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“For most of human history we have searched for our place in the 

cosmos. Who are we? What are we? We find that we inhabit an 

insignificant planet of a hum-drum star lost in a galaxy tucked 

away in some forgotten corner of a universe in which there are far 

more galaxies than people. We make our world significant by the 

courage of our questions and by the depth of our answers”. 

Carl Sagan 
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 Abstract 

Abstract 

HCMV utilizes cellular signal transduction pathways to activate viral or cellular 

transcription factors involved in the control of viral gene expression and DNA 

replication. In the present study, we demonstrate that H-ras-transformed cells show 

increased permissiveness to HCMV when compared to their parental non-

transformed cells. Both the progeny viral yield and the protein levels were elevated 

in the HCMV-infected H-ras-transformed cells requiring active viral gene replication, 

as shown by the infection with UV-inactivated HCMV. Inhibition of Ras or of key 

molecules of the Ras pathway, effectively suppressed viral infection in the H-ras-

transformed cells. On a cellular level, the HCMV-infected H-ras-transformed cells 

formed larger cellular foci, which were significantly higher in number, compared to 

the uninfected cells and preferentially recruited HCMV virions, thereby incriminating 

HCMV infection for the increased transformation of these cells. Furthermore, 

proliferation assays revealed a higher rate for the HCMV-infected H-ras-transformed 

cells compared to mock-infected cells, whereas HCMV infection had no considerable 

effect on the proliferation of the non-transformed cells. Higher susceptibility to 

apoptosis was also detected in the HCMV-infected ras-transformed cells, which in 

combination with the higher progeny virus reveals a mode by which HCMV achieves 

efficient spread of infection in the cells expressing the oncogenic H-ras (12V) gene. 

Collectively, our data suggest that Human Cytomegalovirus employs the host-cell Ras 

signaling pathway to ensue viral expression and ultimately successful propagation. 

Transformed cells with an activated Ras signaling pathway are therefore particularly 

susceptible to HCMV infection. 
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 Abstract 

Περίληψη 

Ο Ανθρώπινος Κυτταρομεγαλοιός (HCMV), εκμεταλλεύεται σηματοδοτικά 

μονοπάτια του κυττάρου-ξενιστή ώστε να καταφέρει να αντιγράψει το δίκλωνο DNA 

του. Στη παρούσα διδακτορική διατριβή, αποδείξαμε ότι τα H-Ras 

μετασχηματισμένα κύτταρα εμφανίζουν αυξημένη μολυσματικότητα στον HCMV 

συγκριτικά με τα γονικά τους μη μετασχηματισμένα κύτταρα. Τόσο τα ιικά σωμάτια, 

όσο και οι ιικές πρωτεΐνες που μελετήθηκαν, βρέθηκαν αυξημένα στα μολυσμένα-

μετασχηματισμένα κύτταρα και αποτελούν δείκτη ενεργής λοίμωξης από τον 

ανθρώπινο κυτταρομεγαλοιό. Η χρήση αναστολέων της ενεργοποίησης του 

κυτταρικού μονοπατιού Ras είχε ως αποτέλεσμα την αναστροφή της μόλυνσης στα 

μετασχηματισμένα κύτταρα. Σε κυτταρικό επίπεδο, τα μολυσμένα με HCMV 

μετασχηματισμένα κύτταρα σχημάτισαν ευδιάκριτα συσσωματώματα. Τα 

συγκεκριμένα μορφολογικά ευρήματα ήταν περισσότερα σε αριθμό και μεγαλύτερα 

σε μέγεθος από αυτά που παρατηρήθηκαν στα μη-μετασχηματισμένα κύτταρα. 

Επιπροσθέτως, μετρήσεις του ρυθμού πολλαπλασιασμού των κυττάρων, έδειξαν ότι 

τα μολυσμένα μετασχηματισμένα κύτταρα πολλαπλασιάζονται γρηγορότερα από τα 

μη μολυσμένα και από τα μη μετασχηματισμένα κύτταρα. Τα μετασχηματισμένα 

κύτταρα βρέθηκε να είναι περισσότερο επιρρεπή στη διαδικασία της απόπτωσης 

από ότι τα φυσιολογικά. Συμπερασματικά, τα αποτελέσματα της παρούσας 

διατριβής αποδεικνύουν την εμπλοκή του Ανθρώπινου Κυτταρομεγαλοιού στο 

κυτταρικό σηματοδοτικό μονοπάτι Ras, με τα κύτταρα που φέρουν το μεταλλαγμένο 

Ras γονίδιο να είναι περισσότερο επιρρεπή στη μόλυνση. 
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 Chapter 1: Herpesviruses 

CHAPTER 1: Herpesviruses 

Introduction 

1.1: General Characteristics 

Historically, herpesvirus taxonomy was first addressed by the International 

Committee on Taxonomy of Viruses (ICTV) (Fenner, 1971). Further division of the 

subfamilies into genera employed molecular data in relation to genome structure 

and specific characteristics (Roizmann et al., 1992). In the latest report of ICTV (Mayo 

and Haenni, 2006), the family Herpesviridae consists of three subfamilies: 

Alphaherpesvirinae (containing the Simplexvirus, Varicellovirus, Mardivirus and 

Iltovirus genera), Betaherpesvirinae (containing the Cytomegalovirus, 

Muromegalovirus and Roseolovirus genera) and Gammaherpesvirinae (containing 

the Lymphocryptovirus and Rhadinovirus genera), table 1.1. 

 Virus Primary infection Immunosuppressed 
hosts 

Associated 
malignancies 

N
EU

RO
TR

O
PI

C 

α-herpesviruses 
HSV-1 •Gingivostomatitis 

•Encephalitis 
•Genital lesions 

•Oesophagitis 
•Pneumonitis 
•Hepatitis 
• Gingivostomatitis 

None  

HSV-2 •Genital lesions 
•Gingivostomatitis  
•Neonatal infection 

•Genital lesions 
•Disseminated infections 

None  

VZV •Chickenpox (primary) 
•Herpes zoster 
(reactivation) 

Disseminated infections None  

LY
M

PH
O

TR
O

PI
C 

β-herpesviruses 
HCMV •Congenital infections 

•Mononucleosis  
•Retinitis 
•Hepatitis 
•Colitis 
•Pneumonitis 

None  

HHV-6 Roseola infantum ? ? 
HHV-7 ? None  None  

γ-herpesviruses 
EBV Mononucleosis  •Lymphoproliferative 

disorders 
•Oral hairy leukoplakia  

•Burkitt’s lymphoma 
•CNS lymphoma 
•NPC 

HHV-8 
(KSHV) 

? Kaposi’s sarcoma •Kaposi’s sarcoma 
•Castlemans disease 
•PEL 

 

 

Table 1.1: Human Herpesviruses organized by the infected cell-type and their ICTV classification. The 

common nomenclature is included, as well as potential malignancies. 
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 Chapter 1: Herpesviruses 

1.1.1: Morphologic classification 

The primary criterion for the classification of a virus at the Herpesviridae 

family is the virion morphology. The virion is spherical and comprises four distinct 

components: the core, the capsid the tegument and the envelope. The dimension of 

the virion is also a classification factor among viral species and is approximately 

200nm. The core module is where the nucleic acid carrying the genetic information is 

stored. The viral core consists of a single copy of linear, double stranded DNA 

molecule packaged tightly inside the capsid. In turn, the capsid is an icosahedron 

structure with dimensions of 125-130nm. It consists of 12 penton and 150 hexon 

capsomeres, containing five and six copies, respectively, of the main capsid protein. 

The 162 capsomeres are surrounded by the tegument structure which contains 30 or 

more viral protein species that unfortunately have not been completely 

characterized. The viral envelope that surrounds the tegument is a lipid structure 

that contains at least ten viral membrane glycoproteins as well as some cellular 

proteins. 

 

1.1.2: Genomic classification 

Herpesvirus genomes range in size from 125 up to 240 kbp. Although there 

are still numerous genes and proteins to be characterized, the most studied viruses 

contain from about 70 to 165 genes. Prior to the genomic sequencing of viruses, the 

genome structures were used to classify viruses (ds-DNA, ss-DNA, RNA). However, 

this criterion is limited, since viruses are highly adapted to their hosts, resulting in 

co-evolutionary patterns. Nucleotide and amino acid sequences provide the best 

way of classifying virus to date and are used in viral taxonomy. Figure 1.1 shows a 

phylogenetic tree that is constructed based on amino acid sequence alignments. 
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1.1.3: Biological criteria classification 

Herpesviruses have been found in the most studied animals, implying that 

the exact number of viruses present in nature probably exceed the identified ones. 

The natural host range of the known viruses is generally restricted to one species. 

However, transfer of a virus from one species to another has been reported, like the 

transmission of HIV from monkeys to humans, but is rather a result of human 

activity, than viral modification. In experimental systems of animals and cell lines 

some Alphaherpesviruses can infect a variety of species, whereas Beta- and 

Gammaherpesviruses show a strict species restriction. The symptoms of infection by 

Herpesviruses are usually limited to either young or immunocompromised 

individuals. The natural transmission routes range from aerosol spread to mucosal 

contact. Herpesviruses establish a persistent infection in the host, by modulating the 

Figure 1.1: Phylogenetic tree of herpesviruses based on amino acid alignments of eight sets of 

homologous genes. The formal species abbreviations and designations of genera and 

subfamilies are shown on the right side (from Human Herpesviruses-Biology, Therapy and 

Immuoprophylaxis. Cambridge University Press, 2007). 
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host response to infection and establish lifelong latent infections. The cell types 

involved in latency are the neurons for Alphaherpesvirinae, the monocytes for the 

Betaherpesvirinae, and finally the lymphocytes for Gammaherpesvirinae.  

 

1.2 Human Cytomegalovirus, HHV-5 

1.2.1. General Information 

Human Cytomegalovirus, or HCMV, is found universally throughout all 

geographic locations and socioeconomic groups, and infects between 50% and 85% 

of adults in the United States by 40 years of age (Wang et al., 2003). CMV is also the 

virus most frequently transmitted to a developing embryo before birth. HCMV 

infection is more widespread in developing countries and in areas of lower 

socioeconomic conditions. For most healthy persons who acquire CMV after birth 

there are few symptoms and almost no long-term health consequences (Drew et al., 

2001). It has been reported that some individuals experience an infectious 

mononucleosis-like syndrome with prolonged fever, and a mild hepatitis. Once a 

person becomes infected, the virus remains alive but usually dormant in the 

monocytes of the infected individual for the rest of its life. Recurrent disease rarely 

occurs unless the infected individual’s immune system is suppressed due to 

therapeutic drugs or disease (Evers et al., 2004, Heuser and Ganser, 2005). 

However, HCMV infection is important to certain high-risk groups. The major 

areas of concern are: 

 The risk of infection to the unborn baby during pregnancy, 

 The risk of infection to people who work with children, 

 The risk of infection to the immunocompromised patient, such as organ 

transplant recipients and individuals infected with human immunodeficiency 

virus (HIV). 
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1.2.2. HCMV Genome and Virion structure 

Of all Herpesviruses the Human Cytomegalovirus has the largest genome, 

which is enclosed within the icosahedral capsid (Figure 1.2). The capsid is embedded 

in a dense protein matrix called tegument which in turn is surrounded by an 

envelope of numerous viral glycoproteins (Mocarski and Courcelle, 2001). The 

formation of the virion starts at the host-cell nucleus, commencing with the 

assembly of the spherical procapsid. Once the procapsids mature, they bud out of 

the nucleus and are believed to undergo a process of envelopment following a de-

envelopment as they go across the nuclear membrane. The tegument is then 

acquired at specialized compartments termed the tegusomes. The final assembly of 

the protein envelope is carried out at Golgi-derived cytoplasmic compartments, 

where the virus gains its lipid membrane as well as the glycoprotein envelope. The 

complete virion exits the cell through the exocytotic pathway.  

 

 

 

Figure 1.2: Cryo-micrograph of A) purified HCMV beta(β) capsids and B) HCMV virions showing the 
swirling of the packaged genomic DNA (Bhella et al., 2000) 
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The HCMV infected cells produce three distinct types of viral particles. The 

first type contains the abovementioned mature capsids, the non-infectious 

enveloped particles (NIEP) (Roby and Gibson, 1986) and finally the non-replicating 

particles which are termed dense bodies (DB) (Stinski, 1976, Pepperl et al., 2000). 

The NIEPs comprise from the same envelope proteins that the mature particles have, 

but lack the viral genome. The dense bodies are unique among all viruses and 

although they are unable to replicate in the host, they trigger the host immune 

response. 

 

1.2.3 Virus Entry 

 Viral entry requires that all enveloped viruses, including HCMV, use their 

envelope proteins to interact with multiple host-cell membrane proteins and 

receptors to facilitate budding to the surface of the membrane. Once the virus is 

bound to the cell surface, fusion between the viral envelope and the cell membrane 

deposits the virion components in the cytoplasm (Figure 1.3). Members of the 

tegument envelope then carry the viral genome to the cell nucleus to initiate DNA 

replication during a process termed uncoating. These initial virus-host interactions at 

the cell membrane result in the delivery of bound virions to specific, extremely 

specialized, membrane domains and cellular compartments which are optimal for 

virion fusion and signal transduction to the cell nucleus.  
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1.2.4 Virus Replication 

Viruses are unable to replicate on their own, since they lack the cellular 

compartments to accomplish DNA replication and protein synthesis. Therefore, they 

need to enter a host cell and transfer their genome to the host cell nucleus to 

produce new viral particles. In humans, the HCMV is able to infect epithelial and 

endothelial cells, fibroblasts, monocytes/macrophages, neurons, neutrophils and 

hepatocytes (Ibanez et al., 1991, Sinzger et al., 2000). In vitro the human 

cytomegalovirus replicates mainly in fibroblasts, endothelial cells and differentiated 

myeloid cells (Ibanez et al., 1991). 

The viral life-cycle of HCMV is distinctively slower when compared to other 

herpesviruses, lasting for up to ten days in vitro. This is mostly due to the highly 

organized nature of the viral gene replication. In more detail, following the entry of 

the virus into the cytoplasm, the viral genome starts a slow replication of its genes 

which is segmented in three distinct phases; the Immediate Early (IE), the Early (E) 

and the Late (L) phase. During the Immediate Early phase which lasts for four hour 

Figure 1.3: HCMV viral entry. The virus attaches to the cell surface and is engulfed by the cell 
membrane in lipid vesicles. 
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after infection, the virus replicates specific genes that translate into regulatory 

proteins. These IE regulatory proteins are responsible for the host-cell cycle arrest as 

well as the inhibition of apoptosis. The Early phase lasts for up to 20 hours and is 

characterized by the replication of the viral DNA and the synthesis of infectious viral 

proteins. The Late phase, which is initiated 24 hours after infection, involves the 

synthesis of several structural proteins as well as the exit of the virus from the host 

cell (Sinzger et al., 2000). 

Human Cytomegalovirus DNA replication and capsid assembly takes place in 

the nucleus of the infected host cell and the newly synthesized virions are released 

through the nuclear envelope. The rest of the virion components, such as the capsid 

and the tegument envelope are synthesized at the Golgi apparatus of the cytoplasm 

and during their egress from the cell, they bud to virus-specific glycoproteins of the 

host-cell membrane. HCMV infected cells are morphologically larger among other 

virus infected cells due to the large genome of HCMV, hence the name of the virus. 

 

1.2.5 HCMV Lytic cycle 

The Human Cytomegalovirus follows two distinct patterns of infection once 

inside the host cell; the productive infection and the latent infection. During 

productive or primary infection, the steps of infection are fusion, capsid entry into 

the cytoplasm, transport of viral DNA to the nucleus, DNA replication and formation 

of new capsids, incorporation of viral proteins and finally the exit of the complete 

virion (Figure 1.4).  
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When HCMV undergoes productive infection, a series of viral protein 

expression patterns take place so that the cell cycle can be adjusted and the innate 

immunity compromised (Mocarski and Courcelle, 2001). For example it is known that 

upon HCMV primary infection, the host cell undergoes significant cell cycle changes 

(Sanchez and Spector, 2006). In more detail, HCMV infection triggers the activation 

of cyclin D and cyclin A resulting in host cell cycle arrest and the simultaneous 

increase of viral DNA replication. Moreover, the virus forces the host cell to proceed 

to the G1 phase of cell division by activating cyclin E and by suppressing the pocket 

protein (PP), which is responsible for the activation the e2F cellular pathway (Cinatl 

et al., 2004a). It should be noted that the HCMV Immediate Early proteins 1 and 2 

have the potential to promote the G1 phase of the cell cycle, either by suppressing 

the pocket proteins or by means of an unknown mechanism (Isomura and Stinski, 

2003, Shen et al., 1997).  

Human Cytomegalovirus is persistent in the human host and establishes a 

life-long, latent infection with sporadic reactivation events that are triggered by 

cellular stress or immunosuppression. The HCMV genome perseveres as a circular 

Figure 1.4: The lytic life cycle of a herpesvirus. (a) Fusion of virus to the host cell membrane, (b) 

Viral Entry, (c) Replication of viral DNA, (d) Progeny virus synthesis and egress. (e-i) Viral tegument 

and lipid envelope proteins are synthesized by utilizing the host cell’s Golgi apparatus. 
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plasmid in the infected peripheral myeloid cells of the blood, while it is expresses 

specific transcripts in the monocytes (Bolovan-Fritts et al., 1999). During latent 

infection, the HCMV genome is deposited in the host cell nucleus and two open 

reading frames (ORFs) have been found activated; the ORF94 and ORF152. ORF 94 

remains in the nucleolus, whereas ORF152 is localized at the Golgi complex. In 

addition, oriP, a highly conserved HCMV sequence is activated in order to preserve 

the viral genome in the host cell (White et al., 2000, Song and Stinski, 2010). 
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CHAPTER 2: Virus-Host Interactions 

 

2.1 Entry activated cell signaling  

 The first observation about HCMV biology is that it causes severe cell 

enlargement (cytomegaly) in the infected cells. Studies have demonstrated a unique 

cytopathogenic effect (CPE) on the infected cells, which demonstrate a round and 

enlarged morphology that takes place at two waves. The first wave begins a few 

hours post infection and probably corresponds to the virus-host interaction or the 

viral entry itself. The second wave starts 24 hours post infection alongside a 

noticeable peak in cellular transcription and translation (Albrecht and Weller, 1980). 

 It has been known for years that cells react to HCMV infection by activating 

several cellular signaling cascades which include alterations in calcium homeostasis, 

as well as the activation of phospholipases C and A2 (Fortunato et al., 2000). These 

cellular changes are triggered regardless of viral DNA replication, suggesting that the 

structural components of the virion activate intracellular signaling by virus-cell 

contact as well as virus entry. This interaction is also responsible for the activation of 

transcription factors such as cfos/jun, myc, NF-κB and SP-1 (Boyle et al., 1999, 

Kowalik et al., 1993). Additionally, the phosphatidylinositol 3-kinase (PI3-kinase), the 

mitogen activated protein (MAP), the extracellular-regulated kinases 1 and 2 

(ERK1/2) and p38 are activated upon HCMV infection having a profound effect on 

cell gene expression (Boldogh et al., 1990, Johnson et al., 2001b). 

 

2.2 Innate immunity response during HCMV entry 

 In addition to the intrinsic mitogenic pathways described above, binding of 

the HCMV virion to the host cell membrane triggers cellular pathways that resemble 

the interferon response that occurs during regulation of growth factors and 

hormones (Fortunato et al., 2000). HCMV induces a subset of RNAs that encode 

genes induced by alpha or beta interferon (IFN-α/β), which are indicators of host cell 
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immunity (Boyle et al., 1999, Browne et al., 2001). Moreover, toll-like receptors 

(TLRs) are highly conserved pathogen sensors that activate cellular signal 

transduction pathways, in order to induce antiviral/antimicrobial genes and 

inflammatory cytokines to fight the infection (Akira, 2001). Members of the 

Herpesviridae family, retrovirus and paramyxovirus families have been shown to be 

sensitive to innate response by TLRs (Compton et al., 2003, Rassa et al., 2002). In 

particular, soluble HCMV glycoproteins B and H (gB, gH) are able to induce an 

antiviral state in the cell by activating TLRs as well as innate immune gene expression 

(Yurochko et al., 1995, Netterwald et al., 2004). Activation of TLR2 by HCMV 

tegument proteins also leads to activation of NF-κB and stimulation of inflammatory 

cytokine production, without active viral gene expression taking place (Boehme and 

Compton, 2004).  

 

2.3 Suppression of apoptosis-Adaptive immunity 

 Apoptosis is a cellular mechanism of programmed cell death that occurs in 

multicellular organisms.  During apoptosis, a series of biochemical events lead to cell 

morphological changes and cell death. These changes involve cellular contraction, 

nuclear fragmentation, chromatin condensation as well as chromosomal DNA 

fragmentation. In contrast to necrosis, which is a form of traumatic cell death, 

apoptotic cells produce small cellular fragments, termed apoptotic bodies, 

containing the degraded cellular compartments. The cellular debris and apoptotic 

bodies are removed by phagocytes MΦ and dendritic cells (DCs) which engulf and 

remove the apoptotic cells before their toxic contents are released to the 

surrounding cells and cause further damage, thus priming the adaptive immune 

response (Figure 2.1). 
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Upon infection, a wide range of cellular mechanisms is mobilized to fight viral 

entry. These responses include alterations of the tumor suppressor protein p53, 

alterations in mitochondrial function, modification of the endoplasmic reticulum (ER) 

and activation of the host cell PKR mechanism as depicted at Figure 2.1 (Everett and 

McFadden, 1999, Everett and McFadden, 2001). So far there are several 

antiapoptotic proteins produced by Betaherpesviruses that primarily target the 

mitochondria and prevent infected cells from undergoing apoptosis (Goldmacher, 

2004). In particular, two HCMV genes, UL37x1 and UL36 have been shown to inhibit 

apoptosis through defined mechanisms (Goldmacher et al., 1999, Reboredo et al., 

2004). UL37x1 encodes the viral mitochondrial localized inhibitor of apoptosis 

(vMIA), while UL36 encodes the viral inhibitor of caspase activation (vICA) 

Figure 2.1: Time-line of both types of Host immunity. On the left we notice the recruitment of 
Phagocytes, NK cells and the complement to fight bacterial and viral infections. On the right, 
adaptive immunity is responsible for producing specialized T lymphocytes which differentiate to 
Effector T cells, while B lymphocytes produce the viral-specific antibodies. Innate immunity is the 
first line of defense appearing almost immediately, whereas the adaptive immunological response 
first appears 1-2 days after the infection. 
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(Skaletskaya et al., 2001). Additionally, the major Immediate Early (IE) gene products 

have been suspected of blocking apoptosis but a more thorough investigation is 

needed. These abovementioned suppressors inhibit cellular death which would 

result from viral infection or from extracellular signals accompanying the host cell’s 

adaptive immune response. Therefore, inhibition of apoptosis by viruses is a crucial 

viral offensive mechanism which is employed to enhance viral replication and 

persistence in the host (Figure 2.2).  

 

 

 

 

 

 

 

Figure 2.2: Implication of HCMV regulatory proteins (yellow boxes) in the two major apoptosis 

pathways. The intrinsic pathway mediates intracellular cell signals by mitochondrial release of 

Cytc which activates caspase 9, 3 and 7. Cytc release is inhibited by the HCMV UL37x1 protein to 

inhibit further apoptotic molecule activation. The extrinsic apoptotic pathway involves the 

activation of death receptor ligands on the surface of the infected cells by HCMV protein IE2, 

whereas the HCMV UL36 acts as a viral inhibitor of caspase 8 activation. 
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3.1 General Information 

 Contrary to single cellular organisms that antagonize for their existence, the 

cells of a multicellular mammalian organism possess mechanisms that show high 

levels of coordination. The coordination and communication of different cell types in 

the human body is on a fine balance that shifts towards disease phenotypes when 

groups of cells are disrupted from their physiological function. Generally, cells that 

do not enter programmed cell death but instead continue to proliferate or 

differentiate become potentially carcinogenic. Therefore, cancer can be described as 

the disease of immortalized cells that have diverged from their original purpose, 

showing signs of uncontrolled proliferation, followed by angiogenesis, increased 

motility and metastasis.  Such disruptions can occur in healthy cells after exposure to 

various environmental factors as well as genetic or hereditary factors. Common 

environmental factor that contribute to cancer include but are not limited to, 

tobacco use, obesity, radiation, environmental pollutants and infection. Cell 

proliferation is a tightly regulated process guided by the function of oncogenes and 

tumor suppressor genes. 

 Cancer affects the worldwide population and accounts for 13% (7.6 million) 

of all human deaths as of 2011 (Jemal et al., 2011). Cancers are classified into distinct 

categories according to the type of cells they affect, which is presumed as the origin 

of the tumor. These types are: 

 Carcinoma: Cancers derived from epithelial cells (breast, prostate, lung, 

pancreas and colon) 

 Lymphoma: Cancers affecting the hematopoietic cells in the lymph nodes or 

blood 

 Sarcoma: Cancers arising in connective tissues (bone, cartilage, fat tissues, 

nerve tissues) 

 Blastoma: Cancers that affect embryonic tissues or precursor cells. 
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The most common types of cancer worldwide are lung cancer (12.3% of all cancers), 

breast cancer (10.4%) and the large intestinal cancers (9.4%). For each cancer type 

the outcome of the disease is depended mainly on the prognosis. Although lung 

cancer is considered to be at the top of the most diagnosed cancers (1.1 million per 

annum) it is usually due to the bad diagnosis. On the other hand, breast cancer being 

the second on the list of the most common cancers, has much lower mortality rates 

due to the early prognosis. 

 

3.2 Cellular signaling in cancer – The Ras signaling pathway 

 Ras proteins are switch molecules that regulate cell functions by receiving 

signals from membrane receptors and transmitting them to downstream effector 

pathways. The Ras activated pathways control a diverse array of cellular responses 

ranging from proliferation and differentiation to survival (Bourne et al., 1990, Bourne 

et al., 1991, Vetter and Wittinghofer, 2001). Ras proteins are found to be mutated in 

many tumors such as melanoma, ovarian and lung carcinoma. Genetic alterations of 

ras genes usually shift the balance between cell proliferation and cell death, towards 

continuing proliferation and differentiation. The role of ras genes during normal 

cellular function is dictated by the posttranslational modification to which the 

proteins are subjected, which is mainly farnesylation. This process determines the 

final location of the proteins in the cell, as well as their functionality. More 

specifically, the enzyme farnesyl transferase links a farnesyl group (15-carbon 

isoprenoid) covalently to a cysteine residue located in the carboxy-terminal CAAX 

motif of Ras, allowing Ras to anchor to the plasma membrane. It is known that mis-

positioned Ras proteins are non-functional, probably due to their inability to activate 

their target enzymes and initiate signal transduction (Zhang et al., 1993).  

The binding of ligands to tyrosine/kinase transmembrane receptors, such as 

the Epidermal Growth Factor receptor (EGFR), autophosphorylates their tyrosine 

residues on the cytosolic side. The tyrosine residues serve as docking sites for 

specific adaptor molecules such as members of the SOS family. Ras proteins remain 

inactive in the cell when they are bound to the guanosine diphosphate (GDP), but 



 

 
 33 

 Chapter 3: Cancer 

become active when bound to guanosine triphosphate (GTP) (Donovan et al., 2002, 

Boguski and McCormick, 1993). Ras is activated when ligand-bound receptors 

nucleate a complex that includes adapter molecules, Shc and Src, Gab2 and growth 

factor receptor binding protein 2 (Grb2), as well as the phosphatase SHP-2 and 

guanine nucleotide exchange factors (SOS). The guanine nucleotide exchange factors 

bind to Ras and catalyze the guanine-nucleotide dissociation, which leads to Ras-

GTP. The activated Ras is terminated by hydrolysis of GTP to GDP, which is catalyzed 

by the GTPase activating proteins. 

 

 

 

 

Activation of Ras is responsible for the sequential phosphorylation of 

downstream molecules which amplify and transduce signals from the cell surface to 

the nucleus. More specifically, Ras proteins can employ up to 20 downstream 

effector molecules such as phosphatidylinositol 3-kinase (PI3-K) and Raf and Ral 

guanine nucleotide-dissociation stimulators (RALGDS) to regulate a cascade of 

Figure 3.1: The host cell Ras signaling pathway. The key mediators of the pathway are represented. 
The known interactions between herpesviruses and host cell proteins are illustrated, indicating 
whether the virus up-, or down-regulates a specific cellular molecule (Filippakis et al., 2010). 
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events that range from cell proliferation and survival to apoptosis and cellular death 

(Rajalingam et al., 2007, Mitin et al., 2005) (Figure 3.1).  

 Activation of the Raf kinase by its precursor Ras triggers the activation of the 

MAPK cascade. The MAPK pathway in the mammalian cell comprises of three well-

studied protein kinases that are activated by a series of phosphorylations: a MAPK 

kinase kinase (MAPKKK), a MAPK kinase (MAPKK) and finally a MAPK. The final 

protein kinases (MAPKs) are the extracellular regulated kinase (ERK1/2), p38 kinases, 

ERK5 and the c-Jun amino-terminal kinases (JNK12/3) (Johnson and Lapadat, 2002). 

 
3.3 Herpesviruses and the Ras pathway 

 The Ras pathway molecules respond to various extracellular stimuli which 

eventually determine the fate of the cell. As mentioned before, environmental, 

chemical and infectious agents have the ability to affect the signaling process in the 

cell, altering its physiological function. Herpesviruses are of particular interest since 

they are able to either induce tumor formation (oncogenic) or regulate tumor 

behavior (oncomodulatory). 

 Upon infection of a host cell, a number of cellular defense mechanisms are 

employed to eliminate the threat, followed by acute inflammation. Although 

inflammation is generally considered to be beneficial for the cell, the environment 

around the inflammation site is a very potent place for transformations to occur. 

During inflammation a wide array of DNA-binding proteins, cytokines and 

chemokines are recruited to combat the inflammatory signal. TNF-α, NF-κB, IL-1, 

COX-2 and the pro-inflammatory chemokine families CXC and CC usually have 

positive effects on cell proliferation. However, their ability to cause DNA damage in 

the inflammation site has been shown to have a negative effect on normal cell 

proliferation and angiogenesis (Burke et al., 1996, Surh et al., 2001). Herpesviruses 

possess the ability to evade the host immune response and remain latent until they 

reactivate to carry out lytic infection. Additionally, some herpesviruses can promote 

oncogenesis by either delivering viral oncogenes to the host, or by activating cellular 

oncogenes. The activation of oncogenes or tumor suppressor genes in the host cell, 

leads to expression of transforming growth factors that deregulated normal cellular 
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functions and ultimately result in malignant cell transformation (Yokota and 

Sugimura, 1993). 

 

3.4 Oncomodulatory role of HCMV 

The term oncomodulation was introduced for the first time fourteen years 

ago by Michaelis et al to describe the non-oncogenic yet malignant-inducing 

phenotype of infected cells (Michaelis et al., 2009). There is increasing evidence that 

support the involvement of HCMV in the malignant transformation procedure of 

glioblastoma cells and several cell types. However, viral DNA is rarely detected in 

transformed cells, indicating that HCMV contributes to oncogenesis by a “hit & run” 

mechanism that leaves no genetic traces. It is currently believed that the tumor 

microenvironment is characterized by disturbances in intracellular signaling 

pathways, tumor suppressor proteins and transcription factors. This environment 

may enable HCMV to exert its oncomodulatory potential without affecting normal 

cells.  

There is increasing evidence which confirms the presence of HCMV in 

malignant tumors such as malignant glioblastoma (Cobbs et al., 2002, Cobbs et al., 

2008), colon cancer (Harkins et al., 2002), as well as EBV-negative Hodgkin's 

lymphoma (Huang et al., 2002). Studies on human colonic adenocarcinoma cells 

(Caco-2 cells), have produced contradicting results. In one study the authors suggest 

that Human Cytomegalovirus infection can only arise when Caco-2 cells are in a 

specific state of differentiation, in which the virus does not spread from cell to cell, 

and productive infection is rare, whereas the other group supports that Caco-2 cells 

are infected by HCMV, regardless of the differentiation state (Jarvis et al., 1999). In 

glioblastoma, the HCMV Immediate Early-1 (72 kDa) protein (IE1) is expressed in 

~90% of the tumors analyzed. A stable IE1 expression can differentially affect the 

growth of human glioblastoma cells, resulting in either growth proliferation or cell 

cycle arrest (Mitchell et al., 2008). Given the high HCMV infection rate in these 

tumors, it can be hypothesized that a sustained expression of critical viral genes such 

as IE1 may have important biological consequences in malignant glioma cells. 
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Moreover, these findings provide important insights into the pathogenic 

mechanisms associated with aberrant signaling pathways, transcription factors 

and/or tumor suppressor functions of the host cell (Fig 3.2).  

Although HCMV is not directly associated with tumor formation, the timely 

expression of its proteins regulates the host-signaling pathways so that the virus can 

be sustained in the cell (Cinatl et al., 2004b). To accomplish this, HCMV has to bind 

to specific cellular receptors in order to initiate infection. Upon infection by HCMV, 

the viral particles must first enter the host cell and then travel to the nucleus in 

order to initiate viral replication. Interestingly, HCMV entry into the host cell is 

achieved by the synergistic action of the Epidermal Growth Factor Receptor (EGFR) 

and the activation of the β3 integrin subunit. In turn, this results in the activation of 

downstream molecules such as the focal adhesion kinase, PI3K/Akt and 

phospholipase Cγ (Wang et al., 2005, Feire et al., 2004, Wang et al., 2003). However, 

it is also argued that EGFR is not required for the cellular expression of viral proteins 

or virus-induced signaling (Cobbs et al., 2007, Isaacson et al., 2007). In addition to 

EGFR and integrin, PDGFα and β have also been proposed as cellular receptors for 

HCMV entry (Soroceanu et al., 2008, Reinhardt et al., 2005, Zhou et al., 1999).  
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Summarizing, HCMV may infect tumor cells and modulate their proliferation 

and overall survival, without direct transformations taking place. These 

oncomodulatory effects of HCMV infection arise from the interactions between viral 

regulatory proteins and key signaling pathways such as the Ras/Raf/MEK/ERK, p38 

and Akt pathway. 

 

 

 

 

Figure 3.2: Major signaling pathways associated with HCMV infection. Binding of HCMV to pDGFR on 
the cell surface, activates PI3K, MEKK, ERK and the JNK pathways to alter gene transcription. 
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RESEARCH AIMS 

 

The virus-host interactions that take place during HCMV infection or 

reactivation, involve regulation of the host cell cycle, in addition to inflammatory 

response and the lately investigated transformation.  Several research groups have 

focused on the transformation ability that many Herpesviruses may have. This has 

provided enough scientific data so as to investigate further on the Human 

Cytomegalovirus. So far, there is very little evidence on whether HCMV is able to 

regulate cell signaling pathways resulting in transformations or tumor formation. A 

crucial signaling pathway that is known for the oncogenic transduction of 

information is the Ras/Raf/MEK/ERK pathway. Therefore it is of high priority to 

investigate whether HCMV interacts with this multistep host cell process, and to 

elucidate the role of the overall infection. This thesis focuses on the effect of HCMV 

infection on rat transformed fibroblasts, which express the oncogenic, constitutively 

active, Ras protein. One of the first aims was to establish a successful infection in the 

rat fibroblasts by a virus that primarily infects humans. Additionally, human HEK293T 

cells were transfected by a retrovirus expressing the mutated (G12V) H-Ras gene. In 

turn, we investigated differences of viral and host-cell protein expression levels at 

different time points of infection between transformed and non-transformed cells. 

Protein expression was also investigated after treatment with inhibitors for Ras, 

MEK, PI3-K as well as the viral replication inhibitor Phosphonoacetic Acid (PAA). 

Proliferation and focus formation assays were employed to investigate the effect of 

HCMV infection on the rat transformed and non-transformed cell lines. Finally, the 

levels of apoptotic markers were measured after HCMV infection of both cell lines to 

elucidate the overall effect of the infection. 
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4.1 CELLS 

4.1.1 Cell Culture 

 The cell lines that were used in this study were: the preneoplastic rat 

fibroblasts 208F (Quade, 1979), the tumorigenic cell clone FE8 (Griegel et al., 1986) 

which is a clone derived from the 208F cells by co-transfection of the human EJ-RAS 

gene and the pSV2neo selection marker. Additionally, human foreskin fibroblasts 

(HFFs) were used for propagation and titration experiments, while the human 

glioblastoma-astrocytoma epithelial-like cell line U373MG was used as a human cell 

analog (Yamamoto et al., 1997, Kroes et al., 2010, Meyer et al., 1997). Finally, the IR4 

cell line was used as an inducible system for the expression of the mutagenic Ras 

protein (G12V). 

The 208F, FE-8 and IR-4 cell lines (kindly provided by R. Schäfer, Charite, 

Universitaetsmedizin, Berlin) as well as U373MG cells were cultured in Dulbecco's 

modified Eagle's medium (DMEM; Biosera) supplemented with 10% Fetal Bovine 

Serum (FBS; Biosera), Penicillin (100 units/ml and Streptomycin (100 μg/ml) unless 

otherwise stated. Human Foreskin Fibroblasts (HFFs) were used for the propagation 

and titration of HCMV stocks. Cells were incubated at a 37 °C and a 5% CO2 

humidified atmosphere. 

 

4.1.2 Trypsinization 

The old and used medium is removed from the cell culture flask and the cell 

monolayer is washed with PBS twice. This is done to remove dead cell debris which 

will be toxic to the viable cells, and to eliminate any serum which inhibits the trypsin 

function. Following the wash steps we add 0.25% Trypsin (Biosera) in a 1mM EDTA 

solution (2mL in the 75cm2 and 1mL in the 25cm2 flask). The cells are observed under 

microscope for signs of detachment from the flask surface for no longer than 4-5 

minutes. The cells are then harvested using 3-4mL of fresh 10%FBS DMEM and 

stored in a Falcon tube temporarily. A small volume of the cell suspension is then 
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added to the new flask that contains 11mL of fresh DMEM supplemented with 10% 

FBS. 

 

4.1.3 Cell counting 

Cell counting is performed after Trypsinization to establish the number of 

cells present in the flask, or to measure the proliferation of infected and non-

infected cells. Cell counting is done using the Haemacytometer Neubauer which was 

originally made for counting blood cells. The Neubauer is a typical microscope glass 

slide with a rectangular indentation that creates a chamber. The chamber is 

engraved with a grid of parallel lines of predetermined distance and depth. 

Therefore, placing a liquid suspension of cells in the chamber allows for the counting 

of the cells in the added volume and subsequently allows us to calculate the 

concentration of cells in the fluid overall (Figure 4.1). The measuring area of the slide 

is 1mm x 1mm. It comprises of 25 smaller squares each of them comprising of 16 

even smaller squares. The etched lines are 0.10mm deep so that the volume in this 

area equals 0.1mm3. Since 1mL=1000mm3, the 0.1mm3 volume in the etched area 

will be 10-4mL. Therefore, the concentration of cells can be measured as follows: 

Number of cells/mL = Number of counted cells/mm2 multiplied by the dilution 104. 

Prior to cell counting, the cells are mixed by equal volume (1:1) with Trypan Blue 

which stains the dead cells. Cells that are stained blue are not counted since they are 

no longer viable. 

 

Figure 4.1: Neubauer Haemacytometer grid. 
Depth of the grid is 0.1mm and the square areas 
are as follows: 

Red square = 1 mm2 

Yellow square = 0.0625 mm2 

Blue square = 0.0025 mm2 
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4.1.4 Transfection 

 For transfection experiments, 208F and FE-8 cells were plated on glass slides 

or on glass-bottom chambered microscope slides (Lab-Tek; Nunc). In the transfection 

experiments carried out in this study, DNA (1μg/well) transfected the medium 

density monolayer of cells using Polyethylenimine (TrasPEI; Eurogentec, Belgium) 

according to the manufacturer’s instructions. More specifically, TransPEI binds to 

DNA molecules to form very strong complexes which then enter the cell by 

endocytosis. For transfection of 1μg of DNA, 2μl of TransPEI solution was used. DNA 

is diluted in 50μl of 150mM NaCl, while the TransPEI reagent is similarly diluted in 

50μl of 150mM NaCl. The TransPEI containing solution is mixed with the DNA 

solution and incubated at room temperature for 25-30 minutes. Subsequently, the 

solution is added to the cell medium and mixed with the supernatant. The cells are 

placed back in the humidified incubator and observed the next day under the 

inverted microscope (Leica). 

 

4.1.5 Proliferation Assay 

To measure the effects on cell proliferation over time due to HCMV infection, 

total cell count assays were performed using the MTT assay. Briefly, 2×106 208F and 

FE-8 cells were plated in 6-well plates in the absence of FBS and were subsequently 

infected with wt-HCMV, UV-irradiated HCMV or mock infected at MO1=1. The cells 

from duplicate plates were trypsinized 3 days post-infection, resuspended in DMEM 

and counted using a hemacytometer. Cells were stained using Trypan Blue (Sigma-

Aldrich, USA) dye at 0.8 mM, which was mixed at equal (1:1) parts with suspended 

cells. All proliferation experiments were performed at least three times. Additionally, 

2×106 U373MG cells were plated in 6-well plates and subsequently infected with 

wild-type HCMV, UV irradiated HCMV or mock infected. The cells from duplicate 

plates were trypsinized 3 days post-infection, resuspended in DMEM and counted 

using a hemacytometer. Furthermore, U373MG cells transduced with either the 

pBabe or pBabe-H-RasV12 retroviruses were plated in 6-well plates and infected 

with HCMV (MOI=3) to quantify their proliferation at 1, 3 and 5 days after the 

infection. Cells were resuspended in DMEM and counted using a hemacytometer. 
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Cell counting was carried out by Trypan Blue (Sigma-Aldrich, USA) dye staining as 

described above. 

 

4.1.6 Retroviral infection 

2×106 HEK293T cells were transfected using TurboFect (Fermentas, USA) with 

8 μg of retroviral vector pBabe-H-RasV12 (courtesy of Stephane Ansieau, Lyon, 

France). pBabe-puro was used as a control retroviral vector. Forty-eight hours after 

the transfection, the supernatant was harvested, filtered and aliquots were stored at 

−80 °C. The supernatant was applied to 106 U373MG human glioblastoma–

astrocytoma epithelial-like cells overnight in the presence of 8 μg/ml Polybrene 

(Sigma-Aldrich, USA). Infected cells were selected after 48 h using Puromycin (0.5 

μg/ml) (Sigma-Aldrich, USA). 

 

4.1.7 Focus formation transformation assays 

To determine whether HCMV could modulate the focus forming activity of 

the activated H-ras (12 V), FE-8 cells were infected with HCMV at MOI=1 in 6-well 

plates. The cells were then maintained in DMEM supplemented with 1% fetal calf 

serum. The appearance of transformed foci of cells was quantitated 3–5 days post-

infection. Similarly, the human U373MG cells were transduced with retroviruses 

expressing either the pBabe-H-RasV12 or the empty pBabe vector and subsequently 

were infected with HCMV at MOI=3. Images were taken 3 weeks after the infection 

to visualize foci formation. In some experiments, the Ras inhibitor (FTI R115777), the 

MEK1/2 inhibitor (PD098059), the PI3K inhibitor (LY294002) and the HCMV inhibitor 

(PAA) were added to the medium at a concentration of 200nM, 50 μM, 200 μg/ml 

and 1 μM, respectively. All assays were performed in triplicate.  

 

4.1.8 In vitro wound healing assay  

FE-8 cells were seeded in 24-well culture plates at a concentration of 80,000 

cells per well. The cells were cultured in an incubator at 37 °C and 5% CO2 and 24 h 

after plating, they were either infected with HCMV (M.O.I.=1) or mock infected. The 

cell layer was wounded by scratching with a sterile 10 μL pipette tip after 48 h of 

infection. Detached cells were removed by washing two times with serum-free 
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medium. The wound closure was monitored at 0, 3, 6 and 9 h.p.i., using a digital 

image processor connected to an inverted microscope. Cell motility was quantified 

by image analysis (ImageJ 1.4.3.67 Launcher Symmetry Software). Each experiment 

was carried out in triplicates and the error bars represent the mean standard error.  

 

4.1.9 Apoptosis assays 

Apoptosis was evaluated by applying both caspase-3 staining and a DNA 

fragmentation assay. 2×105 FE-8 cells were plated on glass coverslips placed on 24-

well plates, infected at MOI=1 with HCMV and then incubated for 2 and 3 days post-

infection. At the above time points the cells were fixed and stained with a caspase-3 

rabbit polyclonal antibody (Santa-Cruz Biotechnology Inc., sc-7148) at a dilution of 

1:200, as well as with an IE1 mouse monoclonal antibody (BS500) at a dilution of 

1:50. After primary incubation, cells underwent secondary staining for 1 h with 

secondary conjugated antibodies, rabbit Cy3 (Invitrogen) and the mouse Alexa-488 

(Invitrogen) at a dilution of 1:500, respectively. The coverslips were then inspected 

under an epifluorescence inverted microscope. For DNA fragmentation analysis, 

mock and HCMV-infected FE-8 cells were harvested 1, 2 and 3 days post infect and 

resuspended in a solution containing 10 mM Tris, pH 8, 10mM EDTA, and 150 mM 

NaCl. Cells were then incubated with 0.1 mg/ml proteinase K and 1% SDS at 50 °C 

overnight. The samples were extracted in phenol-chloroformisoamyl alcohol and 

ethanol precipitated, and the pellets were washed with 70% ethanol and dried. The 

pellets were resuspended in Tris–EDTA (TE), pH 7.5. The DNA was electrophoresed in 

a 3% agarose gel and ethidium bromide stained. 

 

4.2 VIRUS 

The AD169 strain of HCMV was used in this study. HCMV stocks were 

centrifuged, ultrafiltrated and titrated as previously described (Lorz et al., 2006). 

Infections of 208F and FE-8 cells were performed at multiplicity of infection (MOI) of 

1 plaque-forming unit (pfu) per cell, i.e. MOI=1 or MOI=0.1 while U373MG cells were 

infected with HCMV at MOI=3. The UV-inactivated virus was produced after UV 

irradiation (254-nm wavelength) of the active virus stock for 30 min at a distance of 

20 cm (Gealy et al., 2005).  
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4.2.1 Viral Infections 

For infections in the presence of the farnesyl transferase inhibitor 

(Zarnestra), MEK inhibitor (UO126, Millipore; Bilerica, USA) and PI3K inhibitor 

(LY294002, Invitrogen; Camarillo, USA), cells were serum starved for 24 h and pre-

treated with drugs for 1 h prior to infection. Cells were then stimulated by dropwise 

addition of FBS and infected by dropwise addition of the virus. All drugs were 

solubilised in DMSO and all dilutions were made such that each dish of cells received 

an equal volume of DMSO. Cells were maintained in each drug for the duration of 

the experiment. 

 

4.2.2 Virus propagation 

Viral stocks were propagated in Human Foreskin Fibroblasts (HFF) cells and 

titrated by plaque assays. For this reason, 106 HFFs were plated in six-well plates 

(100mm2) and then incubated for 24 hours. The next day the cells are infected by the 

laboratory strain AD169 of HCMV at a multiplicity of infection (m.o.i.) =0.5. The cells 

are then incubated until they become enlarged and start to detach from the well 

surface. The increase in size and the detachment of cells is an indication of active 

HCMV infection and is termed as the cytopathic effect (cpe). Once the cpe is 

excessive the cells are harvested using a cell scraper and stored in a 15mL Falcon 

tube. The suspension is subsequently centrifuged at 2,000rpm for 10 minutes and at 

4oC. 

The resulting pellet contains the Cell Associated Virus (CAV) and is 

resuspended in 1mL of fresh medium. The suspension is then sonicated at high 

frequency for 3-4 minutes at 4oC. Sonication is performed to cause cell rapture and 

release of the HCMV virions. Once sonication is finished, the suspension is 

centrifuged for 15 minutes at 13,000 rpm and the supernatant is collected. 

The supernatant from the first centrifugation contains the Cell Released Virus 

(CRV), which is the virions that were circulating in the medium. The extraction of the 

HCMV virions is performed by spinning the suspension for 3 hours at 13,000rpm and 

at 4oC. After this long centrifugation the viral particles will have formed a pellet 

which we re-suspend in fresh serum-free DMEM overnight. 
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The resulting virus suspensions are mixed and filtrated through a 0.4μ filter 

to remove any bacteria and other contaminants, while dimethyl sulfoxide (DMSO) 

was added to 1%. The virus stock is then used for infections or stored at -80oC for 4-6 

months. 

 

4.2.3 Plaque Assay 

 Human foreskin Fibroblasts are used for the titration of the propagated virus, 

following well-established protocols. Specifically, 4x105 HFF cells are plated in six-

well plates and allowed to incubate for 24 hours. The virus is diluted as shown in 

figure 4.2 and the dilutions of 10-2 to 10-6 are added to the cells at the 6-well plate. 

 

 

 

 

Prior to the addition of the virus, DMEM is removed from the wells so that 

the cells are barely covered. The virus is then added and the infection is allowed for 

2 hours. During this period the 6-well plate is gently shaken every 10 minutes (Fig. 

4.3). After the 2 hour period, the little medium that exists is discarded and replaced 

with a mix containing human serum and DMEM. The human serum is positive of IgG 

antibodies for HCMV and will block any subsequent infection through the medium 

Figure 4.2: Serial dilutions of the stock HCMV strain AD169. Starting with 10μl of viral stock the 
virus is diluted up to 10-7. 
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(CRV). 30μl (1/100) of serum is added per 3 mL of inoculum. The cells are then 

allowed to incubate for 10 days at which time the plaques will have started to form 

(Fig. 4.4). To stain the plaques, GIEMSA staining is performed. 500μl of undiluted 

GIEMSA is added to each well and is allowed to rest for 2 hours. The wells are then 

gently washed with water and air-dried upside down.  

 

 

 

Finally, the plaques are counted under a stereoscope. The number of plaques 

in the well with the smallest dilution of the virus is used for the calculation of the 

virus titre. The unit for measuring viral titre is the plaque forming units (p.f.u)/mL 

More specifically:  Viral titre = number of plaques x dilution x 10 = pfu/mL 

 

 
Figure 4.4: Plaque formations observed on a monolayer of HFFs. The cells 
around the plaques are significantly enlarged, while severe cytopathic 
effect appears all around these formations. 

Figure 4.3: Example of a six-well plate and the serial dilutions of the 
HCMV stock. Note that one well is left intentionally uninfected (mock) 
to serve as a negative control. 
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4.3 PLASMIDS 

 

4.3.1 Polymerase Chain Reaction (PCR) 

  The polymerase chain reaction is one of the most important and 

widespread molecular biology techniques and was discovered by K.B. Mullis at 1985. 

It has since revolutionalized the way research is carried out, allowing for the 

amplification of specific DNA sequences. The technique utilizes the semi-

conservative duplication of DNA, to produce exact copies of a gene or set of genes. 

Using the polymerase enzyme Taq, which is derived from the hot-spring bacterium 

Thermus Aquaticus, and a thermal cycle, we accomplish the amplification of a DNA 

molecule. The DNA to be amplified is mixed with deoxyribonucleotides (dNTPs), the 

heat-resistant Taq polymerase and one set of primers. The primers are small DNA 

fragments that are each complementary to the start and finish sequences of the 

desired gene. 

 The first step in a PCR reaction is the denaturation of the two DNA chains at 

94oC for 5 minutes. This step prepares the DNA for the hybridization of the primers 

and the initiation of DNA elongation. After this initial step, the DNA is subjected to 

30-35 cycles of alternating heating and cooling. The steps are: denaturation at 94oC, 

hybridization at 55-60oC and an elongation step at 72oC. The total duration of the 

experiment is kept as short as possible to prevent non-specific amplification. The 

final step is a 5-10 minute elongation at 72oC to allow completion of unfinished 

strands. The PCR product comprises of tens of thousands of the amplified DNA. Since 

the same DNA strand is repeatedly copied every cycle, the one copy is exponentially 

amplified according to the N=n(1+e)a. N is the final product, n is the starting DNA 

fragment, and a is the number of PCR cycles. 

 The polymerase chain reaction is currently used in a variety of molecular 

techniques, not only for research purposes but for diagnosis as well. PCR is carried 

out for detection of infectious agents in host organisms, since it can amplify a very 

small fragment of DNA or even a partially degraded DNA. Additionally, PCR is used as 

a forensic tool to identify parentage, while it is also used to diagnose genetic 

diseases arising from genetic polymorphisms. For example, Cystic Fibrosis and 
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Duchene Muscular Dystrophy are both detected by carrying out a PCR reaction for 

the relevant gene.  

 

4.3.2 Agarose Gel Electrophoresis 

 Electrophoresis is a technique used to separate molecules according to their 

size and electronic charge. For DNA, a cast gel is made out of agarose or acrylamide, 

to accommodate for the size of the fragments. The agarose gel is prepared by 

diluting agarose powder to 0.5x Tris-Base EDTA buffer to a concentration of 1-2%. 

The TBE buffer is a solution of pH=8.3 and comprises of: 10.8g/L Tris, 5.5g Boric acid 

and 0.002M EDTA. The mix is then heated at the microwave oven until the agarose is 

diluted and allowed to cool down to 60oC. Ethidium Bromide (EtBr) is then added to 

the gel before it sets and then it is cast in the electrophoresis device. Using specially 

made combs at the top of the gel, the solidified gel forms wells for the DNA loading. 

Prior to electrophoresis, the DNA is mixed with a loading dye to help visualize the 

DNA. The loading dye comprises of: 0.25% bromophenol blue, 0.25% xylene red and 

25% ficoll. The electrophoresis device is then filled with 0.5x TBE and voltage is 

applied through the gel. DNA is a negatively charged so all the fragments will be 

oriented towards the positive electrode. At the end of electrophoresis the gel is 

placed under a UV lamp and photographed.  

 

4.3.3 DNA purification 

 The desired PCR products are excised from the agarose gel and placed in 

sterile eppendorf tubes. The tubes are then subjected to heat to melt the agarose 

and release the linear DNA fragments. The kits we used in this study were the Gel 

Extraction Kit and the PCR Purification kit by Qiagen. 

 

4.3.4 Plasmid cloning 

 The desired DNA fragments that are destined for ligation can result either 

from PCR products or from the digestion of circular plasmid vectors by restriction 

enzymes. The size of these DNA fragments is determined by agarose gel 

electrophoresis and the product is subjected to purification assays as described 

above. Depending on the final use of the PCR product, the ends of the DNA 
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fragments are designed to be complementary to the vector and to contain restriction 

sites. Additionally, incubation of the DNA with Klenow polymerase, results in the 

formation of a 3’ blunt end that makes incorporation of the DNA product easier.  

 

4.3.5 Plasmid ligation 

 The ligation, that is the incorporation of the DNA fragment to the DNA 

vector, is performed using the T4 DNA ligase enzyme. More specifically, the vector 

and the DNA insert are incubated in the presence of T4 in an eppendorf tube at a 

ratio of 1:10 (1 part vector: 10 parts insert). By measuring the DNA concentration 

(μg/μl) of the vector and the insert, we prepare the vector/insert mix. The T4 ligase 

is added to the mix and the reaction mixture is incubated at room temperature, 

overnight. The resulting ligation is sorted by agarose gel electrophoresis to obtain 

the vector with the incorporated insert and purified as described above. 

 

4.3.6 Bacterial transformation 

 The recombinant plasmid DNA that was produced by ligation of the vector 

with the insert is inserted into specialized competent bacterial cells. More 

specifically, DH5α cells are used for the transformation, while there is more than one 

technique to introduce the plasmid to the cell (electroporation, calcium channel-

entry and lipofectamine). For this project, 125ng of plasmid DNA is mixed with 20μl 

of DH5α cells and the mix is incubated at 37oC for 30 minutes. The cells are then 

subjected to a heat-shock that comprises of two steps. First, we transfer the cells at 

42oC for 45 seconds and straight after that to the ice (4oC) for 2 minutes. Following 

the heat-shock, we add LBroth or SOC medium and transfer the mix at 37oC for 1 

hour to allow bacterial growth. We use 50 to 200μl of the mix to plate LB/agar plates 

that contain 100μg/mL of the appropriate antibiotic (ampicillin, chloramphenicol, 

and kanamycin). The agar plates are incubated overnight at 37oC to allow colony 

formation (Fig. 4.5).  

 

 

 



 

 
 50 

 Chapter 4: Methods 

 
 

 

 

 

The next day, we randomly select 5-7 colonies from the plate and incubate 

them in liquid culture of LBroth containing the appropriate antibiotic. Indication of a 

successful transformation is the cloudy medium from which we extract the plasmid 

DNA. To establish that the obtained plasmid DNA contains the desired insert we 

perform restriction digestions with enzymes or DNA sequencing. The colony that 

produced the plasmid with the incorporated insert is selected and plated in a new 

agar plate to produce these specific clones. 

 

4.3.7 Purification of plasmid DNA. 

 

A) Mini Preps (small scale purification using STET or the Qiagen kit). 

 The procedure begins by selecting a colony from the agar plate and 

incubating it in liquid LBroth (1 colony + 5mL LBroth + Antibiotic). 1.5mL of the liquid 

culture is placed in an eppendorf tube and centrifuged for 2 minutes at 4,000rpm 

and at RT. The pellet is resuspended in STET solution, while 5μl of Lysozyme 

Figure 4.5: Bacterial cell transformation. The plasmid contains the DNA insert as well as a 
selection marker (antibiotic resistance gene). The plasmid is incubated with the bacterial 
cells and subjected to heat-shock prior to plating. Successful colony formation in the 
antibiotic-containing plate produces the desired bacterial cells. 
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(10mg/mL) is added to help bacterial cell lysis. The cells are briefly boiled for 45 

seconds and centrifuged for 15 minutes at 13,000rpm. The supernatant containing 

the plasmid DNA is isolated and STET solution is added to reach a final volume of 

200μl. DNA extraction follows by adding 150μl isopropanol and centrifuging for 2 

minutes at 13,000rpm. The pellet is washed with 70% ethanol and is left to dry. The 

dried pellet is then reconstituted in 30μl of H2O or TE buffer. 

 Alternatively, the plasmid DNA can be extracted using the kit supplied by 

Qiagen, which is based in three solutions: 

 

S1: TE and RNAse 

S2: 200mM NaOH & 1% SDS which induce cell lysis. 

S3: 2,8Μ KAc pH 5.1 to neutralize NaOH action. 

The experimental protocol is as follows. 

 ~1mL of the liquid culture is transferred to an eppendorf tube 

 Centrifuge for 15 seconds at 14,000rpm 

 Remove supernatant 

 Add 100μl S1 buffer 

 Vortex 

 Add 100μl S2 buffer 

 Gentle agitation 

 Add 100μl S3 buffer 

 Gentle agitation 

 Centrifuge for 10 minutes at 14,000rpm 

 Transfer the supernatant to fresh tube 

 Add 2.5x the volume in absolute (100%) ethanol 

 Centrifuge for 5 minutes at 14,000rpm 

 Remove the supernatant 

 Reconstitute pellet in 50μl of Elution buffer 
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B) Midi Preps (medium-scale purification) 

 The procedure for performing a midi prep is the same as described above up 

to the S3 buffer step. The only part that changes is the volume of the liquid bacterial 

culture, which is ~100mL. After addition of the S3 buffer the protocol is as follows: 

 Centrifuge for 5 minutes at 3,000rpm 

 Transfer supernatant to fresh tube 

 Add 0.7 times of the volume in absolute Isopropanol 

 Stir 

 Centrifuge for 20 minutes at 3,000rpm 

 Discard supernatant 

 Reconstitute pellet in 400μl of H2O 

 Add equal volumes of phenol and chloroform 

 Centrifuge for 5 minutes at 4,000rpm 

 Discard aqueous phase 

 Add equal volume  chloroform 

 Centrifuge for 5 minutes at 4,000rpm 

 Discard aqueous phase 

 Add absolute Ethanol 

 Centrifuge for 5 minutes at 13,000rpm 

 Reconstitution in 100μl TE buffer or H2O 

 

C) Maxi Preps (Large scale plasmid DNA purification) 

 The volume of the liquid bacterial cell culture is increased to 300mL to yielda 

higher concentration of DNA. 

 Centrifuge for 20 minutes at 5,000rpm 

 Remove supernatant 

 Add 12mL S1 buffer 

 Vortex 

 Add 12mL S2 buffer 

 Gentle agitation 

 Add 12mL S3 buffer 

 The solution is passed through a pre-calibrated filter column 
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 Add 6mL of N2 solution 

 Add 3mL N3 solution (wash buffer) 

 Add 15mL elution buffer 

 Add 10.5mL of Isopropanol to the filtrate 

 Centrifuge for 30 minutes at 3,000rpm to pellet the DNA 

 Discard supernatant 

 Reconstitution of pellet in 400μl TE buffer. 

 

4.3.8 Plasmid DNA selection using restriction enzymes & sequencing 

 In order to identify the correct plasmid DNA is obtained from the bacterial 

cell culture, we perform a series of restriction enzyme digestions. By using restriction 

digestions we establish that the required gene is incorporated in the plasmid vector 

and it has produced a colony. For this reason we prepare a restriction digestion mix 

containing: 

 5μl of plasmid DNA 

 1μl restriction enzyme 

 2μl enzyme buffer 

 12μl ddH2O 

 

The mix is incubated for 2 hours at 37oC and subsequently loaded into a 1% agarose 

gel and subjected to electrophoresis. The plasmid DNA is now digested into smaller 

fragments that correspond to the restriction sites of the enzyme we used. 

 Identification of the plasmid DNA can be performed using DNA sequencing 

for more accuracy. Specifically, primers for the designated gene are designed and 

PCR is performed to amplify the plasmid DNA. The PCR product is then sequenced to 

find a matching template. During sequencing, we discover the unique sequence of 

nucleotides that correspond to the desired gene and only that one. Sequencing 

allows us to investigate correct gene integration to the vector up to one base pair, 

while any deletions or mutations can be observed quite easily. When the correct 

clone is identified, we use the liquid bacterial culture to plate new agar plates that 

will contain this specific clone. 
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4.3.9 Plasmid construction for this study 

 The plasmid pEGFP-IE1 was created after addition of the ie1 gene to the 

pEGFP-C2 vector by Clonetech. The ie1 gene was purified from the plasmid pGEX-3X-

IE1. More specifically, the plasmid vector (pEGFP-C2) was digested using the BamHI 

restriction enzyme so that it becomes linear and the DNA insert is successfully 

incorporated. So that the insert incorporated in the vector, restriction digestion was 

performed using the restriction enzymes EcoRI and BamHI (Fig. 4.6). 

 

 

 

The pEGFP-IE2 plasmid was created by PCR amplification of the IE2-p86 cDNA 

fragment. Following the PCR amplification, ligation was performed using the DNA 

insert and the plasmid pEGFP-N1 serving as vector (Fig. 4.7). The restriction enzymes 

used were the BglII and Asp718 (Sourvinos et al., 2007). 

Figure 4.6: Circular vies of the plasmid vector pEGFP-C2. The restriction sites are present, 
indicating the appropriate enzymes as well as the resulting DNA fragment size. 
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4.4 Indirect Immunofluorescence 

 Indirect immunofluorescence is the technique used to stain specific proteins 

of a cell that is fixed on a glass slide or a chambered-glass-bottom well. Staining for 

the desired protein is accomplished by a series of incubations with the 

corresponding antibodies, which have the ability to emit color (green, yellow, red 

and blue) under a UV light. More specifically, 208F and FE8 cells were plated (1x105) 

onto round coverslips that were previously placed at the bottom of a 24-well plate 

(Nunc). The cells were treated according to the desired experiment (infection, 

transfection) and kept in a humidified incubator for the duration of the experiment.  

 The first step in the immunofluorescence protocol is to fixate the cells on the 

glass coverslip. For this reason a solution of Phosphate Buffer Saline (PBS) containing 

Sodium Azide is added to the cells for 10 minutes. The cells are then washed with 

PBS and are ready for permeabilization. Cell membrane permeabilization is 

necessary to allow the later entry of antibodies to the cells. For the permeabilization 

Figure 4.7: Circular view of the plasmid vector pEGFP-N1. The restriction sites are 
present, indicating the appropriate enzymes as well as the resulting DNA fragment size. 
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buffer, PBS is prepared containing Nonidet P-40. The buffer is added to the cells and 

allowed to incubate for 10 minutes at RT. Following this second incubation, the cells 

are washed with PBS and are now ready for antibody staining. The first antibody is 

added at a concentration of 1:100-1:500, depending on the working dilution of the 

antibody. The cells are then incubated at a humidified incubator to allow binding of 

antibodies to the cellular or viral proteins for 60 minutes. After this initial incubation, 

the cells are washed and the secondary antibody is added. The secondary antibody, 

used at concentrations of 1:1000-1:2500 binds to the first one, and is able to emit 

light under a UV lamp. The incubation with the secondary antibody is carried out in a 

sterile, humidified incubator for 60 minutes. A final wash is performed to the cells 

which are now ready to be observed under the inverted microscope. It should also 

be noted that DAPI is added (1:50), which stains DNA with the color blue. All 

microscopy experiments were observed under a LEICA DMIRE2 inverted fluorescent 

microscope that contains filters for the four basic colors. The camera used was a 

LEICA DFC300 FX, while the files were exported as TIFF files and subsequently 

manipulated with Photoshop (Adobe Industries). 

 

4.5 Cell Lysate preparation 

 Lysates were prepared for immunoblotting against Immediate Early proteins 

1 and 2, HCMV UL44 or β-actin. Exponentially growing cells were washed twice in 

phosphate buffered saline (PBS) (Gibco) by centrifugation and resuspended in 14 

μl/106 cells sample reducing buffer (2% sodium dodecyl sulphate (SDS) (BDH 

Biochemical, Poole, UK), 100 mM dithiothreitol (DTT) (Sigma-Aldrich, Poole, UK), 10% 

glycerol (BDH) and 60 mM Tris pH 6.8 (BDH). Protein was then denatured for 5 

minutes at 100°C and stored at -20°C. 

 Alternatively, the M-PER Mammalian Protein Extraction Reagent (Thermo 

Scientific) is used for cell lysates harvesting. The M-PER is supplemented with a Halt 

Protease/Phosphatase Inhibitor (Thermo Fischer Scientific Inc, Waltham, MA, USA) 

at a dilution of 1/100. The cells are harvested from the well using PBS and 

centrifuged to form a pellet. The pellet is then reconstituted with the Extraction 

Reagent and is gently agitated for 10 minutes at 4oC. Following, the cells are 
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centrifuged for 5 minutes at 5,000rpm to bring down any cell debris and the 

supernatant, which contains the protein is stored at -20°C. 

 

4.6 Protein Quantification 

 The amount of protein in cell lysates was quantified to ensure equal loading 

in western blot gels. The Bio-Rad Laboratories (Hemel Hempstead, UK) Protein Assay 

was used in which known bovine serum albumin (BSA, Promega Corporation, 

Southampton, UK) concentrations, namely 0-8 μg/ml, were used as reference values. 

The method is based on the Bradford assay (Bradford, 1976). Briefly, the 5x dye 

reagent concentrate was diluted 1 in 5 with de-ionized water. The standard samples 

were prepared as a 1:10 dilution of 10 mg/ml stock solutions of BSA. The stock 

solutions were diluted in 1x protein assay solution in sterile water as follows: 

 

BSA 
(1mg/mL) 

8μl 6μl 4μl 2μl 0μl 

Protein Assay 
Solution 1x 

1mL 1mL 1mL 1mL 1mL 

Final BSA 
conentration 

8μg/mL 6μg/mL 4μg/mL 2μg/mL 0μg/mL 

 

 
 

Samples were prepared by adding 1 μl of cell lysate sample to 1 ml of 1x 

protein assay solution. Both samples and BSA controls were mixed by inversion and 

left at room temperature for 5 minutes. Prepared standard BSA concentration 

samples were read at absorbance 595 nm and a standard curve was drawn. Protein 

concentrations in unknown samples were extrapolated from the linear part of this 

curve. 100 mM DTT, found in the sample reducing buffer, does not affect the Bio-

Rad Protein Assay. 

 
 

 

 

 

Table 4.1: Bradford dilution solutions for standard curve. 
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4.7 Western Immunoblotting – Laemmli Method 

 All gels were prepared freshly and to perform the western blot, two separate 

gels, namely resolving and stacking gel, needed to be prepared. This is known as the 

Laemmli method (Laemmli, 1970). The same vertical electrophoresis apparatus 

(BioRad Laboratories Ltd., Hemel Hemstead, UK) was used for electrophoresis and 

protein blotting.  

Firstly, glass plates (8.5 cm) were wiped with 70% ethanol, which was allowed 

to evaporate off, and then assembled onto a setting rig. No rubber spacers were 

added as they were already fixed to the glass plates. Sterile water was then applied 

to check that the set-up was tightly sealed. A 12% resolving gel was made first as 

follows: 

 3.3 ml sterile water 

 2.5 ml Tris (1.5 M pH 8.8) (BDH) 

 100 μl SDS (10%) (BDH) 

 4 ml acrylamide: bisacrylamide (37:1, 30%) (Sigma) 

 100 μl ammonium persulphate (APS) (10%) (Sigma) 

 10 μl N,N,N’,N’-tetramethylethylenediamine (TEMED) (Sigma) 

 

The Falcon tube containing the above chemicals was mixed thoroughly and 7 mL 

were added to the setting rig between the glass plates, covered with 1 ml sterile 

water and left to set for about 45 minutes. Once set, the water was poured off and 

the 5% stacking gel was prepared as follows: 

 

 5 ml sterile water 

 625μl Tris (0.5 M pH 6.8) 

 50 μl SDS (10%) 

 850μl acrylamide: bisacrylamide (30%) 

 50 μl APS (10%) 

 5 μl TEMED. 

 

Again all ingredients were mixed by inversion and then 1-2 ml applied on top of the 

already set resolving gel and a comb put in. Once the gel was set, the comb was 
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taken out and the wells cleaned out with sterile water to ensure the removal of all 

acrylamide. The 10x running buffer was prepared as follows for 1L: 

 

 250 mM Tris 

 1.92 M glycine (VWR, East Grinstead, UK) 

 1% w/v SDS 

 pH 8.56 

1x running buffer was made up to 1 L with 100 ml 10x stock and 900 ml sterile water 

mixed well. The set gels were removed from the setting rig and placed in the running 

rig. 1x running buffer was poured into the rig ensuring the plates were covered. 

Meanwhile, 1L of 10x transfer buffer was prepared as follows: 

 

 250 mM Tris 

 1.92 M Glycine 

 pH 8.48 

100 ml 10x blotting buffer was mixed with 50 ml methanol (VWR) and made up to 1L 

with sterile water. 

Approximately 20 μg of protein were run mixed with 5 μl sample loading 

buffer and 0.1% bromophenol blue (BPB). The volume of the sample to be added to 

the gel to get 20 μg of protein was determined from the protein concentration. 

 

4.8 SDS-polyacrylamide gel electrophoresis (PAGE) 

 7 μl of prestained broad range protein marker (10-170 kDa) ladder 

(Fermentas Life Sciences, USA) was added to the first well and samples were added 

to the other wells. The amount of sample or marker added to each well was made up 

to the same volume by adding the appropriate amount of sample loading. The gel 

was run in 1x running buffer at 80 V for the first 30 minutes with a BioRad PowerPac 

300 (BioRad Laboratories Ltd., Hemel Hemstead, UK) and then at 110 V until the dye 

had run to the bottom of the gel (approximately another 2 hours). 
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4.9 Transfer of protein to nitrocellulose 

 Nitrocellulose membrane (Thermo Fischer Scientific Inc, Waltham, MA, USA), 

sponges and filter paper were soaked in 1x blotting buffer. Once the gel had finished 

running it was removed from the running rig and glass plates. The order of layers in 

the transfer cassette was arranged as follows: 

 

 black cassette 

 sponge 

 filter paper 

 gel 

 nitrocellulose membrane 

 filter paper 

 sponge 

 red cassette 

 

This blot ‘sandwich’ was slotted into the rig with the black cassette facing the back. 

Transfer buffer was poured into the electrophoresis rig (BioRad Laboratories Ltd., 

Hemel Hemstead, UK) proteins were transferred at constant 350mA for 1 hour. 

 

4.10 Western Blot Analysis 

Protein transfer was checked with Ponceau S red stain (0.5% Ponceau S in 1% 

acetic acid), (Sigma). Membranes were blocked with 5% milk powder in PBS/Tween 

(0.1%) (Sigma) for 1 hour at room temperature. Membranes were further incubated 

for 2 hours (or at 4°C overnight) in either mouse IE1/IE2 and rabbit UL44 or mouse 

anti-β-actin (Pierce Biotechnology, Rockford, USA) at a concentration of 1:2,000 for 

the viral proteins and 1:5,000 for actin in 10 ml PBS/Tween-20. After being washed 

twice in 10 ml PBS/Tween for 15 minutes, the membranes were incubated in either 

anti-mouse or anti-rabbit secondary antibody both of which were horse-radish 

peroxidase-conjugated (Pierce Biotechnology, Rockford, USA) at 1:5,000 in 10 ml 

PBS/Tween. Membranes were then washed twice as before. Enhanced 

chemiluminescent (ECL) reagents were used for 1 minute for visualization (Pierce 

Biotechnology, Rockford, USA). Under red light, 1 piece of film (Fuji Medical X-ray 
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film, Fujifilm USA) was placed on top of the membrane and the cassette was closed. 

The film was exposed to the membrane for 30 seconds to 2 minutes, depending on 

the strength of the signal. The film was then removed and placed in developer 

(Kodak) for approximately 3 minutes. The film images were scanned to obtain a 

digital image and the amount of protein in samples was estimated using image 

analysis (Image J). 

 

4.11 Statistics 

4.11.1 Mean and Standard error of the mean 

 The mean ± the standard error of the mean (SEM) are shown in several 

experiments as a control for experimental reproducibility. The standard error of the 

mean (SEM) gives a measure of the precision of the mean giving a representation of 

the spread of the data, indicating how far the mean of a sample is from the true 

mean. The SEM is calculated by dividing the standard deviation by the square root of 

the total number of samples used.  

This is calculated in Microsoft Excel using = STDEV/SQRT (COUNT(X,-Y)). 

 

Where STDEV (σ) = 

 

 
SEM = Standard Deviation 
√ [Sample number (n)] 
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4.11.2 Statistical Significance 

 Statistical significance for the data presented in this thesis was typically 

calculated using the Students-T-test to give a significance value (p). This was carried 

out using Microsoft Excel (T-TEST function). The cut off for all experiments was taken 

as 0.05, thus if two sets of data return a p value of <0.05 there is a less than 5% 

chance that the result observed is due to chance, and the two groups are therefore 

statistically significantly different.  
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CHAPTER 5: Materials 

 

5.1 Buffers 

 

5.1.1 DNA extraction buffer 

 Phenol (Gibco BRL) 

 Chloroform (Fluka)  

 EtOH 70%  & 100% (Merck)  

 PBS: 0.8% NaCl, 0.02% KCl, 0.14% Na2HPO4, 0.02% KH2PO4, pH= 7.4.  

 DNA Elution buffer (ΤΕ): 10mM Tris, pH=8, 1mM Na2EDTA.  

 
5.1.2 Electrophoresis buffers 

 

 Agarose gel electrophoresis buffer (0.5× ΤΒΕ): 0.09M Tris-HCl, 0.09M Boric 

acid, 2.5mM EDTA, pH 8.3 

 DNA loading buffer: 0.25% bromophenol blue, 0.25% xylene red and 40% 

glycerol 

 Protein loading buffer 3×: 0.2 Μ Tris-HCl, 6% SDS, 6% Mercaptoethanol, 15% 

glycerol and 0.03 % bromophenol blue 

 Separating or Resolving gel buffer: 1.5 M Tris-HCl, 4% SDS (w/v), pH 8.8 

 Stacking gel buffer: 1M Tris-HCl, 1.6% SDS (w/v), pH 6.8  

 Running buffer for western blots 10×: 0.25mM Tris base, 1.92mM glycine, 1% 

SDS (w/v), pH 8.3 

 Transfer buffer 1x: 0.025mM Tris base, 0.192mM glycine, 20% methanol, pH 

8.3  

 Nitrocellulose wash buffer: TBS, 0.1% Tween (v/v)  

 Chemilumminescence buffer (ΕCL): ChemiLucent Western blot detection 

system (Chemicon) 
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5.1.3 Immunofluorescence buffers 

 Mounting Fluid – Every 10 ml vial contains Tris buffered glycerin, 

fluorescence enhancer and less than 0.1% sodium azide (Chemicon).  

 Fixative solution - 50 ml formalin, 20 g sucrose, QS to 1L with PBS (pH 7.2 - 

7.6) (Chemicon).  

 Permeabilization Solution - 0.5% Nonidet P-40, 10% sucrose, 1% fetal bovine 

serum, 0.01% sodium azide in PBS (Chemicon). 

 

5.1.4 Bacterial transformation buffers 

 L-Broth: 1% Tryptone, 0.5% Yeast Extract, 1% NaCl, 0.05% ampicillin, 

kanamycin or chloramphenicol. 

 Glycerol stock solution of bacterial cells: 20% glycerol in L-Broth containing 

bacteria. 0.8ml L-Broth + 0.2 ml glycerol. 

 L-Broth: 300ml H2O + 6gr LB. 

 Agar: 300ml H2O + 6gr LB + 3.6gr LB agar. 

 STET: 40 g 8% Sucrose, 25ml 5% Triton X-100, 125ml 50mM EDTA PH=8, 

12.5ml 50mM Tris PH=8. 

 Lysozyme: 10mg/1ml STET. 

 DH5a competent cells.  

  

5.2 Antibodies 

The products of HCMV IE1 και IE2 genes were detected by using monoclonal 

antibodies specific for IE1-72K (BS500), IE2-86K (SMX) and UL44 (BS550) (Plachter et 

al., 1993). The mouse monoclonal antibody (MAb) Ac-15 which recognizes the β-

actin protein was purchased from Chemicon International, Inc. The anti-mouse and 

anti-rabbit horseradish peroxidase (HRP)-coupled secondary antibodies were 

purchased from Sigma, while the fluorescent Alexa 488-, Alexa 555- and Cy3 by 

Molecular Probes. 
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5.3 Enzymes 

 GoTaq Flexi DNA polymerase (Promega)  

 Proteinase Κ - 20mg/ml (Promega)  

 Restriction digestion enzymes, New England Biolabs/ Gibco BRL  

 

5.4 Antibiotics 

 

 Ampicillin 10mg/ml  

 Kanamycin (600μl/300ml culture medium)  

 Chloramphenicol  

 Blasticidin (Invitrogen)  

 

5.5 Molecular identification kits 

 Gel extraction kit (QIAGEN) 

 Mini-prep kit (QIAGEN) 

 Midi-prep kit (QIAGEN) 

 Maxi-prep kit (QIAGEN) 

 Lipofectamine 2000 (Invitrogen) 

 TransPEI Transfection – Eurogentec 

 M-PER Mammalian Protein Extraction Reagent (Thermo scientific) 

 Halt Protease inhibitor Cocktail Kit (Thermo scientific) 

 Nucleospin plasmid (Lab supplies) 

 Immunofluorescence kit- Complete CMV pp65 Antigenemia IFA Kit – LIGHT 

DIAGNOSTICS 

 

5.6 Polymerase Chain Reaction (PCR) 

 10X buffer solution-MgCl2 (Invitrogen). 
 MgCl2 50mM (Invitrogen).  
 Primers 10mM or 25Mm stock. 
 dNTPs 2.5mM (Fermentas).  
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 Sterile water 
 Plasmids as positive controls  
 Phusion Polymerase (Finnzymes).  
 DNA template  
 DNA ladders (Fermentas) 

 

5.7 Cell culture 

 PBS: 0.01M 
 Trypsin/ EDTA 
 DMEM: BIOSERA => 1 bottle D-MEM+4500mg/L glucose+ L-Glutamine – 

Pyruvate + 5% FBS (Fetal Bovine Serum),  
 Cell culture flasks: 25cm2, 72 cm2, 162cm2. 
 Human serum containing anti-CMV, anti-HSV IgG antibodies. 
 GIEMSA.  

 

5.1.11 Materials and affiliation 

Material - Company Material - Company 
(EDTA) – Sigma  Guanosine-HCL-ΒDH  
Acrylamide – BDH  HCL-ΒDH  
Agar – Invitrogen  Fetal Bovine Serum (FBS) – Gibco  
Agarose-Invitrogen  Trypsin/EDTA - Gibco  
Ampicillin – Sigma  Phenol - Gibco BRL  
Bromophenol blue-Sigma  Dimethyl-sulphoxide (DMSO) – BDH  
DH5a – Invitrogen  Yeast Extract - Difco  
EDTA-BDH  Ammonium Sulphate – BDH  
Ethanol– Sigma  Sodium Hydroxide - Sigma  
Ethidium Bromide - BDH  Chloroform – Sigma 
FBS (Fetal Bovine Serum)  Boric Acid – BDH 
Formaldehyde-ΒDH Autoradiography film– Fuji  
Geneticin G418 - Gibco  Magnesium Chloride - 50mM-Sigma  
Glycerol – Sigma  Sodium Chloride – Sigma  
Klenow Polymerase – New England 
BioLabs  

Cell culture medium: D-MEM+4500mg/L 
Glucose + L-Glutamine – Gibco  

Pyruvate – Gibco  Isopropanol- Merck  
SDS- Sigma  Sodium Citrate-BDH  
Serum Free Medium - Gibco  Bromophenol blue - Sigma  
TEMED – Sigma  Lysozyme – Sigma  
Tris base-ΒDH  Methanol – Sigma  
Triton-X-100- Sigma  Nitrocellulose membrane – 3Μ  
Tween 20-Sigma  Acetic Acid-ΒDH  
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6.1. Increased viral expression and progeny virus in H-ras-transformed cells 

Firstly, we wanted to investigate the role of the oncogenic H-ras in the 

permissiveness of HCMV. Parental 208 F cells and FE-8 cells transformed with H-ras 

(12 V) as well as IR-4 cells which inducibly express activated H-ras were infected with 

HCMV, at MOI=0.1 and MOI=1. More specifically, the growth properties of progeny 

virus were assessed by single-step growth curve analyses by collecting supernatants 

from infected 208 F and FE-8 cells at time points corresponding to 1, 3, 5 and 7 days 

post-infection. The viral yield from the abovementioned time points was found 

significantly increased in the FE-8 cells when compared to the parental 208F cells, at 

both MOI=0.1 and MOI=1, peaking at seven days post infection (Fig. 6.1 A, a and b). 

Additionally, supernatants collected from infected IR-4 cells, produced an increased 

viral yield when the cells were treated with IPTG, which induces H-ras (12 V) 

expression, as opposed to when they were not treated with IPTG. We observed that 

the viral yield in the IPTG-induced IR-4 cells was increased both at low and high MOI, 

showing a peak at seven days post-infection, similar to the results we observed in 

the 208F and FE-8 infected cells (Fig. 6.1 A, c and d). 

Additionally, we sought to determine the viral particle-to-PFU ratios between 

208 F and FE-8 at different time points of the infection. For this purpose, DNA was 

extracted from 208F and FE-8 cells at 8, 24, 96 and 144 hours post-infection and 

quantified by real-time PCR (Fig. 6.1B). The viral particle uptake was equivalent 

between the 208 F and FE-8 cells, as indicated by the amount of viral DNA detected 8 

h.p.i. Interestingly, the number of viral DNA copies significantly increased during the 

course of the infection in the H-ras-transformed cells when compared to the 208F 

cells in a manner similar to the produced progeny virus we observed earlier. These 

data suggest that an activated Ras signaling pathway confers a functional advantage 

for the DNA replication of HCMV. The permissiveness to HCMV was also assessed at 

the level of viral protein synthesis. The expression levels of indicative HCMV proteins 

such as the immediate early protein IE1 as well as the late protein UL44 were 
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examined by Western blot analysis (Fig. 6.1C). The infection of FE-8 cells by HCMV 

resulted in an increasing expression pattern for both viral proteins peaking on the 

 
 

 

 

 

 

 

 

Figure 6.1: Increased HCMV expression and progeny virus in H-ras-transformed cells. A: Single-
step growth analysis of infected 208 F and FE-8 cells. a, b, 208 F and FE-8 cells were infected with 
HCMV AD169 at MOI=0.1 and MOI=1. Supernatants were collected at 1, 3, 5 and 7 days following 
infection and the viral titers were evaluated and represented as plaque-forming units per ml of 
virus (pfu/ml). Error bars represent the standard deviation derived from three independent 
experiments. c and d, Inducible Ras (IR-4) cells were infected with wild-type HCMV strain AD169 
at MOI=1 and MOI=0.1. IR-4 cells were either stimulated with IPTG to induce H-ras (V12) 
expression, or not treated with IPTG. B: 208F and FE-8 cells were infected with HCMV AD169 at 
MOI=1 and DNA was extracted at 8, 24, 96 and 144 h following infection. Quantitative real-time 
PCR results were used to evaluate the input of HCMV genome copies. C: Comparison of HCMV 
protein expression between infected 208 F and FE-8 cells. Cells were harvested at the indicated 
time points after infection and the proteins separated by 12% SDS-PAGE gel electrophoresis. 
Immediate Early HCMV protein IE1 and the Early UL44 protein were analyzed by Western 
blotting. Cellular actin levels served as a control for equal protein loading. 
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seventh day post-infection. On the contrary, the viral protein expression in the 

infected parental 208F cells, for both IE1 and UL44, remained at basal levels 

throughout the time course of the infection, raising more questions on the role of 

HCMV infection in the H-ras-transformed cells.  

Additional experiments using HCMV-permissive human glioma cells U373MG 

indicated that HCMV infection is enhanced in cells that express the mutated form of 

Ras (Meyer et al., 1997). The expression levels of IE1 and UL44 were observed by 

Western blot of U373MG cell lysates at 1, 3 and 5 days post-infection. Cells 

retrovirally expressing the mutated H-RasV12 showed an increased expression of 

viral proteins at 3 and 5 d.p.i. when compared to cells not expressing the mutant Ras 

protein (Fig. 6.2). 

 
 
 
 
 
 
 
6.2 Inhibition of HCMV infection by Ras inhibitors 

 The role of ras genes during normal cellular function is dictated by the post-

translational modifications to which the proteins are subjected. Farnesylation, the 

main Ras modification process, precedes the plasma membrane anchorage of Ras 

Figure 6.2: Enhanced HCMV expression in H-rasV12 expressing cells by Western blotting. 
U373MG cells expressing either the pBabe-H-RasV12 or the pBabe retroviral vector were 
infected by HCMV at MOI=3 and harvested at 1, 3 and 5 days post infection as shown. Actin 
was used as an equal loading control. 
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proteins which in turn determines their status, active or inactive (Gibbs et al., 1997). 

If Ras, is in fact involved in HCMV infection, then inhibition of the farnesylation 

should block HCMV replication in the transformed cells. Treatment of HCMV infected 

ras-transformed cells with the farnesyl transferase inhibitor FTI, resulted in a 

markedly reduced progeny virus compared to the non-treated cells (Fig. 6.3A). The 

low viral yield of the FTI-treated cells was comparable to the blockage caused by the 

known HCMV inhibitor phosphonoacetic acid (PAA).  

GTP-bound RAS is able to bind and activate effector enzymes of important 

pathways downstream of Ras and among others, the Ras-Raf-MEK-ERK-MAP kinase 

cascade and the PI3K pathway (Downward, 2003). To determine whether MEK1/2 or 

PI3K activities are required for HCMV infection, we studied the effect of the 

PD098059 and LY294002 inhibitors, respectively, on the infected ras-transformed 

cells. HCMV titration assays showed that both inhibitors also blocked viral replication 

in the ras-transformed cells. However, the effect was not that striking compared to 

FTI. The effects of the above inhibitors on the progeny virus were also mirrored by 

their effects on the viral protein synthesis as compared to the non-treated ras-

transformed cells (Fig. 6.3B). The concentrations of all drugs used did not inhibit the 

overall protein synthesis. 
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Figure 6.3: Inhibition of HCMV infection by Ras inhibitors. A: Titration of HCMV virion shedding by 
plaque assay quantification. FE-8 cells were infected with HCMV (MOI=1) or treated with PAA, FTI, 
MEK inhibitor and PI3K inhibitor prior to infection. Supernatants from drug-treated FE-8 cells were 
subjected to plaque-forming assay as described in the Materials and methods section. Viral plaque 
formation was assessed and expressed as pfu/ml of virus stock. Infection and plaque assay 
experiments were performed in triplicate. B: Western blotting analysis using antibodies against 
viral IE1 and UL44 proteins. FE-8 cells were pre-treated with four inhibitors (PAA, FTI, MEK, PI3K) 
and subsequently were infected with HCMV (MOI=1) and harvested at 3 days post-infection. Actin 
served as a control for equal protein loading. 
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6.3 Effect of HCMV infection in H-Ras transformed and non-transformed cells. 

HCMV modulates important properties of the host, such as cell cycle 

regulation or apoptosis (Soroceanu and Cobbs, 2011). Considering the above 

regulatory effects of HCMV on the host, we sought to investigate potential changes 

of the proliferation rate and motility properties of ras-transformed and non-

transformed infected cells. For this purpose, 208F and FE-8 cells were infected with 

HCMV at MOI=1, mock infected, or infected with UV-irradiated HCMV. The 

proliferation rate of the infected cells was significantly different, depending on the 

ras activation status. The HCMV-infected parental 208F cells exhibited only a slight 

increase in the number of cells compared to the mock-infected cells (Fig. 6.4 A). 

Strikingly, the HCMV-infected FE-8 cells exhibited a significant increase in the 

proliferation rate 3 days post infection, in comparison to the non-infected cells 

(p<0.05). Infection of both ras-transformed and non-transformed cells with the UV 

inactivated HCMV had no major effect on the growth properties of the cells, 

providing evidence that the adhesion of the virus alone is not sufficient, but active 

viral gene expression is required for the increased proliferation of the H-ras 

transformed cells. Similar experiments in U373MG cells that were either transduced 

with pBabe-H-RasV12 or with the empty pBabe vector were carried out by infecting 

them with HCMV, UV-inactivated HCMV or mock infected.  

Interestingly, the proliferation of the pBabe-H-RasV12 transduced U373MG 

cells that were infected by HCMV was increased significantly at 3 d.p.i when 

compared to the empty vector-transduced cells or the UV-HCMV-infected cells (Fig. 

6.5 A). Furthermore, the retroviral expression of H-RasV12 combined with HCMV 

infection conferred to the cells a proliferative advantage over time (Fig. 6.5 B). In 

addition, an in vitro “wound healing” assay demonstrated lower migration efficiency 

of the HCMV-infected compared to the mock infected ras-transformed cells. Our 

results showed that HCMV infected FE-8 cells closed 32.2%±1.9% of the inflicted 

wound area 9 h post-infection, as compared to the 16.4%±1%closure of the mock 

infected cells at the same time point (Fig. 6.4 B and C).  
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Figure 6.4: Effect of HCMV infection in H-ras-transformed and non-transformed cells. 
A: Comparison of proliferation rate between HCMV-infected 208F and FE-8 cells. The cells were 
initially serum-starved and subsequently were either mock-infected, infected with wild-type 
HCMV or UV-irradiated HCMV at MO1=1. Cell counting was performed on viable cells, stained 
with Trypan Blue, using a hemacytometer. B: FE-8 cells were plated in 6-well plates and infected 
with HCMV or mock infected. The monolayer was “wounded” 48 h post infection with a 10 μl 
sterile pipette tip and the detached cells were removed. Images were taken at 0, 3, 6 and 9 h 
after the scratch to monitor cell motility. C: Quantification of wound healing was performed 
using the ImageJ image analysis software. The results were expressed as % of closure of wound 
surface area at different time points (at time point 0 h the wound surface area was the 100%). 
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Figure 6.5: Effect of HCMV infection in pBabe and pBabe-H-Ras V12 transduced U373MG cells. 
Comparison of proliferation rate of U373MG cells that were first serum-starved and subsequently 
either mock infected, infected with wildtype HCMV, or UV-HCMV at MOI=3. Cell counting was 
performed in triplicate on viable cells, stained with Trypan Blue, using a hemacytometer. B: Time-
course evaluation of the proliferation of HCMV infected U373MG cells. Comparison of the 
proliferation rate of HCMV-infected U373MG cells that were either transduced with the pBabe-H-
RasV12, or the pBabe empty vector at 1, 3 and 5 days post HCMV infection. Cell counting was 
performed in triplicate on viable cells, stained with Trypan Blue, using a hemacytometer. 
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6.4 Formation of cellular foci upon infection of H-ras-transformed cells 

Oncogenic forms of RAS are locked in their active state and transduce signals 

essential for several oncogenenic processes including cellular proliferation and 

transformation, activating downstream pathways involving the RAF/MEK/ERK 

cascade of cytoplasmic kinases, the phosphatidylinositol3-kinase and others 

(Spandidos and Wilkie, 1984, Khosravi-Far et al., 1998). In the 208F/FE-8 system, the 

preneoplastic 208F cells do not transform spontaneously, whereas the malignant FE-

8 cells are anchorage-independent (Zuber et al., 2000). To further investigate the 

impact of HCMV on the transformation properties of V12 H-ras-activated cells, 208F 

and FE-8 cells were either infected by HCMV or mock infected and the cells were 

observed at 5 days post infection. In our experiments, inefficient foci formation was 

observed in both HCMV and mock-infected parental 208 F cells (Fig. 6.6 A, a and b). 

On the contrary, HCMV-infected FE-8 cells exhibited a remarkable proliferation 

potential, forming cellular foci that were significantly larger in size (over 200 μm)and 

number (160±6 foci) compared to the mock-infected cells (45±3 foci) (p<0.05) (Fig. 

6.6 A, c and d).  

Moreover, human glioma cells U373MG were transduced with either the 

pBabe-H-RasV12 retroviral vector or the empty vector, followed by HCMV infection 

and allowed to incubate for several weeks. The cells were regularly monitored for 

foci formation and to observe differences between the retroviral H-RasV12 

expressing cells as well as the HCMV-infected and mock-infected cells (Fig. 6.7). The 

U373MG cells, in the absence of retroviral HRasV12 expression did not exhibit any 

cellular focus after 3 weeks of incubation, regardless the HCMV infection (Fig. 6.6 a 

and b). Consistently with the aforementioned experiment in FE-8 cells, HCMV 

infection resulted in the development of higher number of cellular foci in the cells 

with the activated Ras (Fig. 6.6 c and d). These results support the previously 

reported oncomodulatory role of HCMV which is incapable of transforming cells on 

its own. However, it significantly augments the transformation efficiency of 

constitutively activated H-Ras (12 V) cells. 
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Figure 6.6: Formation of cellular foci upon infection of H-ras-transformed cells. A: 208 F (a, b) 
and FE-8 (c, d) cells were plated in 6-well plates and either mock infected or infected with 
HCMV at MOI=1. Cellular foci were observed at 3–5 days following infection (bars, 10 μm). B: 
FE-8 cells were treated with PAA, FTI, MEK inhibitor or PI3K inhibitor, 1 h prior to infection with 
HCMV. The cellular foci of FE-8 cells were quantitated at 5 days after infection. Foci formation 
assays were performed in triplicate. Error bars indicate deviations between experiments. 
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To further explore the role of Ras/MEK/ERK and Ras/PI3K/Akt pathways in 

the formation of the above cellular foci, we performed inhibitor assays on HCMV-

infected FE-8 cells and evaluated the number of cellular foci forming at 5 days post-

infection (Fig. 6.6 B). Inhibition of the viral infection by the HCMV replication 

inhibitor phosphonoacetic acid (PAA) reversed the cellular foci formation bringing it 

closer to the mock-infected numbers. The involvement of Ras in the cellular foci 

formation upon HCMV infection was investigated by the addition of the farnesyl 

transferase inhibitor (FTI), which not only reversed the foci formation but 

accomplished a slight reduction in foci numbers compared to the mock-infected 

cells. Finally, the addition of MEK (PD098059) and PI3K (LY294002) inhibitors 

resulted in a partial reversion of the cellular foci formation, indicating the probable 

involvement of these Ras effector molecules in the transformation of FE-8.  

Figure 6.7: Formation of cellular foci upon HCMV infection of U373MG cells. Cells that were 
transduced with the pBabe empty vector (a & b) did not show any morphological change, even 
after HCMV infection (b). Cells that were transduced with the pBabe-H-RasV12 (c & d) exhibited 
significant morphological changes after 3 weeks of incubation, forming cellular foci. The latter 
phenomenon as even more evident in the H-RasV12 expressing cells that were simultaneously 
HCMV infected (d). Arrows indicate foci formations. (bars, 10μm). 
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Similar results were obtained when the above experiment was repeated in the 

human glioblastoma U373MG cell line after retroviral transduction.  

 

6.5 Localization of HCMV virions onto ras-transformed foci is not due to IE1 and IE2. 

 In order to further verify the additive effect of HCMV on the focus formation 

properties of the H-ras-transformed cells, the localization of the newly synthesized 

viral particles was investigated in both the 208F and FE-8 cells. The viral structural 

protein, pp65, was used as a molecular marker for the detection of the progeny 

virions. Immunofluorescence staining for the aforementioned viral protein 

demonstrated that pp65 was relatively evenly distributed among the infected 208F 

cells, indicating an overall infection of these cells (Fig. 6.8 A, b). Interestingly, the 

viral protein was found to be almost exclusively localized on the cellular foci (Fig. 6.8 

A, d). Although the H-ras transformed cells did not form a typical flat monolayer in 

the cell culture however, analysis of higher magnification images confirmed the 

preferential localization of pp65 onto the cellular foci (Fig. 6.8 A, f). The striking 

association of the viral protein onto the foci of FE-8 cells further supports our 

hypothesis that HCMV infection induces the formation of the cellular foci and 

enhances the transformation capabilities of the H-ras-transformed cells. 

In order to investigate a potential function of HCMV in the neoplastic process 

of H-ras-transformed cells, we investigated biological properties emanating from its 

immediate early gene products IE1 and IE1, which are key regulators of virus 

replication and survival (Hwang et al., 2009, Sanchez et al., 2004). For this purpose, 

FE-8 cells were transiently transfected with plasmids expressing either the IE1 

protein (pEGFPIE1) or the IE2 protein (pEGFP-IE2). The empty vector plasmid 

pEGFPC1 was used as the control, to verify possible foci formation. The 

overexpression of either IE1 or IE2 gene products did not result in any distinct 

morphological alteration in the FE-8 cells (Fig. 6.8 B). Neither IE1 nor IE2 induced 

focus formation within 5 days post transfection, indicating the absence of primary 

transforming activity. Moreover, selected mass populations did not exhibit colony 

formation in semisolid medium, showing lack of anchorage-independent growth. 

Given the high sensitivity of FE-8 cells in detecting transforming properties, the 
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above findings directing oncogenic activity were not associated with either IE1 or IE2 

proteins. 

 
 

 

Figure 6.8: Preferential localization of HCMV virions onto ras-transformed cellular foci but is 
due to IE1 and IE2. A: 208 F (a, b) and FE-8 (c–f) cells were plated on glass coverslips and were 
either mock infected or infected with HCMV at MOI=1. B: FE-8 cells were seeded into four-well, 
chambered units with coverglass quality glass bottoms. 1 μg/ml plasmid DNA was transfected 
to the cells for transient expression of IE1 (c, d), IE2 (e, f) or pEGFP-C1 (a, b). The EGFP signal 
was observed on an epifluorescence microscope 72 h following transfection. 
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6.6. Enhanced apoptosis in HCMV-infected H-ras-transformed cells 

HCMV infection is known to block the apoptotic process of the host-cell, by 

affecting death receptor signaling pathways, such as the TNF-mediated death 

receptor signaling pathway (Zhu et al., 1995, Michaelis et al., 2004). Therefore, we 

investigated the effects of HCMV infection on the H-ras transformed cells and 

whether the ras oncogene plays a role in the process of apoptosis.  

Caspases are a protein family of proteases that play a crucial role in the 

programmed cell death (Cohen, 1997, Henkart, 1996). Caspase-3 in particular is a 

good indicator for investigating cellular apoptosis. Consequently, FE-8 cells were 

either mock infected or infected with HCMV and fluorescently labeled for the viral 

protein IE1 and caspase-3. The mock-infected FE-8 cells did not exhibit any caspase-3 

expression at 2 days, whereas there was minimal caspase-3 activation at 3 days of 

culture. Interestingly, the HCMV-infected FE-8 cells showed significant caspase 

activation even at 2 days post-infection, a phenomenon that peaked at 3 days post-

infection (Fig. 6.9 A). Moreover, whole cell extracts of HCMV and mock-infected FE-8 

cells were harvested at 1, 2 and 3 days, followed by DNA extraction. The DNA 

extracts were then loaded on an agarose gel and visualized by ethidium bromide 

staining, for DNA fragmentation patterns. DNA fragmentation is one of the final 

steps of apoptotic cell death, where DNA cleavage produces DNA fragments of 

various sizes. In our experiment the mock-infected FE-8 cells exhibited basal levels of 

DNA laddering, whereas the effect was more distinct on the HCMV-infected cells, 

indicating an increase in DNA degradation at 2 and even more at 3 days post-

infection (Fig. 6.9 B).  
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Figure 6.9:. Enhanced apoptosis in HCMV-infected H-ras-transformed cells. A: FE-8 cells were 
plated on glass coverslips, mock-infected or infected with HCMV at MOI=1 and then incubated 
for 2 and 3 days post-infection. Cells were stained for IE1 (red color) and for activated caspase-
3 (green color). B: Both infected and uninfected FE-8 cells were harvested at 1, 2 and 3 days 
post-infection. Genomic DNA was isolated and subsequently electrophoresed on a 3% agarose 
gel. Small DNA fragments mainly between 250 and 750bp yielded a “ladder” pattern on the 
agarose gel (see brackets). M: 1Kb DNA ladder. 
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CHAPTER 7: Discussion 
 

Human cytomegalovirus initiates infection and intracellular signaling by 

binding to its cellular cognate receptors and by activating several signaling pathways, 

including those mediated by PI3K (Johnson et al., 2000), mitogen-activated protein 

kinases (Johnson et al., 2001b, Johnson et al., 2001a, Boyle et al., 1999) and G 

proteins (Shibutani et al., 1997). In the present PhD thesis, we examined the 

involvement of host-cell Ras signaling pathway in human cytomegalovirus infection. 

Our experiments indicated a direct implication of the Ras protein in the progress of 

HCMV infection. Both the progeny virus and viral expression levels were significantly 

enhanced in the H-ras-transformed cells, whereas non-transformed cells (208F) or 

cells with inactivated oncogenic Ras (IR4) restrained viral infection to basal levels. 

Inhibition of the Ras protein by the farnesylation inhibitor (FTI) resulted in decreased 

viral progeny verifying a functional link between HCMV infection and Ras protein 

expression. Molecules downstream of Ras, such as ERK or PI3K were also involved 

but in a lower extent suggesting that the activated Ras protein poses a major role for 

a productive   HCMV infection.  

It is known that several Herpesviruses employ the Ras signaling pathway, 

mostly to establish productive infection conditions. By affecting the host-cell 

signaling molecules, viruses are able to derail the physiological process of the cell 

and shift it to a more viral “oriented” one. For example, Herpes Simplex Virus type-1 

(HSV-1) but also its mutant versions or the oncolytic herpes G207 have been shown 

to exploit the activated Ras signaling pathway to increase viral permissiveness by 

inhibiting the virus-induced activation of the stranded RNA-activated protein kinase 

(PKR) (Farassati et al., 2001, Farassati et al., 2008, Pan et al., 2009). Additionally, 

reovirus also takes the advantage of the activated Ras signaling in the host cell, 

resulting in increased viral permissiveness by suppressing the IFN-β production 

through negative regulation of RIG-I signaling (Coffey et al., 1998, Strong et al., 1998, 

Shmulevitz et al., 2010) while the RAS/Raf1/MEK/ERK signaling pathway also 

facilitates VZV-mediated oncolysis (Noser et al., 2007, Marcato et al., 2007). 

Apparently, HCMV has also evolved mechanisms to usurp an already activated signal 
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transduction pathway, the Ras signaling pathway, rendering the cells more 

susceptible to viral infection.  

Emerging evidence suggests that HCMV infection and protein expression may 

be specifically associated with human tumors by deregulating signaling pathways 

involved in the initiation and promotion of malignancy (Michaelis et al., 2009, Evers 

et al., 2004, Filippakis et al., 2010). One significant finding of this study was the 

increased proliferation rate of the HCMV-infected Η-ras-transformed fibroblasts, 

when compared to their parental non-transformed cells, which is justified by the 

activation of the Ras protein (Schubbert et al., 2007). Strikingly, the proliferation rate 

of both cell lines was increased when they were infected by HCMV, while the 

transformed cells exhibited the highest levels of proliferation and cell motility. 

Apparently, lytic HCMV infection not only enhances the effect of the mutated Ras, 

but affects their motility properties. H-ras transformed fibroblasts seem to provide 

an ideal environment for HCMV replication, exploiting the host-cell 

Ras/Raf/MEK/ERK pathway to regulate and increase the proliferation rate of the 

infected cells. It is known that the Immediate Early protein IE1 plays a crucial role in 

viral DNA replication and acts as a precursor protein for the expression of 

subsequent viral proteins (Gawn and Greaves, 2002, Mocarski et al., 1996)[71,72]. In 

addition, the Early UL44 protein is essential to HCMV DNA replication because it acts 

as an accessory protein to the viral DNA polymerase (Weiland et al., 1994, Ripalti et 

al., 1995). The expression levels of both proteins were notably elevated in the ras-

transformed fibroblasts establishing a direct association between the host-cell Ras 

protein and HCMV. However, the function of these particular viral proteins does not 

appear to directly affect the proliferative status of neither the transformed nor the 

non-transformed cells.  

H-ras (G12V) transformed cells (FE-8) tend to accumulate in clusters of cells, 

forming cellular foci (Zuber et al., 2000, Schaefer et al., 1988). This characteristic 

which is expected in transformed cells was profoundly enhanced by HCMV infection. 

Remarkably, HCMV proteins were almost exclusively localized in these cellular foci, 

increasing the transformation potential of FE-8 cells, whereas the presence of a 

HCMV inhibitor (PAA), or the MEK and PI3K inhibitors reversed the cellular foci 

formation close to that of uninfected cells. It is possible that HCMV infection 
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provides selective pressure for tumor cell populations with increased malignant 

potential. Infection of malignant cell lines by HCMV has been associated with 

increased transformation of these cells (Shen et al., 1997, Boldogh et al., 1994). 

Although HCMV does not directly transform cells in vitro, data acquired from viral 

infection of transformed cells indicate that the overall genetic microenvironment of 

the malignant cell enables HCMV to further upset the balance (Cinatl et al., 1996). 

Therefore, it could be suggested that the activated Ras signaling pathway facilitates 

the establishment of a favorable tumor microenvironment where HCMV is capable 

to modulate normal cellular functions such as cell proliferation or motility and finally 

promote a malignant phenotype.  

A key property of nearly all tumor cells is the resistance to apoptosis and the 

attenuation of cell proliferation and differentiation. The HCMV Immediate Early 

protein IE2 is known to suppress apoptotic cell death in the host-cell, at least until 

successful viral replication takes place. During HCMV infection, the expression of IE2 

is responsible for the inhibition of p53, TNF-α and Doxorubicin induced apoptosis 

(McCormick, 2008, Hsu et al., 2004, Speir et al., 1994). Moreover, HCMV protects 

malignant cells from apoptosis, by activating the cellular proteins AKT, Bcl-2 and 

ΔΝp53α (Cinatl et al., 1998). As regards the Ras protein and apoptosis, the activation 

of Ras modulates the expression of several genes involved in pro-apoptotic 

processes (Klampfer et al., 2004). Thus, the oncogenic Ras can either promote or 

inhibit apoptosis, depending on the cell type and the nature of the apoptotic stimuli. 

It is known that the oncogenic ras (G12 V) is able to induce apoptosis in colon cancer 

cells, by increasing the sensitivity of the cells to 5-FU-induced apoptosis (Klampfer et 

al., 2005) or in response to sulindac (Lawson et al., 2000) or other chemotherapeutic 

agents (Brooks et al., 2001). Additionally, there are several pro-apoptotic genes that 

are downregulated in human tumors and could explain the increased apoptosis in 

fibroblasts carrying the oncogenic ras (Vasseur et al., 2005). Interestingly, the 

investigation of the effect of HCMV infection in apoptosis using this particular 

oncogenic Ras model, revealed an increased susceptibility to apoptosis of the H-ras-

transformed cells compared to their parental cells. Apparently, the previously 

proapoptotic properties of the oncogenic Ras (G12V) dominate over the 

antiapoptotic action of HCMV, tilting the balance towards apoptotic cell death. 
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Coupled with the higher viral titers detected in the H-ras transformed cells, we make 

the key connection between apoptosis, which leads to enhanced virus release and 

efficient spread of infection in ras-transformed cells. Alternatively, the infected H-ras 

transformed cells could advance to apoptosis in order to inhibit the unusually high 

proliferation rate induced by HCMV.  
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CHAPTER 8: Concluding Remarks 

  

Host-cell signaling pathways were once believed to transduce information 

from the cell surface to the nucleus, where the signal would be assessed and the 

corresponding transcription factors would be activated. Genetic information 

regarding signaling pathways has become significantly abundant nowadays and is 

making scientists realize that the information is not only transmitted from the 

surface to the nucleus, but between pathways as well. These findings, rather than 

shedding more light to the mechanisms on which molecular biology is based, they 

have seeded even more outstanding questions. The activation or inhibition of one 

pathway will probably affect a number of cascades since each protein is able to 

interact with more than one target.  

 With this in mind and the numerous clinical and experimental findings, I 

believe that HCMV contributes to malignancy and chemoresistance of infected 

tumor cells. However, the oncomodulatory function of HCMV needs to be further 

investigated in order to increase the understanding of the phenomenon and to put 

these experimental results in an anticancer perspective. First, standardization of 

even more sensitive HCMV detection techniques is needed in order to detect low-

copy viral presence in the patient. Secondly, the clinical relevance of the in vitro 

experimental results need to be further examined, to understand the 

oncomodulatory mechanisms induced by HCMV regulatory proteins and non-coding 

RNAs. Isolation of HCMV from patient malignant tissues needs to be carried out in 

order to define the exact response of malignant cells to the virus. Additionally, it is 

imperative that HCMV infection is studied not only in malignant cells but in stroma 

cells as well. Scientific evidence suggests that the overall microenvironment of the 

tumor may play a crucial role in the oncomodulatory properties of HCMV, especially 

at the inflammation sites. Finally, one central aim should be to develop therapeutic 

strategies to suppress HCMV replication in the host, since persistent infection is a 

more likely to shift the balance towards oncomodulatory signals and a malignant 

phenotype. 
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Human cytomegalovirus utilizes cellular signal transduction pathways to activate viral or cellular transcription
factors involved in the control of viral gene expression and DNA replication. In the present study, we
demonstrate that Harvey-ras-transformed cells show increased permissiveness to human cytomegalovirus
when compared to their parental non-transformed cells. Both the progeny viral yield and the protein levelswere
elevated in the human cytomegalovirus-infected Harvey-ras-transformed cells requiring active viral gene
replication, as shown by the infection with UV-inactivated human cytomegalovirus. Inhibition of Ras or of key
molecules of the Ras pathway, effectively suppressed viral infection in the Harvey-ras-transformed cells. On a
cellular level, the human cytomegalovirus-infected Harvey-ras-transformed cells formed larger cellular foci,
whichwere significantly higher in number, compared to the uninfected cells and preferentially recruited human
cytomegalovirus virions, thereby incriminating human cytomegalovirus infection for the increased transfor-
mation of these cells. Furthermore, proliferation assays revealed a higher rate for the human cytomegalovirus-
infected Harvey-ras-transformed cells compared to mock-infected cells, whereas human cytomegalovirus
infection had no considerable effect on the proliferation of the non-transformed cells. Higher susceptibility to
apoptosis was also detected in the human cytomegalovirus-infected ras-transformed cells, which in
combination with the higher progeny virus reveals a mode by which human cytomegalovirus achieves efficient
spread of infection in the cells expressing the oncogenic Harvey-ras (12 V) gene. Collectively, our data suggest
that human cytomegalovirus employs the host-cell Ras signaling pathway to ensue viral expression and
ultimately successful propagation. Transformed cells with an activated Ras signaling pathway are therefore
particularly susceptible to human cytomegalovirus infection.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Human cytomegalovirus (HCMV, HHV-5) is a member of the β-
herpesvidae family of viruses which can cause life-long persistent
infections in the host [1,2]. The HCMV prevalence in the human

population ranges between 50% and 85% and can be explained by its
ability to remain latent for extended periods of time. Reactivation of
the virus can be initiated by inflammatory or stress-related signals in
the host organism, resulting in severe and occasionally fatal disease in
immunocompromised individuals. Organ transplant recipients, preg-
nant women and AIDS patients are among the high-risk group due to
their weakened immune system [3,4]. The reactivation of HCMV in
healthy carriers is generally asymptomatic and without any conse-
quences to the host, since these events are well controlled by the host
cell-mediated immunity [5]. Human cytomegalovirus genomes are
transcribed in a temporally defined fashion, and viral genes are
classified with respect to their temporal expression, into Immediate
Early, Early and Late.

The possible implications ofHCMV infection to the host-cell oncogenic
process have been investigated thoroughly, focusing on the presence of
the virus inmalignant tissues [6–8]. There are increasing data that suggest
the presence of HCMV in several malignant tumors such as colon cancer
[9], EBV-negativeHodgkin's lymphoma [10], prostatic carcinoma [11] and
malignant glioblastoma [12,13]. In addition, HCMV is able to transform
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human embryonic cells in vitro, showing enhanced tumorigenicity in
these cells [14,15]. However, the expression of HCMV antigens decreased
with increasing passage of the transformed cell lines, suggesting that the
transformations occur in a “one-step” process and cease to affect the host
cell therein[16,17]. It was then proposed that HCMV regulates the
oncogenic process by indirect transformation events, termed as “onco-
modulatory events”, and does not affect the tumor cell directly like the
Gamma-herpesviruses Epstein–Barr and Kaposi Sarcoma-associated
herpesvirus [18].

In normal human fibroblasts, HCMV infection activates cellular
proto-oncogenes and kinases involved in cell division and cell survival
pathways, including c-myc, c-fos, c-jun, MAPK, ERK1/2 and PI3-kinase
[19–23]. As regards the MAP kinase pathway, ERK kinases are
activated by HCMV infection through the activation of MAP kinase
kinases and inhibition of phosphatases [24]. A consequence of the
MAP kinase activation by HCMV is the activation of transcription of
viral genes, increasing the expression of viral gene products [25]. In
particular, ERK kinases contribute to the activation of viral genes by
cellular transcription factors, acting through the viral UL4 promoter at
upstream and basal transcription elements. Although the implication
of the downstream of Ras effector molecules, MEK and ERK, is well
documented, the role of the ras gene, as the first step of the signaling
cascade, has not been explored. The expression of oncogenic ras in
human teratocarcinoma cells which induces differentiation, results in
the conversion of the cells from a non-permissive to a permissive state
for HCMV infection [26]. In addition, three different cell lines
transformed by HCMV have been shown to harbor an activating
mutation in both alleles in H-ras[27]. However, in both cases, it is
unclear whether the mutations in H-ras were a direct result of the
mutagenic activity of HCMV gene products. It is widely known that
mutations in the ras family genes are found in approximately 30% of
all human tumors, placing these genes in the forefront of cancer
research [28–30]. Considering the capability of HCMV to activate
members of the MAPK kinase pathway in combination with the
increasing evidence for the implication of the virus in several
oncogenic procedures, we sought to investigate the role of the
oncogenic H-ras (12 V) in the context of HCMV infection. We
demonstrate increased permissiveness and viral gene expression in
constitutively activated H-ras cells compared to their parental non-
transformed cells while the inhibition of Ras alone or keymolecules of
the Ras pathway, effectively suppressed viral infection. HCMV
infection induces a higher proliferation rate of the H-ras-transformed
cells and the formation of cellular foci as well as a preferential
localization of the virions onto them. Taken together, these data
suggest that HCMV exploits the Ras signaling pathway in a way that
alters physiological cell proliferation and differentiation.

2. Materials and methods

2.1. Cells

Thepreneoplastic 208F Fischer ratfibroblasts [31], amorphologically
flat subclone of NIH3T3 Swiss Embryo fibroblasts and FE-8, which is a
tumorigenic cell clone derived from the 208F cells by co-transfection of
the human EJ-RAS gene and the pSV2neo selection marker [32] were
used in this study. FE-8 cells were cultured in the presence of G418
(400 μg/ml) as a selection marker) (Geneticin; GIBCO). Inducible Ras
cells (IR-4) containing the inducible H-ras (12 V) were generated by
stable transfection of 208F cells with the plasmids pSVlacOras and
pH_lacINLSneo [33]. For the H-ras expression, 20 mM isopropyl-
1thio-β-D galactoside (IPTG) was added to the medium and the IR-4
cells were incubated for 72 h. Human glioblastoma–astrocytoma
epithelial-like U373MG cells were also used in this study to test our
hypothesis in a human cell line [34–36].

The 208F, FE-8 and IR-4 cell lines (kindly provided by R. Schäfer,
Charite, Universitaetsmedizin, Berlin) as well as U373MG cells were

cultured in Dulbecco's modified Eagle's medium (DMEM; Biosera)
supplemented with 10% Fetal Bovine Serum (FBS; Biosera), Penicillin
(100 units/ml and Streptomycin (100 μg/ml) unless otherwise stated.
Human Foreskin Fibroblasts (HFF) were used for the propagation and
titration of HCMV stocks. Cells were incubated at a 37 °C and a 5% CO2

humidified atmosphere.

2.2. Virus

The AD169 strain of HCMV was used in this study. HCMV stocks
were centrifuged, ultrafiltrated and titrated as previously described
[37]. Infections of 208F and FE-8 cells were performed at multiplicity
of infection (MOI) of 1 plaque-forming unit (pfu) per cell, i.e. MOI=1
or MOI=0.1 while U373MG cells were infected with HCMV at
MOI=3. The UV-inactivated virus was produced after UV irradiation
(254-nmwavelength) of the active virus stock for 30 min at a distance
of 20 cm [38]. Viral stocks were grown in Human Foreskin Fibroblasts
(HFF) cells and titrated by plaque assays as previously described [39].

Infections in the absence of serum were carried out as previously
described [23]. Briefly, the virus was first pelleted at 13,000 rpm for
2 h at 4 °C. The pellet was then gently washed and resuspended in
serum-free medium and pelleted as described above for 1 h. Finally,
the virus pellet was resuspended in serum-free medium, dimethyl
sulfoxide (DMSO)was added to 1%, and the virus was stored at –80 °C.
For infections in the presence of the farnesyl transferase inhibitor
(Zarnestra), MEK inhibitor (UO126, Millipore; Bilerica, USA) and PI3K
inhibitor (LY294002, Invitrogen; Camarillo, USA), cells were serum-
starved for 24 h and pre-treated with drugs for 1 h prior to infection.
Cells were then stimulated by dropwise addition of FBS and infected
by dropwise addition of the virus. All drugs were solubilised in DMSO
and all dilutions were made such that each dish of cells received an
equal volume of DMSO. Cells were maintained in each drug for the
duration of the experiment.

2.3. Release of infectious virions

The shedding of HCMV infectious virions from drug-treated or
untreated 208 F, FE-8 and IR4 cells was investigated by a standard
plaque-forming assay. Supernatant samples were collected from cell
cultures and stored at −80 °C. Subsequently, an end-point dilution
method was employed as follows: logarithmic dilutions were used to
inoculate monolayers of HFF in three parallel series. After absorption
for 2 h, the inoculum was replaced with normal culture medium
containing anti-HCMV serum. Infections were allowed to progress
until viral plaques were observed. The results from supernatant
samples were expressed as PFU per milliliter. The assays were
performed three times and the averages of the results±one standard
deviation are presented.

2.4. Viral nucleic acid isolation and analysis

For real-time PCR, DNA was extracted from virus-infected cells at
8, 24, 96 and 144 hours post-infection (h.p.i.), using the DNeasy tissue
kit (QIAGEN, Hilden, Germany). Quantification of viral input DNA by
real-time PCR was performed using the Q-CMV Real Time Complete
Kit (Nanogen Advanced Diagnostics, Italy). For each sample, DNA
extracts were analyzed in triplicate.

2.5. Retroviral infection

2×106 HEK293T cells were transfected using TurboFect (Fermentas,
USA) with 8 μg of retroviral vector pBabe-H-RasV12 (courtesy of
Stephane Ansieau, Lyon, France) [46]. pBabe-purowas used as a control
retroviral vector. Forty-eight hours after the transfection, the superna-
tant was harvested, filtered and aliquots were stored at −80 °C. The
supernatant was applied to 106 U373MG human glioblastoma–
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astrocytoma epithelial-like cells overnight in the presence of 8 μg/ml
Polybrene (Sigma-Aldrich, USA). Infected cells were selected after 48 h
using Puromycin (0.5 μg/ml) (Sigma-Aldrich, USA).

2.6. Plasmids and transfection assays

The pEGFP-C2 plasmid was purchased from Clontech Laboratories
Inc., USA. The plasmid pEGFP-IE1 was generated after fusion of the ie1
gene derived from the pGEX-3X-IE1 [40] to the Clontech vector
pEGFP-C2. The expression vector pEGFP-IE2 [41] has been described
previously. For transfection experiments, 208F or FE-8 cells were
seeded either on glass coverslips or into four-well, chambered
coverglass units with coverslip quality glass bottoms (Lab-Tek;
Nunc). For transient expression assays, DNA (1 μg/well) was intro-
duced in subconfluent cells using the TransPEI transfection reagent
(Eurogentec, Belgium) according to the manufacturer's instructions.

2.7. Proliferation assay

To measure the effects on cell proliferation over time due to HCMV
infection, total cell count assays were performed [42]. Briefly, 2×106

208F and FE-8 cells were plated in 6-well plates in the absence of FBS
and were subsequently infected with wt-HCMV, UV-irradiated HCMV
or mock infected at MO1=1. The cells from duplicate plates were
trypsinized 3 days post-infection, resuspended in DMEM and counted
using a hemacytometer. Cells were stained using Trypan Blue (Sigma-
Aldrich, USA) dye at 0.8 mM, which was mixed at equal (1:1) parts
with suspended cells. All proliferation experiments were performed
at least three times. Additionally, 2×106 U373MG cells were plated
in 6-well plates and subsequently infected with wild-type HCMV, UV-
irradiated HCMV or mock infected. The cells from duplicate plates
were trypsinized 3 days post-infection, resuspended in DMEM and
counted using a hemacytometer. Furthermore, U373MG cells trans-
duced with either the pBabe or pBabe-H-RasV12 retroviruses were
plated in 6-well plates and infected with HCMV (MOI=3) to quantify
their proliferation at 1, 3 and 5 days after the infection. Cells were
resuspended in DMEM and counted using a hemacytometer. Cell
counting was carried out by Trypan Blue (Sigma-Aldrich, USA) dye
staining as described above.

2.8. Focus formation transformation assays

To determine whether HCMV could modulate the focus forming
activity of the activated H-ras (12 V), FE-8 cells were infected with
HCMV at MOI=1 in 6-well plates. The cells were then maintained in
DMEM supplemented with 1% calf serum. The appearance of
transformed foci of cells was quantitated 3–5 days post-infection
[43]. Similarly, the human U373MG cells were transduced with
retroviruses expressing either the pBabe-H-RasV12 or the empty
pBabe vector and subsequently were infected with HCMV at MOI=3.
Images were taken 3 weeks after the infection to visualize foci
formation. In some experiments, the Ras inhibitor (FTI R115777), the
MEK1/2 inhibitor (PD098059), the PI3K inhibitor (LY294002) and the
HCMV inhibitor (PAA) were added to the medium at a concentration
of 200nM, 50 μM, 200 μg/ml and 1 μM, respectively. All assays were
performed in triplicate.

2.9. In vitro wound healing assay

FE-8 cells were seeded in 24-well culture plates at a concentration
of 80,000 cells per well. The cells were cultured in an incubator at
37 °C and 5% CO2 and 24 h after plating, theywere either infectedwith
HCMV (M.O.I.=1) or mock infected. The cell layer was wounded by
scratching with a sterile 10 μL pipette tip after 48 h of infection.
Detached cells were removed by washing two times with serum-free
medium. The wound closure was monitored at 0, 3, 6 and 9 h.p.i.,

using a digital image processor connected to an inverted microscope.
Cell motility was quantified by image analysis (ImageJ 1.4.3.67
Launcher Symmetry Software). Each experiment was carried out in
triplicates and the error bars represent the mean standard error.

2.10. Indirect immunofluorescence analysis

For indirect immunofluorescence analysis, 2×105 208F and FE-8 cells
were plated on glass coverslips placed in 24-well plates. Themediumwas
aspirated, the cells were washed with phosphate-buffered saline (PBS)
andHCMVwas added atMOI=1 and themixturewas incubated at 37 °C
for 2 h. The inoculum was subsequently removed, fresh medium was
added and the cells were incubated for 72 h. The cells were then fixed,
permeabilized and indirectly stained for the viral pp65 protein, using the
CMVpp65AntigenemiaAntibody kit by LightDiagnostics (Temecula, CA).

2.11. Apoptosis assays

Apoptosis was evaluated by applying both caspase-3 staining and a
DNA fragmentation assay. 2×105 FE-8 cells were plated on glass
coverslips placed on 24-well plates, infected at MOI=1 with HCMV
and then incubated for 2 and 3 days post-infection. At the above time
points the cells were fixed and stained with a caspase-3 rabbit
polyclonal antibody (Santa-Cruz Biotechnology Inc., sc-7148) at a
dilution of 1:200, as well as with an IE1 mouse monoclonal antibody
(BS500) at a dilution of 1:50. After primary incubation, cells under-
went secondary staining for 1 h with secondary conjugated anti-
bodies, rabbit Cy3 (Invitrogen) and the mouse Alexa-488 (Invitrogen)
at a dilution of 1:500, respectively. The coverslips were then inspected
under an epifluorescence microscope.

ForDNA fragmentation analysis,mock andHCMV-infected FE-8 cells
were harvested 1, 2 and 3 days post infect and resuspended in a solution
containing 10 mM Tris, pH 8, 10 mM EDTA, and 150 mM NaCl. Cells
were then incubated with 0.1 mg/ml proteinase K and 1% SDS at 50 °C
overnight. The samples were extracted in phenol-chloroformisoamyl
alcohol and ethanol precipitated, and the pelletswere washedwith 70%
ethanol and dried. The pellets were resuspended in Tris–EDTA (TE), pH
7.5. The DNA was electrophoresed in a 3% agarose gel and ethidium
bromide stained [39].

2.12. Western blotting

For Western blotting, cell lysates from HCMV-infected and mock-
infected cells were harvested using the M-PER Mammalian Protein
Extraction Reagent (Thermo Scientific, Rockford, IL, USA), enriched
with the Halt-Protease Inhibitor Cocktail, EDTA-free (PIERCE, Rock-
ford, IL, USA) according to the manufacturer's instructions. Proteins
were separated on 12% polyacrylamide gels containing Sodium-
Dodecyl Sulphate, and then transferred to nitrocellulose membranes.
The Western blotting and chemiluminescence detection were
performed as previously described [44]. The HCMV IE1 and UL44
gene products were detected using mouse monoclonal antibodies
against IE1-72KDa (BS500) and ppUL44 (BS510) as previously
described [45]. Mouse monoclonal anti-actin antibody was used at a
dilution of 1:4000 (Pierce, Rockford, IL, USA); while secondary anti-
rabbit (AP132P) and mouse (AP124P) conjugated Horseradish
Peroxidase antibodies were purchased from CHEMICON (Temecula,
CA, USA) and used at a dilution of 1:5000.

3. Results

3.1. Increased viral expression and progeny virus in H-ras-transformed
cells

In view of the significance of several oncogenes in the outcome of
herpesvirus infection, we first investigated the role of the oncogenic
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H-ras in the permissiveness of HCMV. Parental 208 F cells and FE-
8 cells transformed with H-ras (12 V) as well as IR-4 cells which
inducibly express activated H-ras were infected with HCMV, at
MOI=0.1 and MOI=1. More specifically, the growth properties of
progeny virus were assessed by single-step growth curve analyses by
collecting supernatants from infected 208 F and FE-8 cells at time
points corresponding to 1, 3, 5 and 7 days post-infection. The viral
yield from the abovementioned time points was significantly
increased in the FE-8 cells when compared to the parental 208F
cells, at both MOI=0.1 and MOI=1, peaking at seven days post-
infection (Fig. 1A, a and b). Consistently, supernatants collected from
infected IR-4 cells, produced an increased viral yield when the cells
were treated with IPTG, which induces H-ras (12 V) expression, as
opposed to when they were not treated with IPTG. We observed that
the viral yield in the IPTG-induced IR-4 cells was increased both at low
and high MOI, showing a peak at seven days post-infection, similar to

the results we observed in the 208F and FE-8 infected cells (Fig. 1A, c
and d).

Additionally, we sought to determine the viral particle-to-PFU
ratios between 208 F and FE-8 at different time points of the infection.
For this purpose, DNA was extracted from 208F and FE-8 cells at 8, 24,
96 and 144 hours post-infection and quantified by real-time PCR
(Fig. 1B). The viral particle uptake was equivalent between the 208F
and FE-8 cells, as indicated by the amount of viral DNA detected 8 h.p.i.
Interestingly, the number of viral DNA copies significantly increased
during the course of the infection in the H-ras-transformed cells when
compared to the 208F cells in a manner similar to the produced
progeny virus we observed earlier. These data suggest that an
activated Ras signaling pathway confers a functional advantage for
the DNA replication of HCMV.

The permissiveness to HCMV was also assessed at the level of viral
protein synthesis. The expression levels of indicative HCMV proteins

Fig. 1. Increased HCMV expression and progeny virus in H-ras-transformed cells. A: Single-step growth analysis of infected 208 F and FE-8 cells. a, b, 208 F and FE-8 cells were
infected with HCMV AD169 at MOI=0.1 and MOI=1. Supernatants were collected at 1, 3, 5 and 7 days following infection and the viral titers were evaluated and represented as
plaque-forming units per ml of virus (pfu/ml). Error bars represent the standard deviation derived from three independent experiments. c and d, Inducible Ras (IR-4) cells were
infected with wild-type HCMV strain AD169 at MOI=1 and MOI=0.1. IR-4 cells were either stimulated with IPTG to induce H-ras (V12) expression, or not treated with IPTG.
Supernatants were harvested at different time points post-infection as indicated, followed by quantification of the observed viral plaques. B: 208F and FE-8 cells were infected with
HCMV AD169 at MOI=1 and DNA was extracted at 8, 24, 96 and 144 h following infection. Quantitative real-time PCR results were used to evaluate the input of HCMV genome
copies. C: Comparison of HCMV protein expression between infected 208 F and FE-8 cells. Cells were harvested at the indicated time points after infection and the proteins separated
by 12% SDS-PAGE gel electrophoresis. Immediate Early HCMV protein IE1 and the Early UL44 protein were analyzed by Western blotting. Cellular actin levels served as a control for
equal protein loading.
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such as the immediate early protein IE1 as well as the late protein UL44
were examined by Western blot analysis (Fig. 1C). The infection of FE-
8 cells by HCMV resulted in an increasing expression pattern for both
viral proteins peaking on the seventh day post-infection. On the
contrary, the viral protein expression in the infected parental 208F cells,
for both IE1 and UL44, remained at basal levels throughout the time
course of the infection, raising more questions on the role of HCMV
infection in the H-ras-transformed cells. Additional experiments using
HCMV-permissive [36] human glioma cells U373MG indicated that
HCMV infection is enhanced in cells that express the mutated form of
Ras. The expression levels of IE1 and UL44 were observed by Western
blot of U373MG cell lysates at 1, 3 and 5 days post-infection. Cells
retrovirally expressing the mutated H-RasV12 showed an increased
expression of viral proteins at 3 and 5 d.p.i. when compared to cells that
did not express the mutant Ras protein (Supplementary Fig. S1).

Taken together, these results demonstrate that the Ras signaling
pathway plays an important role in HCMV infection.

3.2. Inhibition of HCMV infection by Ras inhibitors

The role of ras genes during normal cellular function is dictated by
the post-translational modifications to which the proteins are
subjected. Farnesylation, the main Ras modification, precedes the
plasma membrane anchorage of Ras proteins which in turn de-
termines their status, active or inactive [47]. If Ras, is in fact involved
in HCMV infection, then inhibition of the farnesylation should block
HCMV replication in the transformed cells. Treatment of HCMV-
infected ras-transformed cells with the farnesyl transferase inhibitor

FTI, resulted in a markedly reduced progeny virus compared to the
non-treated cells (Fig. 2A). The low viral yield of the FTI-treated cells
was comparable to the blockage caused by the known HCMV inhibitor
phosphonoacetic acid (PAA). These results are consistent with the
idea that HCMV infection requires an activated Ras signaling pathway.

GTP-bound RAS is able to bind and activate effector enzymes of
important pathways downstream of Ras and among others, the Ras-
Raf-MEK-ERK-MAP kinase cascade and the PI3K pathway [48]. To
determine whether MEK1/2 or PI3K activities are required for HCMV
infection, we studied the effect of the PD098059 and LY294002
inhibitors, respectively, on the infected ras-transformed cells. HCMV
titration assays showed that both inhibitors also blocked viral
replication in the ras-transformed cells. However, the effect was not
that striking compared to FTI. The effects of the above inhibitors on
the progeny virus were also mirrored by their effects on the viral
protein synthesis as compared to the non-treated ras-transformed
cells (Fig. 2B). The concentrations of all drugs used did not inhibit the
overall protein synthesis (data not shown). Collectively, our results
strongly suggest the implication of an active Ras signaling pathway for
a productive HCMV infection, while the downstream ERK and PI3K
pathways are partially involved in HCMV infection.

3.3. Effect of HCMV infection in H-ras-transformed and non-transformed
cells

HCMV modulates important properties of the host, such as cell
cycle regulation or apoptosis [7]. Considering the above regulatory
effects of HCMV on the host, we sought to investigate potential
changes of the proliferation rate and motility properties of ras-
transformed and non-transformed infected cells. For this purpose,
208F and FE-8 cells were infected with HCMV at MOI=1, mock
infected, or infected with UV-irradiated HCMV. The proliferation
characteristics of the infected cells were significantly different,
depending on the ras status. The HCMV-infected parental 208F cells
exhibited only a slight increase in the number of cells compared to the
mock-infected cells (Fig. 3A). Strikingly, the HCMV-infected FE-8 cells
exhibited a significant increase in the proliferation rate 3 days post-
infection, in comparison to the non-infected cells (pb0.05). Infection
of both ras-transformed and non-transformed cells with the UV-
inactivated HCMV had nomajor effect on the growth properties of the
cells, providing evidence that the adhesion of the virus alone is not
sufficient, but active viral gene expression is required for the
increased proliferation of the H-ras transformed cells. Similar
experiments in U373MG cells that were either transduced with
pBabe-H-RasV12 or with the empty pBabe vector, were carried out by
infecting them with HCMV, UV-inactivated HCMV or mock infected.
Interestingly, the proliferation of the pBabe-H-RasV12 transduced
U373MG cells that were infected by HCMVwas increased significantly
at 3 d.p.i when compared to the empty vector-transduced cells or the
UV-HCMV-infected cells (Supplementary Fig. S2A). Furthermore, the
retroviral expression of H-RasV12 combined with HCMV infection
conferred to the cells a proliferative advantage over time (Supple-
mentary Fig. S2B).

In addition, an in vitro “wound healing” assay demonstrated lower
migration efficiency of the HCMV-infected compared to the mock-
infected ras-transformed cells. Our results showed that HCMV-
infected FE-8 cells closed 32.2%±1.9% of the inflicted wound area
9 h post-infection, as compared to the 16.4%±1%closure of the mock-
infected cells at the same time point (Fig. 3B and C). These data clearly
shows that HCMV enhances the migration capacity of the ras-
transformed cells, augmenting their oncogenic potential.

3.4. Formation of cellular foci upon infection of H-ras-transformed cells

Oncogenic forms of RAS are locked in their active state and transduce
signals essential for several oncogenenic processes including cellular

Fig. 2. Inhibition of HCMV infection by Ras inhibitors. A: Titration of HCMV virion
shedding by plaque assay quantification. FE-8 cells were infected with HCMV (MOI=1)
or treated with PAA, FTI, MEK inhibitor and PI3K inhibitor prior to infection.
Supernatants from drug-treated FE-8 cells were subjected to plaque-forming assay as
described in the Materials and methods section. Viral plaque formation was assessed
and expressed as pfu/ml of virus stock. Infection and plaque assay experiments were
performed in triplicate. B: Western blotting analysis using antibodies against viral IE1
and UL44 proteins. FE-8 cells were pre-treated with four inhibitors (PAA, FTI, MEK,
PI3K) and subsequently were infected with HCMV (MOI=1) and harvested at 3 days
post-infection. Actin served as a control for equal protein loading.
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proliferation and transformation activating downstream pathways
involving the RAF/MEK/ERK cascade of cytoplasmic kinases, the
phosphatidylinositol3-kinaseandothers [49,50]. In the208F/FE-8system,
the preneoplastic 208F cells donot transformspontaneously,whereas the
malignant FE-8 cells are anchorage-independent [51]. To further
investigate the impact of HCMV on the transformation properties of
V12 H-ras-activated cells, 208F and FE-8 cells were either infected by
HCMV or mock infected and the cells were observed at 5 days post-
infection. In our experiments, inefficient foci formation was observed in
both HCMV and mock-infected parental 208 F cells (Fig. 4A, a and b). On
the contrary, HCMV-infected FE-8 cells exhibited a remarkable prolifer-
ation potential, forming cellular foci that were significantly larger in size

(over 200 μm)andnumber (160±6 foci) compared to themock-infected
cells (45±3 foci) (pb0.05) (Fig. 4A, c and d). Moreover, human glioma
cells U373MGwere transducedwith either the pBabe-H-RasV12 retroviral
vector or the empty vector, followed by HCMV infection and allowed to
incubate for several weeks. The cells were regularly monitored for foci
formation and to observe differences between the retroviral H-RasV12

expressing cells as well as the HCMV-infected and mock-infected cells
(SupplementaryFig. S3). TheU373MGcells, in the absenceof retroviralH-
RasV12 expression did not exhibit any cellular focus after 3 weeks of
incubation, regardless the HCMV infection (Supplementary Fig. S3 a and
b). Consistentlywith the aforementioned experiment in FE-8 cells, HCMV
infection resulted in the development of higher number of cellular foci in

Fig. 3. Effect of HCMV infection in H-ras-transformed and non-transformed cells. A: Comparison of proliferation rate between HCMV-infected 208F and FE-8 cells. The cells were
initially serum-starved and subsequently were either mock-infected, infected with wild-type HCMV or UV-irradiated HCMV atMO1=1. Cell counting was performed on viable cells,
stained with Trypan Blue, using a hemacytometer. B: FE-8 cells were plated in 6-well plates and infected with HCMV or mock infected. The monolayer was “wounded” 48 hpost-
infectionwith a 10 μl sterile pipette tip and the detached cells were removed. Images were taken at 0, 3, 6 and 9 h after the scratch tomonitor cell motility. C: Quantification of wound
healing was performed using the ImageJ image analysis software. The results were expressed as % of closure of wound surface area at different time points (at time point 0 h the
wound surface area was the 100%).
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the cells overexpressing the mutated form of H-Ras (Supplementary Fig.
S3 c and d). These results support the previously reported oncomodu-
latory role of HCMV which is incapable of transforming cells on its own.
However, it significantly augments the transformation efficiency of
constitutively activated H-Ras (12 V) cells.

To further explore the role of Ras/MEK/ERK and Ras/PI3K/Akt
pathways in the formation of the above cellular foci, we performed
inhibitor assays on HCMV-infected FE-8 cells and evaluated the
number of cellular foci forming at 5 days post-infection (Fig. 4B).
Inhibition of the viral infection by the HCMV replication inhibitor
phosphonoacetic acid (PAA) reversed the cellular foci formation
bringing it closer to the mock-infected numbers. The involvement of
Ras in the cellular foci formation upon HCMV infection was
investigated by the addition of the farnesyl transferase inhibitor
(FTI), which not only reversed the foci formation but accomplished a
slight reduction in foci numbers compared to the mock-infected cells.
Finally, the addition of MEK (PD098059) and PI3K (LY294002)
inhibitors resulted in a partial reversion of the cellular foci formation,
indicating the probable involvement of these Ras effectormolecules in
the transformation properties of FE-8. Similar results were obtained
when the above experiment was repeated in the human glioblastoma
U373MG cell line after retroviral transduction (data not shown).

3.5. Preferential localization of HCMV virions onto ras-transformed
cellular foci is not due to IE1 and IE2

In order to further verify the additive effect of HCMV on the focus
formation properties of the H-ras-transformed cells, the localization
of the newly synthesized viral particles was investigated in both the
208F and FE-8 cells. The viral structural protein, pp65, was used as a
marker for the detection of the progeny virions. Immunofluorescence
staining for the aforementioned viral protein demonstrated that pp65
was relatively evenly distributed among the infected 208F cells,
indicating an overall infection of these cells (Fig. 5A, b). Interestingly,
the viral protein was found to be almost exclusively localized on the
cellular foci (Fig. 5A, d). Although the H-ras transformed cells did not
form a typical flat monolayer in the cell culture however, analysis of
highermagnification images confirmed the preferential localization of
pp65 onto the cellular foci (Fig. 5A, f). The striking association of the
viral protein onto the foci of FE-8 cells further supports our hypothesis
that HCMV infection induces the formation of the cellular foci and
enhances the transformation capabilities of the H-ras-transformed
cells.

In efforts to delineate a potential function of HCMV in the
neoplastic process of H-ras-transformed cells, we investigated
biological properties emanating from its immediate early gene
products IE1 and IE1, which are key regulators of virus replication
and survival [52,53]. For this purpose, FE-8 cells were transiently
transfected with plasmids expressing either the IE1 protein (pEGFP-
IE1) or the IE2 protein (pEGFP-IE2). The empty vector plasmid pEGFP-
C1 was used as the control, to verify possible foci formation. The
overexpression of either IE1 or IE2 gene products did not result in any
distinct morphological alteration in the FE-8 cells (Fig. 5B). Neither
IE1 nor IE2 induced focus formation within 5 days post transfection,
indicating the absence of primary transforming activity. Moreover,
selected mass populations did not exhibit colony formation in semi-
solid medium, showing lack of anchorage-independent growth. Given
the high sensitivity of FE-8 cells in detecting transforming properties,
the above findings directing oncogenic activity were not associated
with either IE1 or IE2 proteins.

3.6. Enhanced apoptosis in HCMV-infected H-ras-transformed cells

HCMV infection is known to block the apoptotic process of the
host-cell, by affecting death receptor signaling pathways, such as the
TNF-mediated death receptor signaling pathway [54,55]. Therefore,
we investigated the effects of HCMV infection on the H-ras-
transformed cells and whether the ras oncogene plays a role in the
process of apoptosis. Caspases are a protein family of proteases that
play a crucial role in the programmed cell death [56,57]. Caspase-3 in
particular is a good indicator for investigating cellular apoptosis.
Consequently, FE-8 cells were either mock infected or infected with
HCMV and fluorescently labeled for the viral protein IE1 and caspase-
3. The mock-infected FE-8 cells did not exhibit any caspase-3
expression at 2 days, whereas there was minimal caspase-3 activation
at 3 days of culture. Interestingly, the HCMV-infected FE-8 cells
showed significant caspase activation even at 2 days post-infection, a
phenomenon that peaked at 3 days post-infection (Fig. 6A).

Moreover, whole cell extracts of HCMV and mock-infected FE-
8 cells were harvested at 1, 2 and 3 days, followed by DNA extraction.
The DNA extracts were then loaded on an agarose gel and visualized
by ethidium bromide staining, for DNA fragmentation patterns. DNA
fragmentation is one of the final steps of apoptotic cell death, where
DNA cleavage produces DNA fragments of various sizes. In our
experiment themock-infected FE-8 cells exhibited basal levels of DNA
laddering, whereas the effect wasmore distinct on the HCMV-infected
cells, indicating an increase in DNA degradation at 2 and even more at
3 days post-infection (Fig. 6 B).

Fig. 4. Formation of cellular foci upon infection of H-ras-transformed cells. A: 208 F (a, b)
and FE-8 (c, d) cells were plated in 6-well plates and eithermock infected or infectedwith
HCMV at MOI=1. Cellular foci were observed at 3–5 days following infection (bars,
10 μm). B: FE-8 cells were treated with PAA, FTI, MEK inhibitor or PI3K inhibitor, 1 h prior
to infection with HCMV. The cellular foci of FE-8 cells were quantitated at 5 days after
infection. Foci formation assays were performed in triplicate. Error bars indicate
deviations between experiments.
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4. Discussion

Human cytomegalovirus initiates infection and intracellular
signaling by binding to its cellular cognate receptors and by activating

several signaling pathways, including those mediated by PI3K [21],
mitogen-activated protein kinases [20,22,58] and G proteins [59]. In
the present study, we examined the involvement of host-cell Ras
signaling pathway in human cytomegalovirus infection. Our experi-
ments indicated a direct implication of the Ras protein in the progress
of HCMV infection. Both the progeny virus and viral expression levels
were significantly enhanced in the H-ras-transformed cells, whereas
non-transformed cells (208F) or cells with inactivated oncogenic Ras
(IR4) restrained viral infection to basal levels. Inhibition of the Ras
protein by the farnesylation inhibitor (FTI) resulted in decreased viral
progeny verifying a functional link between HCMV infection and Ras
protein expression. Molecules downstream of Ras, such as ERK or PI3K
were also involved but in a lower extent suggesting that the activated
Ras protein poses a major role for a productive HCMV infection.
Herpes Simplex Virus type-1 (HSV-1) but also its mutant versions or
the oncolytic herpes G207 have been shown to exploit the activated
Ras signaling pathway to increase viral permissiveness by inhibiting
the virus-induced activation of the stranded RNA-activated protein
kinase (PKR) [60–62]. Additionally, reovirus also takes the advantage
of the activated Ras signaling in the host cell, resulting in increased
viral permissiveness by suppressing the IFN-β production through
negative regulation of RIG-I signaling [63–65] while the RAS/Raf1/
MEK/ERK signaling pathway also facilitates VSV-mediated oncolysis
[66,67]. Apparently, HCMV has also evolved mechanisms to usurp an
already activated signal transduction pathway, the Ras signaling
pathway, rendering the cells more susceptible to viral infection.

Emerging evidence suggests that HCMV infection and expression
may be specifically associated with human cancers by deregulating
signaling pathways involved in the initiation and promotion of
malignancy [8,68,69]. One significant finding of this study was the
increased proliferation rate of the HCMV-infected Η-ras-transformed
fibroblasts, when compared to their parental non-transformed cells,
which is justified by the activation of the Ras protein [70]. Strikingly,
the proliferation rate of both cell lines was increased when they were
infected by HCMV, while the transformed cells exhibited the highest
levels of proliferation and cell motility. H-ras transformed fibroblasts
seem to provide an ideal environment for HCMV replication,
exploiting the host-cell Ras/Raf/MEK/ERK pathway to regulate and
increase the proliferation rate of the infected cells. The Immediate
Early protein IE1 plays a crucial role in viral DNA replication and acts
as a precursor protein for the expression of subsequent viral proteins
[71,72]. In addition, the Early UL44 protein is essential to HCMV DNA
replication because it acts as an accessory protein to the viral DNA
polymerase [73,74]. The expression levels of both proteins were
notably elevated in the ras-transformed fibroblasts establishing a
direct association between the host-cell Ras protein and HCMV.
However, the function of these particular viral proteins does not
appear to directly affect the proliferative status of neither the
transformed nor the non-transformed cells.

H-ras (G12V) transformed cells (FE-8) tend to accumulate in
clusters of cells, forming cellular foci [51,75]. This characteristic which
is expected in transformed cells was profoundly enhanced by HCMV
infection. Remarkably, HCMV proteins were almost exclusively
localized in these cellular foci, increasing the transformation potential
of FE-8 cells, whereas the presence of a HCMV inhibitor (PAA), or the
MEK and PI3K inhibitors reversed the cellular foci formation close to
that of uninfected cells. It is possible that HCMV infection provides
selective pressure for tumor cell populations with increased

Fig. 5. Preferential localization of HCMV virions onto ras-transformed cellular foci but is
due to IE1 and IE2. A: 208 F (a, b) and FE-8 (c–f) cells were plated on glass coverslips
and were either mock infected or infected with HCMV at MOI=1. The viral tegument
protein pp65 was stained by indirect immunofluorescence as described in theMaterials
and methods section. B: FE-8 cells were seeded into four-well, chambered units with
coverglass quality glass bottoms. 1 μg/ml plasmid DNA was transfected to the cells for
transient expression of IE1 (c, d), IE2 (e, f) or pEGFP-C1 (a, b). The EGFP signal was
observed on an epifluorescence microscope 72 h following transfection.
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malignant potential. Infection of malignant cell lines by HCMV has
been associated with increased transformation of these cells [16,27].
Although HCMV does not directly transform cells in vitro, data
acquired from viral infection of transformed cells indicate that the
overall geneticmicroenvironment of themalignant cell enables HCMV
to further upset the balance [18]. Therefore, it could be suggested that
the activated Ras signaling pathway facilitates the establishment of a
favorable tumor microenvironment where HCMV is capable to
modulate normal cellular functions such as cell proliferation or
motility and finally promote a malignant phenotype.

A key property of nearly all tumor cells is the resistance to
apoptosis and the attenuation of cell proliferation and differentiation.

The HCMV Immediate Early protein IE2 is known to suppress
apoptotic cell death in the host-cell, at least until successful viral
replication takes place. During HCMV infection, the expression of IE2
is responsible for the inhibition of p53, TNF-α and Doxorubicin-
induced apoptosis [76–78]. HCMV protects malignant cells from
apoptosis, by activating the cellular proteins AKT, Bcl-2 and ΔΝp53α
[79]. As regards the Ras protein and apoptosis, the activation of Ras
modulates the expression of several genes involved in apoptosis [80].
The oncogenic Ras can either promote or inhibit apoptosis, depending
on the cell type and the nature of the apoptotic stimuli. It is known
that the oncogenic ras (12 V), is able to induce apoptosis in colon
cancer cells, by increasing the sensitivity of the cells to 5-FU-induced

Fig. 6. Enhanced apoptosis in HCMV-infected H-ras-transformed cells. A: FE-8 cells were plated on glass coverslips, mock-infected or infected with HCMV at MOI=1 and then
incubated for 2 and 3 days post-infection. Cells were stained for IE1 (red color) and for activated caspase-3 (green color). B: Both infected and uninfected FE-8 cells were harvested at
1, 2 and 3 days post-infection. Genomic DNA was isolated and subsequently electrophoresed on a 3% agarose gel. Small DNA fragments mainly between 250 and 750 bp yielded a
“ladder” pattern on the agarose gel (see brackets). M: 1Kb DNA ladder.
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apoptosis [81] or in response to sulindac [82] or other chemothera-
peutic agents [83]. Additionally, there are several proapoptotic genes
that are downregulated in human tumors and could explain the
increased apoptosis in fibroblasts carrying the oncogenic ras[84].
Interestingly, the investigation of the effect of HCMV infection in
apoptosis using this particular oncogenic Ras model, revealed an
increased susceptibility to apoptosis of the H-ras-transformed cells
compared to their parental cells. Apparently, the previously proa-
poptotic properties of the oncogenic Ras (12 V) dominate over the
antiapoptotic action of HCMV, tilting the balance towards apoptotic
cell death. Coupled with the higher viral titers detected in the H-ras-
transformed cells, we make the key connection between apoptosis,
which leads to enhanced virus release and efficient spread of infection
in ras-transformed cells. Alternatively, the infected H-ras transformed
cells could advance to apoptosis in order to inhibit the unusually high
proliferation rate induced by HCMV.

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.bbamcr.2011.07.003.
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Cancer is the final result of the accumulation of several genetic alterations occurring in a cell. Several
herpesviruses and especially gamma-herpesviruses have played an important role in Cancer Biology,
contributing significantly to our comprehension of cell signaling and growth control pathways which lead to
malignancy. Unlike other infectious agents, herpesviruses persist in the host by establishing a latent infection,
so that they can reactivate periodically. Interestingly, some herpesviruses are able to either deliver or induce
the expression of cellular oncogenes. Such alterations can result in the derailment of the normal cell cycle and
ultimately shift the balance between continuous proliferation and programmed cell death. Herpesvirus
infection employs key molecules of cellular signaling cascades mostly to enhance viral replication. However,
most of these molecules are also involved in essential cellular functions, such as proliferation, cellular
differentiation and migration, as well as in DNA repair mechanisms. Ras proteins are key molecules that
regulate a wide range of cellular functions, including differentiation, proliferation and cell survival. A broad
field of medical research is currently focused on elucidating the role of ras oncogenes in human tumor
initiation as well as tumor progression and metastasis. Upon activation, Ras proteins employ several
downstream effector molecules such as phosphatidylinositol 3-kinase (PI3-K) and Raf and Ral guanine
nucleotide-dissociation stimulators (RALGDS) to regulate a cascade of events ranging from cell proliferation
and survival to apoptosis and cellular death. In this review, we give an overview of the impact that herpesvirus
infection has on the host-cell Ras signaling pathway, providing an outline of their interactions with the key
cascade molecules with which they associate. Several of these interactions of viral proteins with member of
the Ras signaling pathway may be crucial in determining herpesviruses' oncogenic potential or their
oncomodulatory behavior. The questions that emerge concern the potential role of these molecules as
therapeutic targets both for viral infections and cancer. Understanding the means by which viruses may cause
oncogenesis would therefore provide a deeper knowledge of the overall oncogenic process.
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1. Introduction

1.1. Ras signaling pathway

Ras proteins are membrane-bound molecules that regulate a wide
range of cellular functions, including differentiation, proliferation and
cell survival [1]. A broad field of medical research is currently focused
on elucidating the role of ras oncogenes in human tumor initiation as
well as tumor progression and metastasis [2]. More specifically, Ras
proteins are found to be mutated in many tumors such as melanoma,
ovarian and lung carcinoma [3,4]. Genetic alterations of ras genes
usually shift the balance between cell proliferation and cell death,
towards continuing proliferation and differentiation. The role of ras
genes during normal cellular function is dictated by the post-
translational modification to which the proteins are subjected, which
is mainly farnesylation. This process determines the final location of
the proteins in the cell, primarily the plasma membrane, as well as
their functionality. The enzyme farnesyl transferase links a farnesyl
group (15-carbon isoprenoid) covalently to a cysteine residue located
in the carboxy-terminal CAAX motif of Ras, allowing Ras to be
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anchored to the plasmamembrane. It is known that themis-positioned
Ras proteins are non-functional, probably due to the inability of these
proteins to employ their target enzymes and initiate signal transduc-
tion. Binding of ligands to tyrosine/kinase transmembrane receptors,
autophosphorylates their tyrosine residues in the cytosol. The tyrosine
residues serve as intracellular docking sites specific for several adaptor
molecules such as members of the SOS family. Ras proteins remain
inactive in the cell when they are bound to guanosine diphosphate
(GDP), but become activated when bound to guanosine triphosphate
(GTP) [5,6]. Ras is activated when ligand-bound receptors nucleate a
complex including adapter molecules [e.g., Src homology and collagen
(Shc; protein), Gab2, and growth factor receptor binding protein 2
(Grb2)], the phosphatase SHP-2, and guanine nucleotide exchange
factors (e.g., SOS). Guanine nucleotide exchange factors bind to Ras
and catalyze guanine nucleotide dissociation, which results in
increased Ras-GTP levels. Ras activation is terminated by hydrolysis
of GTP to GDP. This reaction is greatly accelerated by the GTPase-
activating proteins p120GAP and neurofibromin.

Activation of Ras is responsible for the sequential phosphorylation of
downstream molecules which amplify and transduce signals from the
cell surface to the nucleus.More specifically, Ras proteins can employup
to 20 downstream effector molecules such as phosphatidylinositol 3-
kinase (PI3-K) and Raf and Ral guanine nucleotide-dissociation
stimulators (RALGDS) to regulate a cascade of events ranging from
cell proliferation and survival to apoptosis and cellular death [7–12]. The
activated Raf kinase, in particular, activates the MAPK cascade (Fig. 1).
The MAPK cascade in the mammalian cell comprises three well-
Fig. 1. Host cell Ras signaling pathway. The key mediators of the pathway are represented
whether the virus up-, or down-regulates a specific cellular molecule.
characterized protein kinases that are activated by protein phosphor-
ylation: aMAPK kinase kinase (MAPKKK), aMAPK kinase (MAPKK) and
finally a MAPK. The final protein kinases (MAPKs) are the extracellular
regulated kinase (ERK1/2), p38 kinases, ERK5 and the c-Jun amino-
terminal kinases (JNK12/3). The Ras/Raf/MEK/ERK pathway is gener-
ally induced by cell surface receptors such as the Epidermal Growth
Factor Receptor (EGFR), whereas the p38 and JNK kinases respond to
stress signals as well as growth factor expression [13].

1.2. Herpesviruses and the Ras pathway

The Ras pathwaymolecules respond to various extracellular stimuli
which eventually determine the fate of the cell. Environmental,
chemical and infectious agents have the ability to affect the signaling
process in the cell, altering its physiological function. Human herpes-
viruses are of particular interest, since they are able to either induce
tumor initiation (oncogenic viruses), or regulate tumor behavior
(oncomodulatory viruses). Interestingly, 17.8% of worldwide cancer
cases are attributed to infectious agents, while 12.1% of the total cancer
cases are caused by viral infections [14]. Essentially, the above 12.1%
represents almost 70% of the total (17.8%) caused by infectious agents.

Bearing these epidemiological data in mind, as well as the
causative role of herpesviruses in several human diseases, involving
key signaling molecules of the host, we review this family of viruses
focusing on the Ras signaling pathway. Eight human herpesviruses
have been extensively studied and several of them have been
associated with the oncogenic Ras signaling pathway. In more detail,
. Interactions between herpesviruses and host cell proteins are illustrated, indicating
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the viruses are: Herpes Simplex Virus-1 (HSV-1 or HHV-1), Herpes
Simplex Virus-2 (HSV-2 or HHV-2), Human Herpes Virus Type 3
(HHV-3) or Varicella Zoster Virus (VZV), Epstein–Barr virus (EBV or
HHV-4), Human Cytomegalovirus (HCMV or HHV-5), Human Herpes
Viruses -6 and -7 (HHV-6 and HHV-7) and finally the Kaposi Sarcoma-
associated Herpes Virus (KSHV or HHV-8).

Upon infection of a host cell, a number of cellular defense
mechanisms are employed to eliminate the threat, followed by acute
inflammation. Although inflammation is generally considered to be
beneficial for the cell, the environment of the inflammation site is a
very potent place for transformations to occur. During inflammation a
wide array of DNA-binding proteins, cytokines and chemokines are
recruited to combat the inflammatory signal. TNF-α, NF-κB, IL-1, COX-
2 and the pro-inflammatory chemokine families CXC and CC usually
have positive effects on cell proliferation. However, their ability to
cause DNA damage in the inflammation site has been shown to have a
negative effect on normal cell proliferation and angiogenesis [15–18].
Herpesviruses possess the ability to evade the host immune response
during initial exposure, and remain in a latent state until they
reactivate to carry out lytic infection [19,20]. Additionally, some
herpesviruses can promote oncogenesis either by delivering onco-
genes in the host cell or by activating cellular oncogenes. The
activation of oncogenes in the host cell leads to the expression of
transforming growth factors that deregulate normal cellular functions
and result in malignant cell transformation [21,22].

We provide an overview on the effect of herpesviral infection to
the host-cell Ras signaling pathway, focusing on gamma-herpes-
viruses and their association with the key cascade molecules with
which they interact.

2. Alpha-herpesviruses

Alpha-herpesviruses are the only subfamily of the herpesviridae
family, known as neurotropic pathogens. Thus, HSV and VZV are able
to infect and remain latent inside nerve cells and sensory ganglia.
Upon reactivation, the two viruses trigger a painful localized vesicular
rash. For HSV-1, it is usually lesions that form around the mouth area
of the infected individual, whereas for HSV-2 the outbreak is known as
genital herpes. VZV, on the other hand, is the causative agent of two
distinct clinical diseases: primary infection that leads to Varicella
(chickenpox) and reactivation from a latent state in sensory ganglia
that gives rise to zoster (shingles).

2.1. Herpes Simplex Virus type-1 and type-2 (HSV-1 and HSV-2)

Productive infection by HSV-1 involves the timely expression of
approximately 80 viral genes. These genes are expressed in three
sequential phases: Immediate Early (IE), Early (E) and Late (L). Many
products of these viral genes have been shown to interact with host
encoded proteins during infection in order to ablate the host-cell
defenses and finally replicate [23–27]. In addition, HSV-1 has the
ability to overcome cellular defense mechanisms in tumor as well as
in normal cells [28–32]. More specifically, experiments carried out on
H-ras transformed cell lines have shown that HSV-1 replicates in these
cells by inhibiting the virus-induced activation of the double-stranded
RNA-activated protein kinase (PKR) [33]. Phosphorylation of PKR
results in the phosphorylation of the translation initiation factor eIF-
2α, resulting in inhibition of the viral transcripts in the host cell. PKR
activation is essentially the major defense of the host cell against viral
infections.

PKR is also impaired by the expression of the HSV-1 neuroviru-
lence protein ICP34.5. ICP34.5 ablates host-cell PKR function by
inducing the dephosphorylation of eIF2α [34,35]. Inhibition of PKR
activity allows for the favorable expression of viral proteins, resulting
in impaired host-cell defense. Furthermore, HSV-1 establishes a latent
infection in sensory neurons in a Ras-dependent fashion [36].
Infection in these cells by HSV-1 is characterized by the over-
expression of a series of transcripts, termed latency-associated
transcripts (LATs). Both Ras and Raf molecules are activated in
response to Neuronal Growth Factor (NGF) stimulation, which leads
to the activation of LATs and the establishment of latent infection [37].
In lytically infected cells, both HSV-1 and HSV-2 possess an anti-
apoptotic activity, as was previously described [38–40]. The two
viruses inhibit apoptosis in a cell type-specific manner. This inhibition
is attributed to the US3 gene, as well as to the US5 and ICP27 genes of
HSV-1 [41,42]. More specifically, expression of the HSV-1 ICP27
protein results in the enhanced activation of the p38 and JNK cellular
pathways [42]. Activation of the p38 pathway by ICP27 results in the
induction of apoptosis, whereas activation of the JNK pathway by
ICP27 requires the co-expression of one or more early or late viral
proteins. ICP27 appears to play a role as a pro-apoptotic factor for the
host cell since ICP27 expression alone cannot inhibit the apoptotic
signaling that takes place after p38 activation [43]. Induction of
apoptosis in cells infected by ICP27 mutant viruses, probably involves
the destabilization of Bcl-2, which is mediated by p38/MAPK pathway
activation. Bcl-2 loss of function is induced by p38 expression and
results in sensitization and induction of apoptotic cell death processes
[44]. Bcl-2 function in HSV-1 infected cells is crucial for the fate of the
host cell, and may prove to be a key mediator molecule for HSV-1
infection.

Interestingly, the HSV-2 tegument protein ICP10 PK [45–47],
appears to mediate activation of the host-cell Ras/Raf/MEK/ERK
pathway. Indeed, the levels of activated MAPK1/2 significantly
increased in hippocampal cultures infected by HSV-2 when compared
to mock-infected cultures [48]. The inhibition of MAPKs by the
chemical inhibitor UO126 caused a dose-dependent increase in
apoptotic cells, suggesting that HSV-2 infection is actually mediated
through the cellular MAPK pathway, as shown in Fig. 1 [49]. Hence,
the infection of HSV-2 is mediated and enhanced by the host-cell ras
pathway since the viral ICP10 PK activates Ras, MEK and MAPK while
protecting the cell from apoptotic cell death [50,51].

Several studies have used mutant forms of HSV-1 and HSV-2 to
target tumor cells [52,53]. The mutant HSV forms are known as
oncolytic viruses since they are genetically modified to express their
proteins and replicate in tumor but not in normal cells [53,54]. These
conditionally replicating viruses infect and eventually kill tumor cells
either by inducing apoptosis, or by destroying these cells with the
cytolytic activity they possess [55,56]. For instance, the oncolytic
G207 HSV-1 strain is able to achieve enhanced permissiveness to
malignant peripheral nerve sheath tumors (MPNSTs). It is believed
that over-activation of Ras in MPNSTs leads to increased viral
replication in these cells and not in the normal ras expressing cells
[57].

Wild-type HSV-2 on the other hand is able to selectively replicate
and lyse tumor cells [58], such as neuroblastoma, renal, breast and
pancreatic cancers [59–61]. The abovementioned ICP10 PK protein of
HSV-2 is responsible for activating the Ras pathway leading to
deregulation of the cell cycle and uncontrolled proliferation.
Deletion of the PK subunit of the viral ICP10 protein impairs the
ability of HSV-2 to infect normal cells that have an inactive Ras
pathway [62]. Recent experimental data using recombinant Signal-
Smart (SS1) HSV-1 viruses, show that upon exposure of ELK-
overexpressing prostate cancer cells to the recombinant virus, the
cells' proliferation, invasiveness and colony formation capabilities
are significantly decreased, whereas the rate of apoptosis/necrosis
functions is increased [63]. Additionally, increased Ras signaling cells
exposed to the recombinant virus, showed a conspicuous G1 cell
cycle arrest when compared to cells infected with parental HSV-1.
Oncolytic HSV-1 viruses provide an excellent tool to study oncogenic
signals and open novel paths in using these biological agents for
detection and targeting cancer cells, with augmented specificity and
efficiency.



780 H. Filippakis et al. / Biochimica et Biophysica Acta 1803 (2010) 777–785
2.2. Varicella Zoster Virus (VZV)

The Varicella Zoster Virus genome encodes approximately 70 gene
products, expressed in a timely fashion similar to the expression of
HSV proteins (IE, E and L). Lytic infection from the virus leads to
Varicella, a clinical manifestation also known as chickenpox that
includes symptoms such as fever and a generalized vesicular rash.
Reactivation of the virus from its latent state usually occurs during
adulthood and presents a distinct, localized vesicular rash that is
uncommon in herpesviral infections [64].

As with all herpesvirus infections, VZV-induced infections are
known to utilize host-cell signaling pathways in order to achieve
increased permissiveness [65]. Upon infection, the cell responds by
secreting, among others, interleukins (ILs). Interleukins and particu-
larly IL-8, play a crucial role in the immune response of the host cell,
since it acts as a keymediator during acute inflammationwith a variety
of actions on several tissues [66]. Secretion of IL-8 in VZV-infected T
cells is dependent of the status of both the JNK/SAPK and p38/MAPK
pathways. Hence, an active p38/MAPK pathway is required for IL-
8 secretion and a successful immune response in T cells [67].Moreover,
infection by VZV leads to the activation of theMAPKpathway by a two-
fold increase of p38/MAPK phosphorylation (Fig. 1), and ultimately to
the deregulation of the normal cell cycle and proliferation processes
[68–70]. Although there is a direct association of VZV infection with
the MAPK pathway, it remains unclear whether the virus interacts
with upstream molecules such as Ras, since current studies have
merely focused on the phosphorylation levels of MAPK, as well as the
characterization of two Open Reading Frames (ORF49 and ORF61)
[71,72]. ORF61 encodes proteins with transregulatory activities such
as the activation/phosphorylation of MAPKs in the host cell, whereas
ORF49 is synthesized at late infection stages since it is part of the virion
component.

3. Beta-herpesviruses

The beta-herpesviruses subfamily consists of the members HCMV,
HHV-6 and HHV-7. In order to gain entry into the host cell, beta-
herpesviruses, as with all herpesviruses, use virion envelope proteins
to adhere to the cell membrane and depose the virion components
into the cytoplasm. HCMV in particular, appears to infect a wide range
of cell types, such as fibroblasts, endothelial cells, epithelial cells,
monocytes/macrophages, smooth muscle cells, neuronal cells, neu-
trophils, stromal cells and hepatocytes [73,74]. The broad cellular
tropism that HCMV demonstrates in the human body, justifies the
increased manifestation of the virus in the worldwide population. On
the other hand, HHV-6 and HHV-7 are restricted to T lymphocytes and
certain cells of the myeloid lineage [69].

3.1. Human Cytomegalovirus (HCMV)

Human Cytomegalovirus is a widespread pathogen; an estimated
50–85% of the population worldwide is currently infected by HCMV
[75]. In particular, HCMV is able to remain latent in the monocyte-
macrophage cell lineage for extended periods of time, and is
reactivated when the individual is immuno-compromised [76]. Data
suggest that gene products of Human Cytomegalovirus can modulate
tumor cell biology, promoting mutagenesis, cell cycle progression,
angiogenesis, cell invasion and immune evasion [77,78].

There is increasing evidencewhich confirms the presence of HCMV
in malignant tumors such as malignant glioblastoma [79,80], colon
cancer [81], as well as EBV-negative Hodgkin's lymphoma [82].
Studies on human colonic adenocarcinoma cells (Caco-2 cells), have
produced contradicting results. In one study the authors suggest that
Human Cytomegalovirus infection can only arise when Caco-2 cells
are in a specific state of differentiation, in which the virus does not
spread from cell to cell, and productive infection is rare, whereas the
other group supports that Caco-2 cells are infected by HCMV,
regardless of the differentiation state [83,84]. In glioblastoma, the
HCMV Immediate Early-1 (72 kDa) protein (IE1) is expressed in N90%
of the tumors analyzed. A stable IE1 expression can differentially
affect the growth of human glioblastoma cells, resulting in either
growth proliferation or cell cycle arrest [85]. Given the high HCMV
infection rate in these tumors, it can be hypothesized that a sustained
expression of critical viral genes such as IE1 may have important
biological consequences in malignant glioma cells. Moreover, these
findings provide important insights into the pathogenic mechanisms
associated with aberrant signaling pathways, transcription factors
and/or tumor suppressor functions of the host cell.

Although HCMV is not directly associated with tumor formation,
the timely expression of its proteins regulates the host-signaling
pathways so that the virus can be sustained in the cell [86]. To
accomplish this, HCMV has to bind to specific cellular receptors in
order to initiate infection. Upon infection by HCMV, the viral particles
must first enter the host cell and then travel to the nucleus in order to
initiate viral replication. Interestingly, HCMV entry into the host cell is
achieved by the synergistic action of the Epidermal Growth Factor
Receptor (EGFR) and the activation of the β3 integrin subunit. In turn,
this results in the activation of downstream molecules such as the
focal adhesion kinase, PI3K/Akt and phospholipase Cγ [87–89].
However, it is also argued that EGFR is not required for the cellular
expression of viral proteins or virus-induced signaling [90,91]. In
addition to EGFR and integrin, PDGFα and β have also been proposed
as cellular receptors for HCMV entry [92–94].

The binding of the viral particles to their respective receptors
[95,96] initiates a cascade of events that permit virus entry and
subsequent viral replication (Fig. 1). It is known that the Ras/Raf/
MEK/ERK pathway is activated when the phosphorylation of EGFR
occurs on the cell surface [97]. It is further believed that the gB
glycoprotein of HCMV shares common sequences with the Epidermal
Growth Factor (EGF), which acts as a ligand for EGFR [98,99], allowing
infection to occur.

Initial studies have shown that the steady-state levels of c-H-ras
increase in T2 cells upon RA-induced differentiation. Moreover, the
expression of exogenous oncogenic human H-ras in T2 cells allows for
HCMV infection, as well as changes in cell surface antigens observed in
the early stages of RA-induced differentiation [100]. Our recent
experimental data, obtained using H-ras transformed cells, further
support the enhanced permissiveness of HCMV augmenting the
progeny viral yield and the viral gene expression. Notably, HCMV
infection resulted in a further increase of the proliferation rate,
mobility and formation of cellular foci in the H-ras-activated cells
compared to mock-infected cells or the non-transformed parental cell
line (Filippakis, Spandidos, Sourvinos, unpublished data). These
observations suggest that HCMV employs the oncogenic Ras pathway
for the induction of cellular and/or viral gene expression and
enhanced viral permissiveness. The communication between viral
glycoproteins and cellular receptors is usually sufficient to induce
activation of the ras pathway. However, there are several cellular
responses that follow infection, including the phosphorylation of
signaling kinases and the subsequent activation of transcription
factors, cytokines and prostaglandins. Successful HCMV infection
requires the activation of MEK1/2 and ERK1/2, two kinases that are
crucial elements of the Ras pathway [101]. Inhibition of these cellular
proteins by the inhibitors UO126 and PD098059 blocks the productive
HCMV infection in the cell, suggesting that the twomolecules are very
important for virus replication [102]. The abovementioned virus-
induced events impair the host-cell defense by interacting with
molecules of the Ras signaling cascade, thereby rendering the cell
more permissive to the virus. The relationship between HCMV and
cancer has been in the center of virology research for decades. The
frequent presence of a non oncogenic virus, such as HCMV, in
malignant tissues results in increased proliferation of HCMV-infected
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tumor cells when compared to the uninfected tumor cells. HCMVmay
infect tumor cells and modulate their proliferation and overall
survival, without direct transformations taking place. These oncomo-
dulatory effects of HCMV infection arise from the interactions between
viral regulatory proteins and key signaling pathways such as the Ras/
Raf/MEK/ERK, p38 and Akt pathway [103].

3.2. Human Herpes Virus 6 and 7 or Roseolovirus (HHV-6, HHV-7)

HHV-6, which belongs to the beta subfamily of herpesviruses, was
isolated from peripheral blood mononuclear cells of patients with
lymphoproliferative disease [104]. Almost all children (95%) older
than 2 years of age are currently seropositive for HHV-6A/B. The
primary infection by HHV-6B sometimes causes exanthem subitum
(roseola infantum), which is a febrile rash illness [105]. HHV-7, which
also belongs to the same family of herpesviruses, was isolated in 1990
from the CD4+ lymphocytes of a healthy person [106]. HHV-6 exists in
variants A and B, and is a T-cell tropic virus that has been identified in
various human tumors [107]. Patients with Burkitt's, African and EBV-
negative B-cell lymphoma have been found to be seropositive for
HHV-6, and especially HHV-6B [108–110]. In addition, variant 6A of
the virus has been shown to contain a transformation suppressor
gene, called ts [111]. Cell lines that transiently expressed the ts gene
showed a significant resistance to the transformation activity of Ras.
In the ts-expressing cells the transformation induced by Ras was
reduced by ∼98% when compared to the cells that do not express ts.
Furthermore, the ras gene promoter expressionwas reduced by ∼50%,
indicating that even a small decrease of ras expression plays a very
significant role in its ability to transform. In vitro studies have
demonstrated that the viral ts gene can suppress the transcription
from the HIV-1 long terminal repeat (LTR) promoter, as well as ras
transformation at the promoter level. The transformation suppression
that takes place in ts-expressing HHV-6 infected cells is attributed to
the binding site of tswhich is common between the LTR promoter and
ras [112]. Unfortunately, there are insufficient scientific data available
today to verify whether HHV-6 and -7 are able to implicate the Ras
signaling pathway to induce increased permissiveness or altered
cellular transformation. However, HHV-6 has been detected in
patients that develop ras-associated types of cancers such as bladder
cancer [113] or non-melanoma skin tumors [114], raising questions
about the role the virus might play in these patients.

4. Gamma-herpesviruses

The gamma-herpesviruses are the third subfamily of herpes-
viruses, including the Epstein–Barr virus and Kaposi's Sarcoma-
Associated Herpesvirus. EBV and KSHV are characterized as lympho-
tropic viruses, since they both have a cellular tropism for
lymphocytes. Unlike other human herpesviruses, the latent phase
of EBV and KSHV can be studied in vitro, providing an experimental
system that is unique among human herpesviruses. Latency of
gamma-herpesviruses is established after initial infection of the host
cell and transport of the capsid to the nucleus. The viral genome is
then able to replicate as an episome, utilizing the replication
mechanisms of the host cell. A unique characteristic of gamma-
herpesviruses is their ability to induce abnormal lymphocyte
proliferation and tumorigenesis. The balance between lytic and
latent infection is one of the most critical questions in modern
virology research. Although the exact mechanisms of gamma-
herpesviral reactivation need further study, it is believed that lytic
replication plays a crucial role in tumorigenesis [115]. Especially for
KSHV, low levels of periodical reactivation may lead to disease
development in the host and subsequent viral transmission to
uninfected cells. Viral reactivation in the host cell could also be
explained by the cell's microenvironment. For example, activation of
certain signaling pathways and the release of cytokines from the
host cell as a response to inflammation may provide a suitable
environment for the proliferation of infected cells [116].

4.1. Epstein–Barr virus (EBV)

EBV is able to infect a variety of cell types in the human body,
depending on the circumstances. Cells infected by EBV include NK-, T-,
smooth muscle and possibly follicular dendritic cells [117]. Several
human types of cancer such as Nasopharyngeal Carcinoma (NPC),
Burkitt's lymphoma (BL) and Hodgkin's disease (HD) have also been
attributed to EBV infection [118].

However, the virus preferentially infects and resides latently in
quiescent B memory cells [119]. Of note, however, is the mechanism
that the virus uses to evade host-cell immunity [120]. Once in the
latent phase, the virus is able to express several gene expression
motifs, depending on the location and differentiation state of the host
B cell [121]. In order to successfully remain in a latent state for an
extended period of time, EBV expresses a small subset of viral latent
genes that encode six Epstein–Barr nuclear antigens (EBNA1, 2, 3A,
3B, 3C, 4, 5 and 6), three membrane proteins (LMP1, LMP2A and
LMP2B), BART, as well as two small nuclear RNA molecules (EBER 1
and 2) [122]. The abovementioned genes are expressed in four
distinct patterns: type 0, 1, 2 and 3 [117,123,124]. During type 0
latency, EBVmay not express any genes ormay only express EBNA1 or
LMP2. In type 1, latency involves the expression of EBNA1 and EBER1
and 2 in Burkitt's lymphoma (BL) patients. In type 2 latency which is
found in Nasopharyngeal Carcinoma (NPC) and Hodgkin's lymphoma
(HL) patients, EBNA1, LMP1 and 2, EBERs and BARTs are expressed.
Finally, in the type 3 latency expression pattern, BARTs and EBERs are
expressed. Notably, of all the genes encoded by EBV during latency
only the LMP2A membrane protein induces the activation of the Ras
protein in vivo. The activated Ras protein induces the PI3K/Akt
cascade, but not the Raf/MEK/ERK pathway, to provide B-cell survival
and resistance to apoptosis (Fig. 1) [125,126].

EBV is also able to infect epithelial cells and affect cellular
transformation. To accomplish this, the virus expresses the integral
viral membrane protein LMP1. LMP1 has been found to be directly
associated with the activation of the MAPK cellular pathway in order
to activate the transcription factor AP-1 and regulate cell cycle [127].
Activation of a Ras-MAPK-dependent pathway by Epstein–Barr virus
latent membrane protein 1 causes prolonged ERK activation [128]
which is essential for cellular transformation [129]. Furthermore, this
pathway has been shown to contribute to the oncogenic nature of
LMP1 through its ability to promote cell motility and to enhance the
invasive properties of epithelial cells [130]. Therefore, LMP1 may act
as a constitutively active mechanism that ensures the survival of EBV-
infected B cells as well as their latency state, by interacting with the
Ras pathway. LMP2A provides signals of survival and maturation for B
cells, by inducing signaling patterns similar to the ones activated by
latent B cells. LMP1 in particular has been shown to bind and interact
with a vast number of transcription factors (AP-1), tumor necrosis
factor receptors (TRAFs), as well as intracellular signaling molecules
(p38, MAPKs, JNK), among others [131]. The increased binding affinity
of LMP1 to host cell signaling cascades, such as the ras pathway,
originates from the increased homology that the viral protein shares
with the host-cell proteins.

4.2. Kaposi's sarcoma-associated Herpes Virus (KSHV)

KSHV is classified as an oncogenic virus which belongs to the
gamma-herpesvirus family. DNA sequences suggesting the presence
of a new virus were first described in 1994 [132]. KSHV is associated
primarily with Kaposi's sarcoma [131,132], but is also known to cause
Primary Effusion Lymphoma (PEL) [133] and the multicentric variant
of Castleman Disease (MCD) [134]. During infection, the virus
employs the integrin α3/β1 subunit host-cell receptor in order to
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gain entry into the cell [135]. Once inside the nucleus, the virus
expresses a cascade of proteins that interact directly with cellular
signaling pathway components. In more detail, KSHV is known to
interact with the cytoplasmic, membrane-bound oncogenic protein
Ras [131,136]. The activation of Ras results in the activation of a series
of downstream components of both the PI3K and MAPK pathways as
indicated in Fig. 1. The two pathways are activated by Ras and are
responsible for cell growth, cell proliferation and programmed cell
death as previously described in this review. In particular, the K8 viral
protein, which is expressed during lytic infection, interacts with the
extracellular signal-regulated kinase (ERK). In the presence of an ERK
inhibitor (UO126) the expression of K8 was inhibited in a dose-
dependent manner [137]. Interestingly, the latent KSHV infection of
peripheral blood cells can shift towards lytic infection by chemical
inducers such as 12-O-tetradecanoyl-phorbol-13-acetate (TPA) [138].
TPA induces lytic infection by activating the replication and
transcriptional activation (RTA) protein, which is encoded by ORF50
[139,140]. RTA controls the virus reactivation process by directly or
indirectly activating ORF59, vIL-6 and the K8 viral proteins. In
addition, the RTA protein expression is induced by transcription
factor AP-1, which is a downstream target of the three MAPK path-
ways mentioned above and is involved in cellular mechanisms of cell
growth, cell transformation and angiogenesis. Hence, the expression
of viral RTA protein is an indication of active viral replication and is
directly regulated by MEK/ERK, JNK and the p38 MAPK pathways
[141]. KSHV, as with all herpesviruses, is able to maintain a life-long
infection by remaining latent in the host. KSHV then reactivates
periodically by regulating cellular pathways such as MAPK and PI3K
[138]. Activation of the p38/MAPK as well as the JNK signaling
pathways is required for active KSHV infection to take place.
Inhibition of these pathways produced a dose-dependent regulation
of KSHV infection at the viral entry stage [142]. Additionally, the
overexpression of Raf, a ras effector molecule andmember of the Ras/
Raf/MEK/ERK pathway, leads to increased KSHV infectivity, an event
that takes place after attachment of the virus to the cell membrane
[143]. In addition, KSHV latency involves the expression of the latent
nuclear antigen 1 (LNA-1). Extensive research on the function of LNA-
1 revealed that it acts synergistically with the H-ras protein to induce
cellular proliferation and transformation [144].

5. Discussion

A significant amount of effort has been invested by numerous
research groups in order to clarify the function of complex signaling
cascades. The Ras/Raf/MEK/ERK pathway was initially considered to
be a signal mediator, initiating outside the cell membrane and
concluding in the cell nucleus. However, signaling pathways are
implicated in a vast number of cellular functions, which in many cases
contradict each other. In modern day research, it is known that
information is transduced not only from the receptor to the nucleus,
but also between cascades. Since a large number of molecules
communicate with each other in the cytoplasm, the signal mediators
serve as a “pyramid” of information. The key components of each
pathway are located at the top of the “pyramid”. As the “pyramid”
opens, various signal mediators, such as the MAPK kinases start to
interact with molecules from different pathways to produce an
enormous array of responses and signals.

It is known that most of the existing infectious agents predate the
human race. Viruses in particular, have the capacity to evolve so
rapidly that modern science struggles to sustain the pace. The
frequent mutations that take place in herpesviral genomes produce
novel capsid recognition sites specific to host-cell surface receptors,
and ultimately aim to increase permissiveness to the host cell. Due to
their prevalence in the worldwide population, herpesviruses have
evolved to a point that they are able to manipulate host-cell
mechanisms to achieve enhanced permissiveness and ensure latent
infection. In their effort to replicate in vivo, herpesviruses alter the
mechanisms of cell division, proliferation and cell death, including the
Ras signaling pathway (Fig. 1).

The previous statement, however, does not fully apply to alpha-
herpesviruses since there is no concrete evidence associating HSV-1/-
2 infection to the altered proliferation of the host cell. Although
several HSV proteins appear to employ components of the Ras
signaling pathway, there are still a large number of viral proteins that
have not been studied. Research on VZV appears to be even more
obscure, probably due to the minimal scientific interest in the
transformation properties of the virus.

Beta-herpesviruses interact with the cellular cyclin proteins in
order to induce cell cycle arrest during infection. Once beta-
herpesviruses are able to replicate within the cell, they manipulate
the cell division process to increase the viral progeny. It is also widely
known that beta-herpesviruses are able to block apoptosis, a process
that would eventually result in their extinction. Although none of the
beta-herpesviruses has been implicated in malignancy, their impact
on the normal cell cycle and apoptosis raises significant questions on
how they are able to modulate the cellular environment to their
advantage.

Gamma-herpesviruses, on the other hand, directly implicate host-
cell signaling processes in such a way that the physiological function
of the cell is derailed, resulting in the abnormal transformation of the
infected tissue. Furthermore, gamma-herpesviruses are able to both
mimic ligands specific for receptors such as EGFR and employ such
receptors in order to gain entry. The members of the MAPK family of
kinases (MEKK, MAPK and ERK) are also targeted by gamma-
herpesviruses. The Epstein–Barr virus, in particular, employs both
the MEKK kinase and PI3K to increase its virulence. The Human
Herpesvirus 8 is unique among herpesviruses due to its direct
association with the Kaposi sarcoma and due to the number of
cellular proteins it regulates. KSHV is able to interact with two
molecules of the Ras pathway, Raf and Erk, while it indirectly induces
the expression of PI3K and p38.

In summary, KSHV and EBV are the herpesviruses most involved
in the Ras signaling pathway. KSHV employs the ras pathway by
activating ras, PI3K, p38 and ERK1/2, whereas EBV activates MEK1/2
and PI3K kinases in order to promote cell proliferation and cell
survival respectively. Additionally, HSV-1 and HSV-2 induce the
expression of both ras and raf oncogenes, in order to promote
prolonged proliferation of the host cell and establish a latent
infection. Finally, HCMV, VZV and HHV6/7 are the less studied
herpesviruses as far as the Ras signaling pathway is concerned.
However, the discovery of the tumor-suppression activity of the
HHV-6 ts gene in ras-overexpressing tumors is of great importance
and its role should be investigated further, if we are to target HHV6
infection with gene therapy strategies. HCMV infection affects the
pathway upstream of ras, at the tyrosine kinase receptor level,
leaving many unanswered questions as to which specific molecules
of the Ras pathway are induced and/or inhibited. Furthermore, VZV
establishes a two-fold increase in p38/MAPK phosphorylation levels,
proving that the pathway is susceptible to manipulation. What
remains to be determined is whether the expression of VZV trans-
cripts is associated with activation of upstreammolecules such as Ras
and Raf.

Due to the highly intrusive nature of herpesviruses, the host cell is
rendered almost incapable of preventing the invasion. In addition,
herpesviral genomes stay well hidden as episomes inside the host,
opportunistically reactivating to cause severe inflammation and
damage to the host. Consequently, the host cells are fated to become
the “puppet” in the “hands” of the herpesvirus. Therefore, viral-
mediated oncogenesis research needs to combine the research fields
of Oncology and Virology. It is this unavoidable convergence of
expertise that will elucidate the role of herpesviruses in cancer and
ultimately produce a host-specific drug to combat cancer.
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