protein-1 (Oct-1), and a DNA to-
poisomerase type I, nuclear factor II (NFII). The adenoviral genome con-
tains two origins of DNA replication located within the inverted terminal 
repeats. Replication is initiated at either by the formation of a pre-initiation 
complex (PIC). This is mediated by NFI an Oct-1, which together recruit the 
viral primer pTp and adenovirus polymerase (Pol) to the replication origin 
[41]. DNA replication is then initiated via a protein-priming mechanism 
where the first nucleotide, dCTP, is covalently linked to a serine residue in 
the primer pTP. After dissociation from pTP, Pol replicates the Ad genome 
via a strand displacement mechanism [42]. Although the viral DBP also 
stimulates initiation, its main function is to enable Pol to elongate by dis-
placing the non-replicated strand. Elongation of the full-length viral genome 
also requires the topoisomerase activity of NFII [126]. After replication, 
pTP is processed by a virus-encoded protease into the mature TP [181]. 

Activation of late viral genes 
Immediately after the onset of viral DNA replication, the two delayed early 
viral genes, IX and IVa2, start to be expressed [19]. This is followed by full 
activation of the MLP through a complex mechanism that seems to involve 
both structural changes in the DNA template and transactivators such as the 
IVa2 protein [173, 197]. Transcription of the MLTU generates a primary 
transcript about 29 kbp in length which is processed into approximately 20 
different mRNAs by differential splicing and polyadenylation site usage. 
These mRNAs all have a common 5’ leader sequence, the so-called tripartite 
leader, which is spliced to the body of each mRNA sequence [15, 34]. Most 
proteins synthesized from the MLTU mRNAs are structural proteins of the 
virion and proteins important for the assembly of new viral particles. The 
activation of late viral gene expression is also associated with a gradual 
decrease in early viral gene expression [62].
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Host cell shutoff 
Cellular protein synthesis is almost completely inhibited during the late 
phase of infection due to selective transport and translation of viral mRNAs 
[11]. The E1B-55K/E4orf6 complex has been shown to promote transport of 
viral mRNA to the cytoplasm while preventing nuclear export of newly 
synthesized cellular mRNA [21, 138]. Even though the molecular mecha-
nisms by which this occurs remain unclear, it has been suggested that the 
E1B-55K/E4orf6 complex redirects cellular transport proteins to specific 
intra-nuclear replication/transcription sites [64, 134]. The selective transla-
tion of viral mRNAs has been attributed to the L4-100K protein. This pro-
tein blocks the translation of most cellular mRNAs by disrupting the cap-
initiation complex eIF4F [37], and promotes translation of tripartite leader 
containing mRNAs through an alternate mechanism known as ribosome 
shunting [189].  

Virion assembly and release 
With the production of large quantities of structural proteins, assembly of 
new adenovirus particles begins in the nucleus. The empty capsid is first 
assembled from preformed hexon and penton capsomers, after which the 
adenoviral genome is inserted (encapsidation) [5, 51]. To complete the for-
mation of fully infectious virions, the adenovirus protease cleaves a subset 
of the structural proteins into their mature form [116]. The adenovirus death 
protein (ADP), which is encoded by the E3 transcription unit and expressed 
during very late stages of infection, mediates cell lysis and release of prog-
eny virions [168]. Although the exact mechanisms are still unknown, inter-
action between ADP and MAD2B has been shown [195]. 
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Experimental approach 

Microarray technology 
Gene expression profiling by the use of microarrays is a powerful technol-
ogy that allows the simultaneous study of thousands of gene transcripts. 
Since their introduction, microarrays have been used to compare transcrip-
tion profiles in a wide variety of different tissues and conditions, resulting in 
many valuable insights into gene functions, processes, and pathways.  

Background
Microarray technology has evolved from the basic concept that labeled nu-
cleic acids can hybridize to complementary DNA molecules attached to a 
support. Gillespie & Spiegelman first introduced this in 1965 with the tech-
nique of RNA-DNA hybridization using DNA immobilized on a nitrocellu-
lose membrane [71]. The idea was later expanded with the development of 
so called macroarrays, nylon or filter membranes with a greater number of 
known DNA sequences attached, usually probed with radiolabeled nucleic 
acids. Technical improvements and change of support allowed further 
miniaturization. A major advance was made in 1995 when Patrick Brown 
and colleagues introduced the use of a robotic system to spot DNA se-
quences onto glass slides [152]. They also illustrated the possibility to 
measure the relative abundance of DNA molecules between two samples 
(test and reference) using a two-color fluorescence labeling protocol. Today, 
there exist a wide variety of methods to produce high density microarrays 
[82]. An important alternative to the printing of whole DNA sequences is 
the synthesizing of oligonucleotides directly on a solid surface with methods 
such as photolithography [65]. Alternative labeling methods has also been 
developed with the intention of improving performance through increased 
specificity and/or amplification of signal.  
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The microarray experimental procedure 
Construction of microarrays  
A microarray generally consists of a reproducible pattern of distinct DNA 
sequences (probes) deposited (spotted) at high density on a solid support. As 
solid support, glass is commonly used, although different membrane and 
filter alternatives exist. The surface of the support can be modified with 
various substrates, such as poly-lysine or aminosilane, to enhance nucleic 
acid binding. The probes are either transferred onto the support using print-
ing devices, like robotic pin-based dispensers and ink-jet printers, or synthe-
sized in situ. The material used as probes can be of several types, e.g. 
cDNA, oligonucleotides or genomic fragments. After transfer, probes are 
usually linked to the surface of the support by methods depending on the 
surface chemistry and the material that has been deposited. For example, 
UV-radiation can be used to cross-link DNA sequences to poly-lysine and 
aminosilane coated surfaces. cDNA microarrays spotted on coated glass 
slides were used for the work presented in this thesis.

Sample isolation 
Microarrays are primarily used for expression studies where differences in 
gene transcripts between two samples, test and reference, are compared. For 
our purpose, the test sample was RNA isolated from adenovirus infected 
cells, while the reference was RNA from mock infected cells. Depending on 
the labelling method, either total RNA or purified mRNA is required and 
extraction method varies accordingly. As with most RNA-based assays, the 
purity and quality of the starting RNA has a significant effect on the final 
result and should be verified. 

Labelling
The synthesis of labeled targets for microarray analysis is an important step 
and several different methods and techniques are available including direct 
or indirect cDNA labeling, cDNA labeling with fluorescent dendrimers, 
direct mRNA labeling, and direct or indirect labeling of amplified RNA [6, 
147]. The direct method is a one step procedure where labeled nucleotides 
are incorporated during the reverse transcription reaction. In the indirect 
method, modified nucleotides are first incorporated and reporter molecules 
are subsequently linked in a second step. 
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Figure 4. Basic steps in expression analysis with microarrays. DNA sequences 
corresponding to different genes are spotted to a solid support in a known order. 
mRNA from two distinct samples (test and reference) are converted into cDNA and 
labelled with two different fluorophores. After hybridization of the pooled samples 
to the microarray, a scanner is used to obtain images, which are pseudo-colored and 
combined into a composed picture. The color of spots range from red to green and 
yellow indicates equal intensity in both fluorescents. Image analysis software is 
used to determine the two signal intensities for each spot on the array, and the re-
sulting values are used to calculate the expression ratio (i.e. test/reference) for each 
probe.

For expression studies with microarrays the test and reference sample is 
differently labeled. The most frequently used reporter molecules for this 
purpose are the cyanine dyes Cy5 and Cy3 since they are widely separated 
in their excitation and emission spectra. Other reporter molecules used are 
the Alexa dyes and non-fluorescence based reporters such as gold and silver 
nanoparticles [194]. There is also example of methods that utilizes fluores-
cent dendrimer complexes to label cDNA with hundreds of dye molecules 
per complex [157].

Dye-swap is a simple method to avoid and detect consistent dye-bias ef-
fects in expression studies with microarrays [117]. A replicate is performed 
for each experiment where the two paired samples are labelled with opposite 
reporters as compared to the first experiment.  
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Hybridization 
In the hybridization step, the denatured labeled targets are allowed to base-
pair with the probes attached on the array. The hybridization conditions are 
usually optimized to promote specific binding. Important factors influencing 
the kinetics include amount of samples, hybridization temperature, length of 
hybridization, concentrations of salts, pH of the solution, and the presence or 
absence of denaturants such as formaldehyde in the hybridization buffer. 
Microarrays are also often prehybridized to block nonspecific binding of 
labeled probe to the surface. To keep the conditions constant and prevent 
degradation of fluorescence based reporters, the microarrays are stored in a 
humidified, temperature-controlled, darkened environment during the hy-
bridization. It can either be done manually by using single/multiple array 
chambers, or automatically with a hybridization station. Following the hy-
bridization reaction, the microarrays are washed to remove unbound targets 
and hybridization solution to minimize background. 

Image processing 
After hybridization the arrays are scanned and images of the results are ob-
tained. The incorporated reporter molecules yield by excitation an emission 
with a characteristic spectrum, which makes it possible to obtain separate 
images by scanning at different wavelengths. A typical expression experi-
ment with a test and reference sample differently labeled using Cy5 and Cy3 
hence results in one primary intensity (grey scale) image for each fluoro-
phore. Most scanners use lasers for excitation of reporters and the corre-
sponding emission signals are detected either by a photomultiplier tube 
(PMT) or a charge-coupled device (CCD) camera. The scanned images are 
usually stored as separate 16-bit format files. 

Most software solutions for microarray image analysis assign pseudo-
colors to imported images and generate composed multicolor images for 
arrays with differently labeled samples to facilitate interpretation. After 
assigning identity and coordinates to each of the spots, a specific segmenta-
tion method is usually applied to determine the classification of pixels as 
signal or background [1]. The signal intensities in each spot are then quanti-
fied as a measurement of target hybridization. It is also common to include 
quality parameters such as spot size and shape [190].  

Data analysis 
The quantified intensities with corresponding background values and quality 
parameters constitute the raw data of a microarray experiment. Before fur-
ther evaluation, it is first necessary to perform data cleanup and normaliza-
tion. Defective spots affected by non-specific signals or other disturbances 
are first removed from the dataset. An optional step is then to subtract local 
backgrounds from the signal intensities. Data normalization is performed for 
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expression experiments to remove systematic variations, such as differences 
in labeling and detection efficiencies, between the two samples. Current 
normalization methods are based on local regression within single arrays 
and can account for both intensity and spatial effects [143, 191].  

An important aspect of microarray data analysis is the identification of 
differentially expressed genes between samples. Several statistical methods 
has been proposed for this purpose [38] and one of the most frequently used 
is significance analysis of microarrays (SAM) [176]. 

Data mining is the process of sorting through data to identify patterns and 
establish relationships between groups. Pattern recognition by clustering of 
microarray data is based on the observation that similar expression patterns 
can imply shared biological function and/or regulation [52]. However, a 
complicating factor is that mRNA levels is influenced by both transcrip-
tional and mRNA turnover events [145, 149]. Thus, changes in mRNA lev-
els may not strictly reflect the transcriptional regulation of individual genes. 
Commonly used unsupervised clustering methods include hierarchical clus-
tering, k-means clustering and self-organizing maps. The supervised ap-
proach with support vector machines clusters new expression data according 
to already known groups [142]. Another approach is to use multi-
dimensional scaling methods, such as principal component analysis [146].  

Real Time PCR validation 
Real-time PCR is the most sensitive technique for DNA and RNA detection 
currently available. It has become the preferred method for validating results 
obtained with microarrays. The technique involves running a PCR reaction 
during which the generated amount of amplified DNA is monitored over 
time. This is achieved by the detection and quantification of a fluorescent 
reporter. As the PCR product of interest is amplified, the amount of fluores-
cence emission at each cycle increases [81, 84, 103] Fluorescent reporter 
molecules include dyes that bind to the double-stranded DNA or sequence 
specific probes (i.e. TaqMan Probes). The number of cycles before exponen-
tial increase of fluorescence, and hence PCR product, is used to determine 
the initial amount of target template. [24].   

Since variation in the amount of starting material between samples can 
occur, normalization is necessary to allow comparison. The currently ac-
cepted method involves measuring a cellular control gene simultaneous with 
the target. The control gene can then be used as an internal reference for 
normalization [96].  



30

Present investigation 

Aim
To characterize the global changes in host gene expression during adenovi-
rus infection and to investigate the mechanisms involved in host-virus inter-
actions.
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Adenovirus-host cell interactions in the early phase of 
infection (Paper I) 
It is well established that adenovirus encodes several genes, most prominent 
E1A, with the ability to target different cellular proteins involved in tran-
scriptional regulation and thereby modulate the activities of the host cell. To 
investigate virus-host interactions in the early phase of infection, HeLa cells 
were infected with adenovirus type 2 and gene expression profiling was 
performed at 6 h post-infection (hpi). Since cDNA microarrays produced 
from plasmid-transformed bacterial libraries might have intrinsic problems 
associated with the production of cDNA, we used microarrays from three 
different sources. To monitor the progression of infection, our in-house mi-
croarray was designed to contain additional PCR amplicons representing all 
adenovirus early genes, as well as the late genes L1 and L3.

Results
Modulated expression of a limited set of cellular genes in the early 
phase of infection.
At 6 hpi, expression of all early viral genes was readily detected, whereas 
only low levels of the late genes were identified. This corresponds well to an 
adenovirus infection that proceeded far into the early phase but not passed 
the early-to-late transition. Thus, the adenoviral proteins, most prominent 
E1A, have had time to modulate the activities of the host cell. In addition, 
the virus infection might have elicited host cell responses aimed at limiting 
the productive infection. The arrays allowed the expression of approxi-
mately 12.300 unique genes to be tested and 76 were identified as differen-
tially expressed at least 1.5-fold compared to uninfected cells. This suggests 
that adenovirus only modulates the expression of a limited set of cellular 
genes in the early phase of infection.  

Adenovirus targets growth inhibitory activities and promotes cell 
growth
Three genes encoding proteins with stimulatory effects on cell cycle and 
proliferation (CDC25A, FZD8, and P2RX5) were identified as up-regulated. 
In contrast, five genes related to growth arrest (GAS1, CKTSF1b1, BMP4, 
SGK, and CARF) were down-regulated. Furthermore, in agreement with 
previous studies [156], cyclin D1 was also identified as down-regulated. 
Thus, adenovirus both inhibits growth arrest and activates genes required for 
cell cycle progression and proliferation in the early phase of infection.  
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Deregulation of cellular transcription factors
Among the genes encoding cellular transcription factors, all but one were 
identified as up-regulated. Interestingly, most of them have been described 
as transcriptional repressor proteins or inducers of cell growth inhibition 
(ATF3, TLE3, SZF1-1, JunB, NR4A1, and ELK4). Both ATF3 and JunB 
have previously been reported as targets for E1A-mediated transactivation 
[76, 100]. 

Increased expression of genes associated with RNA and protein 
metabolism  
Four out of five genes related to RNA metabolism were up-regulated 
(HNRPK, GEMIN4, NUFIP1, and RNPC1). The exception was the La 
autoantigen (SSB), which binds and stabilizes histone mRNA. Also the ma-
jority of the differentially expressed genes associated with protein metabo-
lism were up-regulated. This included both protease encoding genes 
(ADAMTS1, CTSD, and PGA5) and genes encoding proteins involved in 
ribosomal functions (MRPS25 and C18B11). Among the three genes encod-
ing proteins involved in ubiquitination, two were down-regulated (FBXO32 
and RNF19) while Smurf1, an E3 ligase which triggers degradation of TGF-

 induced SMADs, was identified as up-regulated. 

Down-regulation of genes involved in antiviral defense  
Most of the genes encoding proteins involved in immune response were 
identified as down-regulated. These included cytokine-encoding genes 
(CXCL, CCL2 and IL-6) as well as cytokine-inducible genes (TNFAIP3 and 
F3). In contrast, three genes previously described as stress-induced 
(GADD45B, HSPA1L, and TP53TG1) were up-regulated.  

Analysis of consensus transcription factor binding sites in the promoter 
regions of differentially expressed genes 
To evaluate if the differential expression of the identified genes could be 
related to modulation of specific transcription factors, we search the up-
stream promoter region of the genes for the presence of consensus transcrip-
tion factor binding sites. Potential binding site for E2F and CREB were each 
found in 45% of the up-regulated genes, but were less abundant among the 
down-regulated genes (22 and 28%, respectively). In contrast, binding sites 
for STAT and NF- B were two to three times more abundant among the 
down-regulated genes. 

Discussion
The large E1A protein that uniquely contains the conserved region 3 (CR3) 
is required for full transcriptional activation of the other early viral genes. 
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This is partly achieved through interaction with members of the ATF/CREB 
family of transcription factors. In addition, the large E1A has also been de-
scribed to act as a promiscuous transcriptional activator of cellular genes 
[63]. Even though most differentially expressed genes identified in this 
study were up-regulated, they still represented a very limited amount of 
genes, suggesting that the previously observed promiscuity might not be 
relevant for the lytic cycle. However, it is noteworthy that potential CREB 
binding sites were identified in 45% of all up-regulated genes but only in 
28% of the down-regulated.  

To establish favorable cellular conditions for viral DNA replication, ade-
novirus must force the host cell into the S-phase of the cell cycle. Adenovi-
rus-induced cell cycle deregulation is mainly achieved by the direct target-
ing of key regulators of the cell cycle. The interaction between E1A and 
pRb family members frees E2F to act as a direct transcriptional activator 
[35]. In agreement, 45% of the up-regulated genes had potential E2F binding 
sites in their promoter region, compared with 22% of the down-regulated. 
However, CDC25A was the only up-regulated gene directly involved in cell 
cycle control. Instead, several genes implicated in cell growth arrest were 
identified as down-regulated. E1A has previously been shown to block 
TGF-  related growth inhibition [40, 122]. Here we show that TGF-  super-
family signaling was inhibited both through down-regulation of an upstream 
ligand (BMP4) and up-regulation of a signal terminator (Smurf1). As a pos-
sible consequence, the expression of two TGF- -inducible genes (SGK1 and 
ID3) was down-regulated. Moreover, the expression of two additional cell-
cycle inhibitory genes (GAS1 and CARF) was also repressed.   

E1A-dependent transcriptional repression has primarily been correlated 
with its ability to bind and sequester the transcriptional coactivators 
p300/CBP and p400/TRRAP complexes. This has been reported to affect a 
variety of genes induced by transcription factors such as AP1, STAT and 
NF- B [93, 113]. Correspondingly, binding sites for STAT and NF- B were 
two to three times more abundant among the down-regulated genes. These 
included genes encoding proteins involved in immune response. Two of the 
three down-regulated cytokines, CXCL and CCL2, harboured potential 
binding sites for STAT in their promoter sequences, while the third, inter-
leukin-6, had potential NF- B binding sites as earlier reported [92]. The 
capacity of adenovirus to interfere with the host immune response is well 
established and also includes the activities of the E3 proteins. E1A alone has 
been shown to increased the sensitivity of the host cell to TNF-induced 
apoptosis [3] and invoke pro-apoptotic host response programs by stabiliz-
ing and hence increase the activity of p53 [114]. As a possible result of p53 
activation, we detected up-regulation of three stress response genes, 
GADD45B, ATF3 and TP53TG1, previously reported as p53-inducible [95, 
196].  
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Furthermore, a large portion of the up-regulated genes also encoded pro-
teins associated with RNA and protein metabolism, which suggest that an 
optimization of cellular metabolism occurs to ensure efficient expression of 
viral gene products.  

Modulation of host cell gene expression during the late 
phase of infection (Paper II)
The late phase of an adenovirus infection begins with the onset of viral 
DNA replication. At this time, viral transcription switches from the early 
regions to the late region, which mainly encodes structural proteins and 
assembly factors. The progression of infection into the late phase is also 
associated with reduced transport of cellular mRNA from the nucleus to the 
cytoplasm and preferential translation of viral mRNA [11, 88, 91]. Thus, 
profound changes occur during the late phase to turn the host cell into an 
efficient machine for the production of new viral particles. We here ex-
tended our previous study of virus-host interactions in HeLa cells at 6 hpi to 
include the late phase of infection. Gene expression profiling was performed 
on adenovirus type 2 infected HeLa cells at 10 and 20 hpi, respectively, 
using microarrays with 7.500 cDNAs, including additional PCR amplicons 
representing adenovirus genes.  

Results
Augmented regulation of host gene expression during progression of 
infection
At 10 hpi, all viral early genes were expressed at high levels, whereas only 
low levels of the late genes were detectable. In contrast, the expression lev-
els of both early and late genes had increased dramatically at 20 hpi, indicat-
ing progression into the late phase of infection. The number of differentially 
expressed host cell genes, as well as the magnitude of regulation, displayed 
a similar increase with time after infection. At 6 hpi, 76 genes were identi-
fied to have at least a 1.5-fold change in expression. Applying the same 
threshold, 60 and 382 genes were found to be differentially regulated at 10 
and 20 hpi, respectively. We therefore concluded that the regulation of host 
cell gene expression was augmented as the virus infection progressed.  

Sixteen of the differentially expressed genes at 6 hpi were also identified 
in the late phase of infection. Most of them maintained their level of expres-
sion during the early to late transition. However, three transcription factors, 
JunB, NR4A1, and ZNF503, changed from up-regulation in the early phase 
to down-regulated in the late. Also the expression of CDC25A, a cell cycle 
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regulator, diminished at 20 hpi. Only one gene, SSB, showed a gradual tran-
sition from being down-regulated at 6 hpi to up-regulated in the late phase. 

In addition to an increased number of regulated genes in the late phase of 
infection, we also observed that the average magnitude of regulation was 
increased. Consequently, 112 genes that showed a 2-fold or greater change 
in expression, in at least one of the two analyzed time points, were identified 
as specifically regulated during the late phase of infection. However, even 
though the number of differentially expressed genes was increased at later 
times, they still only represented approximately 5% of all detected genes, 
which suggests that adenovirus-induced modifications of host cell gene ex-
pression are very specific throughout the infection. In addition, while most 
genes were up-regulated in the early phase, the majority of the genes identi-
fied in this study (82 out of 112) were down-regulated. 

Adenovirus regulation of host cell genes controlling cell cycle and 
proliferation is consistent with targeting of growth inhibitory activities 
Most of the twenty-four genes involved in cell cycle progression and prolif-
eration showed decreased expression. Among the down-regulated, eight 
genes known to be TGF-  inducible were identified, including JUNB, ID3, 
KLF10, KLF4 and TGFB1I4, which have been described as transcriptional 
repressors that block cellular proliferation. This can be compared with the 
early phase of infection where only a few genes involved in TGF-  related 
growth repression were identified (Paper I). Consistent with inhibition of 
TFG-  signaling, we found that expression of AATF, a target of TFG- 
repression [109], was up-regulated in the late phase. Reduced expression of 
additional genes related to growth arrest, such as GAS1, TOB1, ELL2 and 
DUSP1, was also observed.  

Sustained down-regulation of genes involved in antiviral defense and 
stress response 
All of the differentially expressed genes classified as being involved in anti-
viral defense or stress response were down-regulated in the late phase. The 
NF- B pathway is known as a central mediator of the immune response [70] 
and two of its key components (NFKB2 and NFKBIA) were identified as 
down-regulated. In addition, LITAF, an important regulator of TNF , was 
targeted, and as a possible consequence, the expression of two TNF -
inducible genes (IER3 and TNFAIP3) was also decreased. Moreover, sev-
eral genes induced by diverse stress factors were repressed in the late phase.  

Deregulation of genes controlling cell architecture and communication 
A notable group of genes related to cell structure and communication was 
observed as mainly down-regulated at 20 hpi. This group included (i) genes 
directly involved with cell structure, (ii) genes linking structure to signaling 
pathways, (iii) genes involved in cell-to-cell communication, and (iv) genes 
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encoding structural components involved in intracellular transport. Taken 
together, down-regulation of these genes might contribute to the disintegra-
tion of cell structure and organization observed during the late phase of an 
adenovirus infection. 

Selective up-regulation of genes involved in metabolism and 
macromolecular synthesis 
Although most of the differentially expressed genes identified in this study 
were down-regulated, 50% of the genes associated with cellular metabolism 
were up-regulated. Genes with enhanced expression were involved in DNA 
replication (UNG, Pfs2, and three histones 2B), mRNA splicing (SFRS1), 
and posttranslational processes, such as protein folding (HSPA1B, 
HSPA1L, FKBP4m and CCT7). In addition, we also observed that the ex-
pression of five genes encoding ribosomal proteins were increased more 
than 1.8-fold, but only one (RPS10) showed more than 2-fold change. Thus 
it appears that adenovirus selectively enhance expression of cellular genes 
related to macromolecular biogenesis in the late phase of infection. 

Discussion
In the late phase of infection, adenovirus employs several strategies to en-
sure optimal synthesis of viral products. These include reduced transport of 
cellular mRNA from the nucleus to the cytoplasm and preferential transla-
tion of viral mRNA [11, 88, 91]. Even though the majority of the differen-
tially expressed genes were down-regulated during the late phase of infec-
tion, a limited number of genes were still observed as up-regulated at 20 hpi.  

While the induction of S-phase is one of the major events during the early 
phase, other growth regulatory mechanisms might be of greater importance 
during the late phase of infection. An supporting example is the observation 
that CDC25A, a cell cycle regulating phosphatase known to be induce by 
E1A [155], only is up-regulated during the early phase of infection. Instead, 
it is more likely that efforts are being made to inhibit cellular attempts to 
stop growth and induce apoptosis. This is supported by our results which 
indicate that both TGF- -dependent and independent inhibition of cell 
growth is blocked to a much larger extent in the late phase than in the early.  

Among the genes previously identified as differentially expressed in the 
early phase of infection, only SSB showed a gradual transition from being 
down-regulated at 6 hpi to up-regulated in the late phase. Since SSB en-
codes the La autoantigen that has been shown to stabilize histone mRNA 
[120], it is tempting to explain the increased levels of mRNA for three his-
tone 2B genes with an SSB-dependent increase in half life and hence accu-
mulation. Among the up-regulated genes involved in metabolism and mac-
romolecular synthesis, we also observed several genes encoding ribosomal 
proteins. Interestingly, SSB has also been shown to have a positive effect on 
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the translation of ribosomal proteins [36]. Thus, the expression of ribosomal 
proteins might be enhanced both on a transcriptional and translational level 
in the late phase of an adenovirus infection.  

In the last stages of an adenovirus infection, the host cell undergoes mor-
phological alterations known as the cytopathic effect. This has mainly been 
attributed to a gradual degradation of various components of the cytoskele-
ton but also to adenovirus-induced inhibition of host protein synthesis in the 
late phase [30, 201]. However, our data also suggest changes on a transcrip-
tional level. Most of the differentially expressed genes involved in cell ar-
chitecture were identified as down-regulated at 20 hpi. Destruction of the 
cell integrity should make infected cells more susceptible to lysis and facili-
tate release of progeny virus.  

Adenovirus had a limited effect on the expression of host cell genes dur-
ing the early phase of infection (Paper I). In this study, we showed that the 
number of target genes, as well as the magnitude of regulation, was in-
creased as the infection proceeded into the late phase. The data indicate that 
adenovirus primarily targets cellular genes involved in antiviral defense, cell 
growth arrest, and metabolism to ensure optimal synthesis of viral products 
in the late phase of infection.  

A general shift in the expression of cellular genes, from up-regulation at 
the early phase to down-regulation during the late, was also observed. There 
are several possible mechanisms which might account for this observation. 
(i) During the transit from early to late phase, the viral DNA replication 
results in a dramatic increase in transcription competent templates that are 
able to compete for the cellular transcription machinery and titrate cellular 
repressors [90]. (ii) The activation of a late specific viral transcription pat-
tern may also affect the utilization of cellular promoters. (iii) Expression of 
proteins from the major late transcription unit has been implicated in regula-
tion of viral gene expression and turning off expression of cellular genes. 
(iv) Inhibition of cellular mRNA transport may result in decreased accumu-
lation due to altered RNA stability. (v) Adenovirus preferentially expresses 
the large E1A which acts as a major transcriptional activator during the 
early phase. As the infection proceeds into the late phase, a shift in splice 
selection results in an increased accumulation of the shorter E1A-243R pro-
tein [33]. Although E1A-243R retains its capacity to bind pRb, thereby re-
leasing E2F [50], this smaller variant of E1A mainly functions as a tran-
scriptional repressor through its capacity to bind the transcriptional integra-
tor p300/CBP [94]. Since p300/CBP functions as a coactivator for numerous 
transcription factors, it is possible that the ability of E1A to sequester 
p300/CBP contributes to the down-regulation of cellular genes observed 
during the late phase of infection. (vi) Finally, it is also possible that the up-
regulation of cellular genes during the early phase, such as the transcription 
factors JUNB, NR4A1 and ZNF503, may affect downstream targets at later 
stages of infection. 
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Alterations in host cell gene expression prior to the 
onset of viral gene expression (Paper III) 
The entry process of adenovirus and its subsequent transport to the nucleus 
trigger a first line of alert signals within the cell. To identify host cell imme-
diately response genes to these initial events, we investigated transcriptional 
changes that occur in the infected host cell prior to the onset of viral gene 
expression. However, as a cell line derived from human cervical carcinoma, 
the HeLa cells previously used as host cells have some inherent disadvan-
tages for this type of study. Most importantly, an adenovirus type 2 infection 
proceeds rapidly in HeLa cells with onset of viral gene expression within 2 h 
after infection. To better study the immediate response, we instead used 
synchronized human lung fibroblasts (IMR-90) as host cells. A quantitative 
real-time PCR (QRT-PCR) analysis did not detect expression of E1A until 
12 hpi in adenovirus type 2 infected IMR-90 cells. Thus, until 12 hpi, ade-
noviral gene products should not be responsible for any transcriptional 
changes. Gene expression profiling was then performed at 1 and 2 hpi using 
microarrays with 46.000 human cDNAs.  

Results
All identified genes were induced and most of them encode 
transcription factors 
In this study, we identified twenty-four cellular genes as up-regulated at 
least 1.8-fold within 2 h after infection. Eighteen of the genes had known 
functions, and among them, twelve genes were confirmed by QRT-PCR 
whereas six genes could not be validated. Eight of the confirmed genes en-
coded transcription factors associated with either growth arrest or immune 
response. The six genes implicated in growth arrest included two stress-
inducible members of the ATF/CREB subfamily (ATF3 and ATF4), two 
tumor suppressors of the Krüppel-like family (KLF4 and KLF6), as well as 
GABPB2 and ELK3. The immune response associated genes included 
NR4A1, which has pro-apoptotic properties, and CEBPB, a member of the 
CEBP family of transcription factors that activate acute-phase genes. In 
addition, two genes involved in signal transduction (RGS4 and ARHE) were 
also among the up-regulated genes.  

Immediate response genes are transiently expressed 
To investigate the kinetics of expression following the progression of infec-
tion, QRT-PCR analysis was performed with RNA samples isolated from 
seven additional time points (6 to 42 hpi, with 6 h intervals). The results 
demonstrated that the expression of all analyzed genes were transient. After 
the initial increase, the RNA accumulation of most genes had returned to the 
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same levels as in the uninfected cell by 6 hpi. A gradual repression then 
commenced from 12 hpi, and the majority of the genes were identified as 
down-regulated by 24 hpi. Down-regulation of ARHE, NR4A1 and CEPB 
in the late phase of infection was also observed in our previous study (Paper 
II).

Discussion
In this study, eighteen cellular genes were identified as up-regulated be-
tween 1 and 2 hpi. Eight out of the twelve genes with known functions en-
coded transcription factors associated with two major cellular processes; cell 
growth inhibition and immune response. Included among the transcription 
factors implicated in cell growth inhibition were both KLF4 and KLF6, 
which have been shown to induce p21, a negative regulator of cell cycle 
progression [127, 199]. We also observed increased expression of ATF3 and 
ATF4, two well-known stress-inducible transcription factors, which have 
been associated with decreased cell proliferation [8, 57, 75] In addition, the 
up-regulation of two negative regulators of intracellular signaling, RGS4 
and ARHE, is also consistent with inhibition of cell growth. In particular, 
increased expression of ARHE, a member of the Rnd subfamily, has been 
shown to block cell proliferation and induce loss of actin stress fibers [177]. 
Thus, it appears that the host cell, as one of the first responses to adenovirus 
infection, attempts to induce a state of growth-arrest. Correspondingly, acti-
vation of cell growth and proliferation is crucial for many viral infections 
[74].  

Cellular responses to incoming virus can be triggered by (i) the attach-
ment of virus to membrane receptors, (ii) the entry process of the virus, (iii) 
its intracellular transport along the microtubules, and (iv) intracellular rec-
ognition of viral nucleic acid by Toll-like receptors. Previous studies have 
described the activation of several cellular signaling pathways immediately 
after infection [74]. MAPK cascades are key components of the signaling 
networks that sense cellular exposure to environmental stress. The activity 
of several transcription factors can be modulated through MAPK signaling, 
including AP1 and ATF/CREB [165, 184]. Analysis of the presences for 
potential transcription factor binding sites in the promoter region of the 
identified genes revealed potential sites for AP1 and ATF/CREB within all 
analyzed genes except CEBPB. In addition, AP1 and/or ATF/CREB-
dependent activation of several genes identified in this study have also been 
previously reported. It is thus possible that the signaling leading to activa-
tion of these genes may all converge upon the stress-induced response in-
volving the MAPK pathway. However, further experiments to validate the 
activation of distinct kinases are needed to clarify this issue.  

The results from the time course analysis demonstrated a transient ex-
pression pattern for all of the immediately induced genes. After first return-
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ing to levels of expression similar to that of uninfected cells at 6 hpi, essen-
tially all of them were identified as down-regulated by 24 hpi. Since expres-
sion of viral genes was detected at 12 hpi, it is likely that viral gene products 
accounts for the observed repression in the later time points. This correlates 
with the ability of adenovirus to repress genes with growth inhibitory activi-
ties to enable and promote host cells to enter the S-phase of the cell cycle.  

How adenovirus perturbs cellular gene regulation when 
propagated in primary cells (Paper IV) 
To achieve a more complete picture of changes in host cell gene expression 
during the course of an adenovirus infection, we expanded our earlier efforts 
with an improved time course study. Earlier limitations were addressed, in 
particular the use of HeLa cells as host cells. As an immortalized cell line 
derived from human carcinoma, HeLa cells grow rapidly and are difficult to 
synchronize. Thus, the temporal expression of genes involved in, for exam-
ple, cell cycle and growth regulation may fail to be detected. Synchronized 
IMR-90 cells were therefore used as host cells instead of HeLa cells. The 
progression of an adenovirus type 2 infection in IMR-90 cells was followed 
by measuring the expression of cyclin E1 and the amount of viral DNA with 
QRT-PCR. Maximum expression of cyclin E1 was observed at 18 hpi, indi-
cating the time for progression into the S-phase of the cell cycle. Viral DNA 
replication began at 24 hpi, marking the beginning of the late phase. Also 
taking into account that cytopathic effects were observed soon after 40 hpi, a 
time course experiment was accordingly designed with eight time points, 
ranging from 6 to 48 hpi with 6 h intervals. Gene expression profiling was 
performed using microarrays with 29.800 human cDNAs. 

Results
Major changes in host cell gene expression during adenovirus infection 
Approximately one-third of the cDNA clones present on the array gave a 
detectable signal, and among them 989 genes were identified as differen-
tially expressed more than 2-fold in at least one time point. These genes fell 
into three major clusters based on their expression patterns (i) 386 up-
regulated genes of which the majority were activated in the early phase of 
infection, (ii) 562 down-regulate genes of which about half were down-
regulated only in the late phase of infection, and (iii) 41 transiently ex-
pressed genes, which were up-regulated at 12 hpi and then gradually down-
regulated in the later time points.  

At 6 hpi, only three genes were identified as differentially expressed. 
This number was then rapidly increased between the onset of viral gene 
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expression at 12 hpi, and the start of viral DNA replication at 24 hpi. A rela-
tively stationary period followed until 36 hpi, after which the number of 
down-regulated genes increased dramatically. Of the differentially ex-
pressed genes identified at 48 hpi, more than 70% were down-regulated.  

Adenovirus promotes cell cycle progression and represses cellular genes 
involved in antiviral defense in the early phase of infection 
A total of sixty-three genes implicated in cell cycle and proliferation were 
identified, and of these, about 64% were observed as deregulated in the 
early stage of infection. Genes directly involved in cell cycle regulation 
constituted a prominent group and most of them were up-regulated between 
12 to 24 hpi, including several cyclins, CDC25A and CDK4. In contrast, 
nine genes related to growth factor signaling were all down-regulated. Fur-
thermore, except FST, all genes involved in the TGF-  pathway were also 
down-regulated. These genes included both positive and negative regulators 
of the pathway, which suggests that the regulation of the TGF-  pathway is 
complicated at transcriptional level (see below).  

Most genes involved in antiviral defense were down-regulated, and 50% 
were identified as differentially expressed already in the early phase of in-
fection. These genes included several cytokines and chemokines, which 
could be observed as down-regulated from 12 hpi. The expression of cyto-
kine-mediated genes, in particular those implicated in the NF- B and the 
Jak/Stat pathways were subsequently deregulated. However, a closer inspec-
tion of the NF- B pathway revealed down-regulation of both positive and 
negative regulators, indicating the complexity of NF- B regulation. Another 
interesting observation was the deregulation of several genes involved in 
apoptosis. Four among the seven down-regulated genes with pro-apoptotic 
properties were identified in the early phase of infection, as well as two up-
regulated genes with anti-apoptotic activities. However, one anti-apoptotic 
gene (BIRC2) was also down-regulated in the early phase, and three pro-
apoptotic genes were observed as up-regulated at later times. This may indi-
cate a struggle between the virus and the host cell to prevent and promote 
apoptosis, respectively.  

Stable regulation of cellular genes during adenoviral DNA replication  
With the onset of viral replication at 24 hpi, numerous genes involved in 
DNA, RNA, and protein synthesis were observed as activated. As a general 
tendency, most of the genes identified as differentially expressed at 24 hpi 
displayed a similar degree of regulation until 36 hpi. Genes more specifi-
cally involved in DNA replication was identified as up-regulated already 
from 18 hpi, after which they remained induced at a similar level until very 
late in infection. A large group of about 100 differentially expressed genes 
were related to various aspects of transcription, such as RNA synthesis, 
transcriptional regulation and posttranscriptional processes. Noteworthy 
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among these genes was the up-regulation of several genes involved in RNA-
splicing around 24 hpi.  

Deregulation of cellular genes during the very late stage of infection was 
focused on genes involved intra- and extra-cellular structure 
In the very late stage of infection, the number of genes identify as signifi-
cantly down-regulated dramatically increased between 42 and 48 hpi. Espe-
cially notable was the down-regulation of a large group of genes involved in 
intra- and extracellular structure, which is consistent with the observation of 
changes in host cell morphology at 42 hpi. These down-regulated genes 
included (i) several genes involved in various steps of actin filament assem-
bly, (ii) numerous genes involved in microtubule organization, (iii) several 
genes associated with binding of organelles to microtubule, (iv) genes in-
volved in diverse intracellular vesicular trafficking, and (v) genes encoding 
constituents of cell junctions and extracellular matrix. Interestingly, expres-
sion of two genes encoding metalloproteases, which degrade matrix pro-
teins, were up-regulated, whereas expression of two tissue inhibitors of met-
alloproteases were down-regulated. These results imply that deregulation of 
intra- and extra-cellular structure might play an important role in the release 
and spreading of progeny virus.  

Studies of the TGF-  pathway at the protein level 
Since the microarray results were unclear regarding the TGF-  pathway, we 
decided to further investigate the status of the Smad family of TGF-  signal 
transducers. This was motivated by the observation that both Smurf1 and 
smurf2, which mediate degradation of Smads, were down-regulated. QRT-
PCR analysis revealed that gene expression of most Smads were up-
regulated around 12-18 hpi, followed by down-regulation from 24 hpi. 
However, Western blot analysis of Smad1, 2, 3 and 4 revealed increased 
proteins levels for all of them from 18 hpi.  

Discussion
According to the results, regulation of host cell gene expression during ade-
novirus infection can be characterized by two major features. First, the cel-
lular gene expression profile closely correlates with the progression of infec-
tion, and second, adenovirus targets a limited and specific set of cellular 
genes during the different stages of infection. The regulation of cellular 
genes could hence be separated into four periods.  

The first period (6-12 hpi) was before viral gene expression. A total of 6 
genes were identified as differentially expressed at 6 hpi (results from both 
microarray and QRT-PCR) and four of them were up-regulated (CENPN, 
DKK1, SMAD4 and SMAD5). Most of these genes have activities associ-
ated with growth inhibition, which further supports the finding in paper III 
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that induction of growth arrest is one of the first host responses to an adeno-
virus infection. The second period (12-24 hpi) extended between the onset 
of viral gene expression and the induction of S-phase. Expression of E1A 
was first detected at 12 hpi, after which there was an almost linear increase 
in the number of differentially expressed cellular genes. This lasted until 24 
hpi when over 460 cellular genes were identified as regulated. By this time, 
the cellular conditions had become favorable for viral DNA replication, and 
about 50% of the genes with known function were involved in cell cycle, 
proliferation, or antiviral response. The third period (24-36 hpi) covered the 
replication of viral DNA. After favorable conditions had been established at 
24 hpi, adenoviral DNA was efficiently replicated during this period. The 
regulation of cellular genes was also observed as stable, i.e. most differen-
tially expressed genes maintained their expression throughout the period. 
The fourth period (36-48 hpi) included the very late stage of infection and 
correlated with the observation of cytopathic effects at 42 hpi. This period 
was characterized by a dramatic increase in the number of down-regulated 
genes, which included a large number of genes involved in intra- and ex-
tracellular structure. The down-regulation of these genes is likely to result in 
disintegration of the cell structure and might be of importance for the spread 
of progeny virus. Thus, the observation of specific regulatory events within 
each period shows that changes in host cell gene expression during an ade-
novirus infection occur in an organized and stepwise manner.  

Previous research about adenoviral gene products and their functions 
suggest several different mechanisms by which adenovirus can affect cellu-
lar gene expression and cause the observed gene expression profile. These 
include: (i) Regulation of cellular gene expression through the pRB-E2F 
pathway. As a likely consequence of adenovirus-mediated release of E2F 
from pRB, we found that a high fraction of the up-regulated genes in the 
early phase has been reported as E2F-target genes (28% at 12 hpi, 17% at 18 
hpi, and 17% at 24 hpi). In agreement with the function of E2F in cell cycle 
regulation, nearly all of the identified genes were involved in either cell 
cycle control and cell growth or DNA-metabolism. (ii) Inhibition of p53-
induced apoptosis. Induction of apoptosis is a common cellular response to 
viral infections. Adenovirus is also known to induce apoptosis through E1A-
mediated stabilization of p53, which is counteracted by the E1B proteins. As 
a possible result of p53-activation, we observed up-regulation at 12 hpi of 
five known p53-target genes (GADD45B, ID3, FST, BRD2 and SRM). The 
expression of these genes decreased at later times, indicating inhibition of 
p53 transcriptional activity. In agreement, a group of p53 target genes were 
also observed as down-regulated. (iii) Suppression of the NF- B pathway. 
The NF- B signaling pathway mediates transcriptional activation of genes 
which participate in immune response and inflammation. Genes with both 
positive and negative effect on NF- B signaling were identified as down-
regulated from 24 hpi. This included NFKB1 and NFKBIA, which are 
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known to be induced by NF- B through feedback regulation. Consistent 
with the suppression of the NF- B pathway, 32 out of 33 known NF- B
target genes were also identified as down-regulated.  

(iv) Regulation of the TGF-  pathway. In contrast to our earlier studies in 
HeLa cells (Paper I and II), we here also identified negative regulators of the 
TGF-  pathway as down-regulated. Most importantly, both Smurf1 and 
Smurf2, which mediate degradation of Smads, were down-regulated. This 
suggested that the TGF-  pathway still might maintain activity at the protein 
level. Western blotting showed stable or increased protein levels of all 
Smads examined, which indicates that adenovirus was unable to sufficiently 
inhibit the TGF-  pathway in primary lung fibroblasts (IMR-90). A major 
cause of the slower progression of infection in IMR-90 cells, as compared 
with HeLa cells, might therefore be differences in TGF-  signaling. How-
ever, the exact nature of this difference between the two host cells remains 
to be elucidated. 
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Final comments  

The studies presented in this thesis provide a detailed overview of adenovi-
rus induced modulations of host cell gene expression throughout the infec-
tious cycle. Specific sets of cellular genes were observed as differentially 
regulated at different stages of the infection. As an immediate response to 
adenovirus infection, genes involved in cell growth inhibition and immune 
response were induced prior to the onset of viral gene expression (Paper III). 
Furthermore, as a possible consequence of p53 activation, increased expres-
sion of a small set of known p53-inducible genes was also observed as an 
early response (Paper I and IV). Following the start of viral gene expression, 
all of the early induced genes showed a decreased expression (Paper III and 
IV). Instead, as the infection progressed, genes involved in cell cycle con-
trol, as well as DNA, RNA and protein metabolism were identified as up-
regulated, whereas genes involved in immune response and cell growth in-
hibition were mainly down-regulated. This optimization of the cellular envi-
ronment for viral replication could be related to known modulations of cel-
lular pathways by the viral gene products, including activation of E2F tran-
scriptional activity and suppression of the NF- B pathway (Paper I, II, and 
IV). Interestingly, although genes related to TGF-  signalling also were 
identified as deregulated, the results suggested that adenovirus do not com-
pletely inhibit TGF-  signalling in primary cells (Paper IV). This might be 
one of the main reasons why the replication cycle is slower in the primary 
cells as compare to HeLa cells. Following a period of few transcriptional 
changes during viral DNA replication (Paper IV), the very late stage of in-
fection was characterized by a dramatic increase in the number of down-
regulated genes. Among them, genes involved in intra- and extracellular 
structure constituted a prominent group (Paper II and IV). The down-
regulation of these genes is likely to result in disintegration of the cell struc-
ture and might be of importance for the spread of progeny virus. 

These results represent a starting point towards a complete picture of the 
interaction between adenovirus and its host cell. However, no single ap-
proach can fully unravel the complexity of the regulatory events, which 
govern the infectious cycle. The integration of data from additional studies 
encompassing bioinformatics, genomics, and proteomics is clearly called for 
to create a more comprehensive picture. In general, increased knowledge 
about the processes that underlie the interaction between the virus and its 
host is expected to improve the diagnosis, treatment and prevention of infec-
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tious diseases, as well as promote the development of genetically engineered 
viruses for therapeutic purposes. 
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