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ABSTRACT 
            Over 90% of the adult human population carries Epstein-Barr Virus (EBV). EBV stays 

for life, striking a balance with the immune system. The  virus evades immune elimination by 

severely restricting its own gene expression. The latent infection is established with the 

resting memory type B-cell as the reservoir.  

In the majority of infected individuals worldwide the coexistence with EBV is 

harmless.  The dependence on a functioning immune system  is evident from the long list of  

EBV-associated diseases that also feature accompanying immune dysfunction.  

An RNA message for the Latent Membrane Protein 2A (LMP2A) of EBV is 

constantly detected both in peripheral B-cells of healthy EBV carriers and in EBV-associated 

tumors. Elucidation of LMP2A interactions with the host cell will therefore contribute both to 

a better understanding of cellular signaling pathways, the regulation of EBV latency and to 

treatment of EBV-associated malignancies. Years of LMP2A research lead to the conclusion 

that LMP2A serves as a safeguard for the latency of EBV in the resting memory type B cells 

by interfering with and intercepting B-Cell Receptor (BCR) functions. In the normal resting B 

cell, BCR provides tonic signals to promote cell survival until the B-cell encounters its 

cognate antigen, upon which antigen-induced BCR signals will initiate differentiation to 

antibody-producing plasma cells. LMP2A sends surrogate tonic survival signals but interferes 

with the antigen-induced signals from the BCR. It does so by activating a key survival 

molecule in the cell, the serine-threonine kinase Akt and by down-regulating the Src-family 

tyrosine kinase Lyn, which is essential for antigen driven B-cell activation and differentiation. 

This knowledge was gained by using in-vitro cultured cells, biochemical and reverse genetic 

methods, as were the present studies, since the in-vivo cells that harbor the latent EBV 

infection are so scarce that direct studies can not be performed. 

 Studies of viral perturbation of cellular systems are relevant model systems for 

learning about the normal functions of the cell and for pointing to vulnerable functions that 

are targeted also in non-viral disease, as in cancer. 

In the present thesis I provide evidence that: 1. Activation of LMP2A by constitutive 

tyrosine phosphorylation requires clustering of LMP2A molecules in the raft compartments of 

cell membranes (Paper I). 2. Src-family kinases, normally associated with the BCR, are 

labeled for degradation by E3 ubiquitin ligases of the Nedd4/AIP4 HECT-domain family, 

which are bound to LMP2A (Paper II); 3. LMP2A interacts with the Shb signaling scaffold, 

which can mediate Akt activation (Paper III). 
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1 INTRODUCTION 
 

The interaction of the human gammaherpesvirus 4 (Epstein-Barr virus) with 

its human host and in particular with its immediate target cells, B-cells and epithelial 

cells have merited intense work over the last 45 years and has yielded fundamental 

insights into the function of the human immune system and mechanisms of 

carcinogenesis. EBV latency has been classified by WHO as a cancer risk factor, 

particularly in the immunosuppressed, where lymphomas frequently arise. In certain 

regions in south Asia EBV positive nasopharyngeal carcinoma is a very frequent 

malignancy. For these reasons, studies of how viral latency is maintained and 

regulated are urgent, because it may be possible to disrupt viral latency in patients at 

risk. In addition, the mechanisms by which viruses control cellular signalling 

frequently point to processes that are also involved  in non-viral carcinogenesis. In 

particular, viruses frequently target programmed cell death and programs affecting 

cell cycle progression and proliferation.  

The LMP2A membrane protein is one of the dominating viral factors for the 

maintenance of latency in B-cells as far as we know today.  Its frequent expression in 

the epithelial nasopharyngeal carcinomas makes it a candidate as an auxiliary to the 

development of these tumors as well. The small resting B-cells in the peripheral 

circulation that carry EBV express LMP2A, and LMP2A was shown to disable 

signalling from the BCR by preventing its tyrosine phosphorylation by the Lyn and 

Syk kinases after antigen binding.  This, it is argued,  prevents accidental reactivation 

of the virus and conserves the resting phenotype of the virus-carrying B-cell. In 

addition, LMP2A was recently shown to activate the Akt protein kinase. This protein 

kinase can inactivate the GSK-beta kinase, causing release of unphosphorylated beta-

catenin to translocate to the nucleus, where it stimulates transcription of  TCF-

responsive genes related to cell proliferation, such as the Myc-gene. Thus, LMP2A 

can stimulate cellular proliferation.  Through its action on Akt and GSK3-beta, 

LMP2A can also counteract apoptotic signalling and activate the cell-cycle. 

 The studies of LMP2A presented in this thesis seek to explain some basic 

molecular interactions of the LMP2A gene that elucidate the functional consequences 

of its activity. First, the basis for LMP2A activation was studied, resulting in the 

definition of a clustering domain in the short C-terminal tail of LMP2A. Only the 

clustered LMP2A molecules are phosphorylated on tyrosine, and are active. Second, 
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the basis for tyrosine kinase inactivation by LMP2A was studied. This results in the 

functional inactivation of the B-cell antigen receptor (BCR), as noted above. The 

results diefined a new molecular interaction between LMP2A and the Nedd4/AIP4 

HECT-domain E3 ubiquitin ligases, which ubiquitinate the Lyn and Syk kinases. 

Third, molecular basis for LMP2A-mediated activation of the “survival” kinase Akt 

was studied. This led to the identification of a previously unknown molecular 

interaction between LMP2A and the Shb signalling scaffold. Shb assembles signalling 

complexes to allow further transmission of ligand-induced signals from cell surface 

receptors, such as TCR and PDGFR. As part of its strategic functions, it activates Akt. 

This finding may indicate a more far reaching influence of LMP2A also on cellular 

receptors for growth factors, cytokines and chemokines.  
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2 AIMS OF THE THESIS 
 

The aim of this work was to utilize the interaction of an oncogenic human 

herpesvirus, Epstein-Barr virus, with human host cells as a model system for studying 

the molecular mechanisms that underly viral latency and carcinogenesis in lymphoid 

and epithelial cells. The many cellular systems targeted by this virus are examples of 

vulnerable points in the cellular machinery, systems that may also be perturbed by 

mutation or epigenetic processes during tumor development. My studies of the 

perturbation effect of single viral genes on cellular signal transduction pathways led to 

the following discoveries: 

 

Paper I: 
LMP2A molecules cluster with each other and with LMP2B molecules through 

sequences in the short (27 a.a.) intracellular C terminus.  The clustering of LMP2A is 

a prerequisite for its  constitutive activation by tyrosine phosphorylation. 

  

Paper II: 
LMP2A of Epstein-Barr virus  interacts directly with the cellular HECT family E3 

ubiquitin ligases which leads to polyubiquitination of the Lyn and Syk tyrosine 

kinases and enhances degradation of Lyn. This may account for the down-modulation 

of BCR signalling observed in many EBV-positive cell lines. 

 
Paper III: 
LMP2A recruits the cellular scaffolding protein Shb to phosphorylated SH2 and PTB 

motifs in its N-terminal tail. This finding suggests a new model for how LMP2A-

mediated survival signalling may be initiated.  
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3 EBV - A virus with many a cunning plan  

  3.1 Stow-away with malign intent? 
Over 90% of the human adult population carries Epstein-Barr Virus (EBV). 

The virus  has co-evolved with the human species from its primate ancestors over 

millions of years and during this long association the virus life cycle has become 

superbly adapted to its only host, human beings. Once it gains access to the human 

body it will stay for life, with the resting memory type B cell as its reservoir for latent 

infection (Gratama et al.,1988; Cheung et al.,1993; Decker et al.,1996; Babcock et 

al.,1998) with intermittent reactivation leading to shedding of virus in saliva  

throughout life. Thus, EBV can  be transmitted by saliva, blood or tissue 

transplantation. The  virus evades immune elimination by residing in a scant pool of 

peripheral B-cells, and by severely restricting its own gene expression. Due to the 

paucity of these cells, they cannot be analysed directly (Khan et al.,1996).  The 

majority of EBV positive individuals acquire virus during the first years of life 

(Rickinson and Kieff,  2001). EBV infection is usually asymptomatic. In 

immunocompetent individuals, cytotoxic T cells (CTLs) are  capable of an efficient 

control of the viral load (rev. in Thorley-Lawson,2001). If infection is delayed until 

adolescence up to 30% of infected individuals will develop infectious mononucleosis 

(IM), a mild self-limiting immune disorder caused by EBV infection in conjunction 

with an overly reacting host immune system (Williams et al.,2004). Reactive 

mononuclear T cells secrete a variety of inflammatory cytokines, which are generally 

thought to be responsible for the clinical symptoms of IM. The remarkable difference 

in disease outcome upon primary EBV infection in  early childhood versus 

adolescence may be explained by differences in the dose of infectious virus received 

at the time of infection (Rowe, et al., 2001;Crawford, et al.,2002). 

The harmless life-long coexistence with EBV in the majority of infected 

individuals worldwide EBV depends heavily on a properly functioning host immune 

system, a dependence which is clearly borne out by the long list of  EBV-associated 

diseases featuring accompanying dysregulation of immune system: 

Burkitt’s lymphoma (BL), Hodgkin’s disease (HD), Nasopharyngeal 

carcinoma (NPC), gastric carcinoma, leiomyosarcoma, primary central nervous 

system lymphoma in AIDS, nasal NK/T cell lymphoma, periferal T cell lymphom,                              
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immunoblastic lymphomas in immunodeficient individuals, X-linked 

lymphoproliferative disease (Duncan’s syndrome), chronic acute EBV infection 

(CAEBV), hemocytophagic syndrome (rev. in Crawford, 2001; Herrmann & 

Niedobitek, 2003; Knecht et al., 2001;Bishop & Busch, 2002; Thorley-Lawson & 

Gross, 2004; Hammerschmidt & Sugden, 2004). 

It was noticed early that EBV was associated with and could be detected in a 

number of tumors (zur Hausen et al.,1970; Johansson et al.,1970) but since no animal 

model was available to directly test the role of EBV in the development of those 

EBV-associated malignancies, it was only by an accumulated body of evidence from 

in vitro studies of individual EBV genes and particularly clinical studies of EBV-

associated lymphomas in the immunosuppressed (Neri et al.,1991; rev.in Shroff & 

Rees,2004) that the oncogenic properties of EBV could be elevated from the level of 

“guilt by association” to a “type I cancer risk” (accordingly to WHO classification). 

New, more sensitive approaches, like PCR on the single cell level (Kurth et al.,2000) 

will likely strengthen the evidence for a viral contribution to the EBV associated 

tumors. A first model system for studying the interaction of EBV with the human 

immune system has also been created (Traggiai E., et al. 2004), where reconstitution 

of a human immune system was achieved in the mouse. The demonstration, in this 

system, that development of lymphomas depended  on the infectious dose of EBV 

also supports the notion of a viral contribution to associated tumors.  

The tumorigenic potential of EBV justifies the efforts spent to study the 

biology of EBV, its life cycle and the peculiarities of its relationships with the host 

cells and the  immune system.  

EBV was discovered in the 1950s as a result of work by a British physician, 

Denis Burkitt. Burkitt identified a previously unrecognised form of lymphoma, which 

affected the jaws of young African children (Uganda). Later Tony Epstein and 

Yvonne Barr, English pathologists identified a novel herpesvirus, by electron 

microscopy, in biopsy specimens of this B-cell neoplasm now known as Burkitt’s 

lymphoma (BL). Its association with infectious mononucleosis was discovered 

accidentally when serum collected from a laboratory technician convalesceing from 

infectious mononucleosis was found to contain an antibody that recognized cells from 

African BL. This finding was later confirmed in a large serologic study performed on 

college students. 
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3.2 Enter EBV 
EBV or human herpesvirus 4 (HHV4), is a virus species belonging to the 

lymphocryptovirus genus of the gammaherpesvirinae subfamily (Roizman et al., 

1995). Related viruses exist in all Old World primates.  Lymphocryptoviruses share a 

tropism for B-lymphocytes. EBV infects B-lymphocytes with very high efficiency, 

both in vitro and in vivo. The CD21 molecule on B-cells (the receptor for the C3d 

component of complement, also called complement receptor type 2 (CR2)) is 

identified as the EBV receptor (Fingeroth et al.,1984). The MHC class II molecule on 

B-cells serves as a co-receptor for EBV, which plays an important role for virus entry 

(Li et al.,1997). Like all herpesviruses, EBV has latent and productive (lytic) phases 

in its life cycle, the former maintaining the virus over the long term in its host and the 

latter effecting virus production and spread.  

Virus morphology is identical to that of other members of the herpesvirus 

family. The EBV genome in the virion is a linear double-stranded DNA molecule of 

172 Kb (rev.in Kieff & Rickinson,2001), wrapped around a protein core which looks 

like a fibrillar spool. The ends of the fibers are anchored to the underside of the capsid 

shell,which consists of 162 capsomers organized as an icosahedral shell. The 

nucleocapsid is surrounded by a tegument layer of globular proteins. EBV, like all 

herpesviruses, is an enveloped virus. The envelope is derived from the inner nuclear 

membrane of the host cell.  The envelope surface appears rough and contains spikes, 

which are dispersed evenly over the surface. The spikes are the virus-encoded 

glycoproteins gp220 and gp350. The gp220 and gp350 proteins are structurally related 

and derived from a single gene by differential splicing. They bind to the CD21 on the 

B-cell. Three other viral glycoproteins gp42, gp85 and gp25 use the HLA class II 

molecule as a co-receptor. The receptor-ligand interaction plays a role in the early 

phases of viral infection. Therefore efforts to get full infection by transfecting naked 

viral DNA have failed. 

Binding is followed  by aggregation of the CD21 on the plasma membrane and 

internalisation of EBV in cytoplasmic vesicles, where the viral envelope fuses with 

the vesicle membrane, releasing the nucleocapsid and the tegument into the cytosol. 

The linear double stranded viral DNA circularises within the cell nucleus to form an 

extrachromosomal episome via homologous recombination of terminal repeat 

sequences (Hurley & Thorley-Lawson,1988). Each progeny will have a unique 
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number of repeats. The number of repeats is therefore an indication of whether the 

virus in the latently infected cells or in a  tumor derives from one or several 

progenitors (Raab-Traub & Flynn,1986), revealing the clonality of the cells.  

The EBV genome was the first herpesvirus to be completely sequenced (Baer 

et al.,1984). The Genbank sequence library accession number is  V01555, M35547, 

AJ507799, corrected recently (de Jesus et al.,2003). The genome contains 84 open 

reading frames (ORF) (Farrell, 1993) of which only 11 are transcribed and 9 

translated in latency. Most of the genome is devoted to viral replication in the lytic 

cycle. Designation of viral genes originates from the BamHI restriction map of B95-8 

viral strain, listed in alphabetical order accordingly to the size of the  restriction 

fragments. Thus, by the accepted convention, the gene for the membrane protein 

LMP2 is BNRF1, for BamHI fragment N, Rightward reading Frame 1. 

B-lymphocytes and epithelial cells are regarded as two major cell types where 

EBV resides. Since no receptor responsible for viral entry into epithelial cells is 

known, it is still controversial how the virus can enter these cells.  Entry of EBV into 

epithelial cells has different requirements than entry of EBV into B lymphocytes 

(Wang et al.,1998). It has been suggested that EBV can enter the epithelium by cell-

cell fusion (Bayliss & Wolf, 1980) or in an immune complex with IgA (Tugizov et al., 

2003). It is not excluded that there are other receptors for the virus than CD21.  

The exact site of the primary infection is also controversial (rev. in Spear & 

Longnecker,2003).  Epithelial cells are clearly permissive for the EBV productive 

cycle in vivo. This was discovered during the study of oral hairy leukoplakia (OHL) 

lesions in AIDS patients (Niedobitek et al., 1991; Greenspan et al.,1985). EBV easily 

undergoes lytic replication in epithelial cells in vitro. Because of this it is very 

difficult to establish epithelial cell lines carrying EBV. On the other, hand EBV is 

very efficient in establishing latency in B-cells. In vitro infection of B lymphocytes 

results in activation and continuous proliferation of latently-infected B-cells as 

immortalized lymphoblastoid cell lines (LCL). With this taken into account, a model 

has been proposed for the EBV entry into a human body, reflecting  the alternating 

life cycles of EBV in epithelial and B-cells (Borza & Hutt-Fletcher, 2002).  
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Figure 1. Overview of the EBV life cycle. Virus carrying cells are indicated by 
hexagonal capsid icons.  
 

An initial round of replication in epithelial cells of the oropharynx would serve 

to amplify incoming virus and allow infection of B lymphocytes passing through the 

tonsils. Indeed there is a difference in the pattern of glycoproteins presented on 

virions produced in epithelial cells versus B-cells which would favour this scenario.  

Viral particles produced by B-cells, are depleted of gp42 on its surface,  due to 

intracellularl binding of  gp42 to its cellular receptor, MHC Class II molecules, that 

are expressed abundantly in B lymphocytes (Li et al.,1997). Viral particles of B-cell 

origin, would infect epithelial cells normally since there is no requirement for co-

receptors for their infection by EBV. Viruses, produced in epithelial cells, which do 

not express MHC Class II, can successfully infect the B-cells (Wang et al.,1998) 

utilizing the MHC class II co-receptor. Alternatively, EBV life cycle could be 

restricted entirely to the B-cell compartment (Faulkner, et al., 2000).   

Besides B lymphocytes, EBV is able to enter other subsets of lymphocytes, 

like macrophages, T cells, NK cells and epithelial cells (Rickinson & Kieff, 2001).   
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3.3 EBV latency  
Like all herpesviruses, EBV is able to establish latency in certain infected 

cells. For EBV these are in the human resting memory type B cell compartment. One 

can define viral latency as viral residence in a cell without production of virions. A 

remarkable feature of the EBV genome is that it has developed an elaborate 

mechanism to switch between several distinctive patterns of gene expression,  defined 

as latency types. Varying types of EBV latency are exemplified in EBV positive 

tumors and in vitro immortalized B-cells. EBV switches between three major 

promoters in different types of latency. They are the Qp promoter (Qp), Cp and Wp 

promoters. All three are essentially exclusive in their usage (Woisetschlaeger et al., 

1989 and1990). The outcome of usage of a particular viral promoter  depends  on the 

interplay between viral proteins and the available pool of cellular transcriptional 

factors.  The Qp promoter is the one predominantly used in the healthy carriers during 

most restricted viral latency, in resting memory type B-cells (Tierney et al.,1994;Chen 

et al.,1995) and in BL tumors (Schaefer et al.,1995; Tsai et al.,1995). Cp/Wp 

promoters usage is detected during immortalization process and in LCLs. After entry 

into the cell, circularization of viral genome and transition of cell from G0 to G1 there 

is a switch in a promoter usage from Cp to Wp (rev. in Rowe,1999). Usage of the Wp 

promoter will initiate transcription of  9 latent genes. Of these, the EBNA-1, -2, -3, -4, 

-5, -6 are direct products of spliced messages from the Wp promoter, while LMP1-,  

LMP2A- and 2B-transcription depend on EBNA 2 expression from the Wp promoter.  

The ability to infect primary human B lymphocytes of healthy individuals in 

vitro and to induce an unlimited proliferation of these cells (called immortalization or 

growth transformation) was discovered for EBV in 1967 (Henle et al.,1967;Pope et 

al.,1968). Although proliferation of primary B-cells can also be induced by CD40L 

and IL4 in vitro, only infection with EBV gives rise to sustained proliferation and, 

eventually, immortalized cell lines, lymphoblastoid cell lines (LCLs). The phenotype 

of these LCLs is characterized by B-cell activation markers like CD21 and CD23 and 

the absence of germinal-center  B-cell markers like CD38.  Immortalization is 

associated with a dramatic change in the morphology and growth behaviour of the 

cells in culture. They lose their round small-size morphology, become large and 

irregular in shape, develop villipodia and strongly adhere to each other forming large 

clumps. This phenotypic change is associated with an entry of the cells into the cell 
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cycle and continuous proliferation with a doubling time of 20-30 h (Tatsumi, 1992; 

Nilsson 1992). Cell growth is serum- and density-dependent and cultured cell lines 

grow most rapidly when maintained between concentrations of 105 and 106 cells per 

ml. The density and serum dependence are suggestive of autocrine feedback loops 

operating to sustain and enhance growth (Gordon et al.,1984). IL5, IL6, IL10, and 

TNFβ, have all been implicated as autocrine growth factors for EBV immortalized 

cells (Baumann & Paul,1992; Moor et al.,1993; Scala et al.,1990; Stewart et al.,1994; 

Tanner et al.,1992; Tosato et al.,1990). The percentage of resting B-cells from human 

peripheral blood susceptible to transformation has been estimated at between 10% and 

100% (Miller, 1990). LCLs are used widely for various purposes: in etiological 

studies of tumorigenesis by EBV; as sources of DNA and cells to study various 

genetic disorders; and for studies of immunology and cellular biology.  

A series of recent  studies (rev. in Sugimoto et al.,2004) challenge the concept 

of LCL immortality merely as the acquisition of an unlimited life span, although these 

cells were initially found to have normal diploid karyotypes (Miller 1990; Nilsson 

1992). EBV-transformed LCLs are essentially mortal at early stages of in vitro 

growth, with low telomerase activity and normal diploid karyotypes, but upon 

prolonged cultivation, these cells develop into immortal and even tumorigenic cells 

following the activation of telomerase and appearance of aneuploidy. There is now an 

emerging classification of LCLs into  pre- and post-immortal LCLs (rev. in Sugimoto 

et al.,2004). Pre- and post-imortal LCLs are clearly distinguished by the following 

criteria: Post-immortal LCLs have much higher telomerase activity and aneuploidy; 

and they should exceed at least 180 population doubling levels (PDLs).  EBV 

proteins, such as EBV nuclear antigens and latent membrane proteins, participate in 

transformation of resting B-cells into actively proliferating cells, which is the first 

step of their immortalization and possible subsequent tumorigenic transformation. In 

the following section, it will be discussed how each of the genes associated with 

latency may participate in the immortalization process and in cell transformation. It 

has also been observed that eventually, a  large proportion of LCLs spontaneously 

differentiate into smaller lymphoid cells which down-regulate EBNA2 and ultimately 

undergo apoptosis during conventional cell culture (Satoh et al, 2003). Interestingly, 

this process might be subject to CD40 regulation. A report describing the same 

phenomenon after  treatment of LCLs with a CD40 ligand (Pokrovskaja et al.,2003).   
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For the transition of LCLs from the pre-immortal to the post-immortal stage 

and from the post-immortal to the tumorigenic endpoint, EBV proteins are likely to 

provide cooperative functions with the host adaptive responses to the in vitro culture 

conditions and progressive genetic lesions sustained during long term culture. 

Of the immortalized B cells in a culture, 10-15% spontaneously undergo lytic 

replication. This view of progressive changes in the LCLs during in vitro culture 

would essentially parallel the progression of other virus-immortalized cells, such as 

keratinocytes immortalized with the HPV E6 and E7 genes through the initial release 

from cell-cycle controls and DNA damage checkpoints to aneuploidy and tumorigenic 

transformation. 

 

4 EBV GENES IN LATENCY  
4.1 EBNAs (EBV nuclear antigens) 
The EBNAs comprise six nuclear proteins, EBNA1, EBNA2, EBNA3 

(EBNA3A), EBNA4 (EBNA3B), EBNA5 (EBNA LP), EBNA6 (EBNA3C). The 

EBNAs genes are scattered across about 100 kb of the EBV genome and are 

expressed by way of a transcription unit that runs across most of the genome and upon 

splicing produces an assortment of mRNA species from which the individual EBNA 

proteins are translated (Henderson et al., 1994). 

 

4.1.1 EBNA1  
EBNA1 is a large protein of 66-95kDa. Variation in the EBNA1 protein size is 

due to a natural variation in the size of its glycine-alanine (GlyAla)-rich repeat region 

(Hennessy & Kieff,1983).  

EBNA1  contributes to the EBV-induced immortalization of B-cells by virtue 

of its ability to maintain the  viral genome in the host cells. EBNA1 binds to a viral 

origin of replication (ori P) to initiate replication of the viral episome in parallel with 

the host genome, during the S phase. EBNA1 binds as a dimer to the oriP in a 

sequence-specific manner (Ambinder et al., 1990; Rawlins et al.,1985). After cell 

division, the the viral episomes distribute equally to the daughter cells, and thus the 

number of episomes remains constant (Gussander & Adams,1984; Mecsas & Sugden, 

1987; Yates & Guan,1991;Yates et al.,1985). EBNA 1 contributes to this maintenance 

of genome copy number also by physically linking the viral episomes to a host cell 
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chromatin protein, EBP2 (Wu et al.,2000), which explains the surprising early finding 

that interphase chromatin could be visualized using the anti-complementary 

immunofluorescence (ACIF) staining for EBNA 1 (Ohno et al.,1977).   

Messages for EBNA1 can be transcribed either from the Cp/Wp or Qp 

promoters. EBNA 1 mRNAs are detected in all EBV infected cells, but with varying 

consistency. They are detected readily in rapidly proliferating cells but inconsistently 

in the long-lived memory-type B cells in the periphery.  An explanation for this 

phenomenon appears to be the very long half-life of EBNA1 (Levitskaya et al.,1997). 

Binding of EBNA1 to the Qp promoter down-regulates its expression. On the 

contrary, EBNA1 binding to Cp/Wp serves to enhance expression of all EBNAs.  

A knowledge how to manipulate the switch between different promoters would be of 

a great value in the clinic, for treatment of EBV associated malignancies. 

The accumulating data suggest that besides regulating expression of other viral 

transforming genes, EBNA1 seems to have a transforming capacity on its own.  A 

first indication of EBNA1 transforming capacity came from an analysis of transgenic 

mice expressing EBNA1 in B cells under control of the immunoglobulin enhancer. 

 The EBNA1 transgenic mice developed lymphomas (Wilson et al.,1996).  The 

contribution of EBNA1 to the maintenance of the transformed state of EBV-positive 

BLs was recently demonstrated by showing that introduction of a dominant-negative 

EBNA1 inhibits p53-induced apoptosis in these cells (Kennedy et al., 2003). That 

EBNA 1 provides a proliferative stimulus is also supported by recent genetic studies 

of EBNA1. Derivatives of EBV lacking EBNA1 were produced, and shown both to 

infect B cells and induce their proliferation, but with a frequency 10 000-times lower 

than that of wild-type EBV (Humme et al.,2003). These proliferating cells lack 

episomes but have viral DNA integrated into host cell DNA. This would indicate that 

the combined effects of EBNA1 functions provide a 10 000-fold enhancement of the 

capacity of EBV to initiate and maintain the proliferation of normal infected B cells. 

Thus, it appears well justified to classify EBNA1 as a transforming agent on its own. 
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Table 1: Summary of the known cellular partners of EBNA1. 

EBNA1 interacting 
proteins 

Functions/functionality 
of interaction 

     References 

Karyopherins 
α1/hSRP1/NPI−1and 
α2/hSRP1α /NPI-3/hRch1 

Adaptor subunits of 
nuclear localization signal 
receptors (rev.in Xu & 
Massagu,2004) 

Fisher at al., 1997;Kim et 
al.,1997; Ito et al.,2000 

RPA(hSSB) Replication Protein A. 
Binds ssDNA during 
replication in eukaryotes 
(Li et al.,1993) 

Zhang D. et a.,1998 

P32/TAP(HIV Tat-
associated protein), also 
known as SF2-associated 
p32, and gC1q-R 

Might play a role as a 
cellular coactivator that 
bridges EBNA-1 to TFIIB 
(Wang et al.,1997; Yu et 
al.,1995). 

Wang et al.,1997 
Chen M-R.et al., 1998 

USP7 or HAUSP(the 
Herpesvirus-Associated 
Ubiquitin-Specific 
Protease 

Cooperates with EBNA1 
in control of oriP. 
Binding to USP7 may 
destabilize p53 (rev.in 
Masucci, 2004) 

Holowaty et al., 2003 

 

4.1.2 EBNA2  
The size of EBNA2 varies between 75-105kDa (Dillner & Kallin,1988). 

EBNA2 is absolutely required for immortalization of the infected B cells in vitro 

(Cohen et al,1989; Hammerschmidt & Sugden, 1989). It is one of the first viral 

proteins expressed following infection of primary B lymphocytes in vitro, after 24-

48hr (Alfieri et al, 1991).  

EBNA2 is a transcriptional activator. It acts on the viral C-promoter for the 

EBNA genes, the LMP2A promoter and the bi-directional promoter for LMP1and 

LMP2B (Fåhraeus et al,1988; Ghosh & Kieff,1990;Tsang et al,1991; Wang et 

al,1990b; Zimber-Strobl et al, 1991; Zimber-Strobl et al,1993). EBNA2 also 

transactivates cellular genes such as CD21, CD23 , c-fgr and c-myc (Knutson, 1990; 

Wang et al, 1987; Kaiser et al.,1999).  

EBNA2 does not bind directly to DNA. In the majority of cases the trans-

activating activity of EBNA2 could be explained by binding to CBF/RBP-jκ (Ling et 

al.,1994; Waltzer et al.,1994; Hsieh & Hayward,1995) and RBP-2N, the major of 

three natural isoforms of RBP-jκ, which is widely expressed and highly conserved. 

RBP-jκ belongs to a family of CSL proteins. Interactions of EBNA2 of EBV and 
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other herpesviruses  with cellular CSL proteins was recently discussed by Hayward 

(rev. in Hayward, 2004).  

In the cell, RBP-jκ is the downstream effector of the cell surface receptor 

Notch. Activation of Notch upon binding to its ligand is followed by proteolytic 

cleavage of the intracellular part of Notch which goes to the nucleus, where it replaces 

transcriptional co-repressors, like TLE, in humans from a complex with RBP-jκ, to 

initiate transcription.  In lymphocytes, Notch signalling is crucial in defining the fate 

of the common lymphoid progenitors in the bone marrow and adult thymus (rev. in 

Allman et al, 2002). There are reports on the function of Notch as a tumor-suppressor 

in keratinocytes where it has a crucial role in coordinating the synchronous 

differentiation of squamous epithelium. There are reports pointing to a tumorigenic 

potential of Notch (rev. in Weng & Aster,2004). Thus, both Notch and EBNA2 target 

RBP-jκ, although it  appears that binding of activated Notch and EBNA2 to RBP-

jκ occurs through distinct domains and it is possible to inhibit a binding site on RBP-

jκ to disrupt EBNA2  binding without affecting interaction with Notch (Fuchs et 

al.,2001). 

Binding of EBNA2 to its target gene promoters via RBP-Jκ is not sufficient to 

activate transcription. EBNA2 carries a strong transactivation domain in its C-

terminus, which can interact with multiple constituents of the RNA polymerase II 

transcription complex, listed in the table below.  

 The major findings on EBNA2 function, have been made in the EREB2.5 cell 

line where transcriptional activity of EBNA2 could be regulated (Kempkes et 

al.,1995). Either the N- or C-terminus of full length EBNA2 was fused to the hormone 

binding domain of the estrogen receptor. The inactive steroid hormone receptors  are 

stored in the cytoplasm in a complex with heat-shock proteins, but released and 

translocated to the nucleus upon ligand binding. Thus it was assumed that this 

chimeric EBNA2 also would be retained in the cytoplasm but not exert its 

transactivating functions unless the cells are treated with β-estradiol.  

This conditionally active EBNA2 provided a possibility to follow the chain of 

events after EBV infection of  B-lymphocytes, such as the dramatic up-regulation of 

cyclin D2, showing that it was  attributable to the combined actions of the two EBV 

proteins, EBNA2 and EBNA5 (Kempkes et al., 1995; Sinclair et al.,1994; Schlee et 

al.,2004). 
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Other  results obtained with a help of this system indicated  for the first time 

an opposing effect of EBNA2 and c-myc in BLs (Zimber-Strobl et al.,1999). EBNA2 

could activate a moderate expression of c-myc,  but if c-myc is expressed at a high 

enough level it will take over  EBNA2 function to drive B-cell proliferation, which 

eventually will result in the down-regulation of EBNA2,  as was demonstrated in BL 

lines (Polack et al.,1996). C-myc-induced hormone-independent proliferation was 

associated with a dramatic change in the growth behavior as well as in the expression 

of cell surface markers of these cells. The typical lymphoblastoid morphology and 

phenotype of EBV-transformed cells completely changed into that of BL cells in vivo, 

i.e. fast proliferating, small, rounded B-cells with a centrocyte-stage phenotype, 

growing in culture as single cells.  It was concluded  that the phenotype of BL cells 

reflects the expression pattern of viral and cellular genes rather than its germinal 

center origin. The system also allowed to evaluate the degree of  apparent mimicry of 

Notch signalling by EBNA2 (Zimber-Strobl & Strobl,2001). It appeared that a 

constitutively activated Notch, in the  background of EREB2.5 without oestrogen, 

could initiate transcription of cell surface markers, like CD21 and CD23, as well as c-

myc and LMP1, although the latter with much weaker efficiency (Gordadze et 

al.,2001). Thus, exploitation of the conserved Notch-signalling pathways  may 

represent a key mechanism by which EBNA2 contributes to EBV-induced cell 

immortalization. 

The components of the basic transcriptional machinery listed in the table 

below are interacting with the same sequence in the EBNA2, which means that the 

number of EBNA2 molecules present at a transcription regulation site might 

determine the outcome of the EBNA2 interaction at that site. Thus, the level of 

EBNA2 expression and/or the stability of the EBNA2 protein would appear to be 

essential  for the outcome of immortalization. 
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Table 2. Known and putative interactions for EBNA2 

EBNA2 binding proteins Functions/functionality 
of interactions 

References 

RBP-jk, RBP-2N Mediates  transcription of 
Notch pathway target 
genes(Seto et al.,2000) and 
EBNA2 target genes. 

Henkel et al.,1994; 
Ling et al.,1994 

PU.1 A hematopoietic Ets-
transcriptional factor(rev. 
in Dahl & Simon,2003) 

Johannsen et al.,1995 

  hSNF5 A component of the ATP-
dependent chromatin 
remodeling hSWI-SNF  
complex. A tumor 
suppressor gene(rev. in 
Medjkane et al.,2004) 

Wu et al.,1996 

Spi-B A hematopoietic Ets-
transcriptional factor(rev. 
in Hu et al.,2001) 

Laux et al.,1994 

DP103 A putative DNA helicase 
which has an ATP activity 
and interacts with SMN 
protein(Grundhoff et 
al.,1999) 

Grundhoff et al.,1999 

P100 A nuclear protein, co-
operates with TFIIE in 
EBNA2-mediated B-cell 
transformation(Tong et 
al.(A),1995. 

Tong et al.(A),1995 

RPA70 A 70 kDa subunit of  
Replication Protein A,  a 
protein involved in DNA 
replication, repair 
synthesis, and 
recombination (Li et 
al.,1993) 

Tong et al.(B),1995 

TFIIH, p62 and p80 
subunits 

A component of basic 
transcriptional 
machinery(rev. in Zurita et 
al.,2003). 

Tong  et al.(C),1995 

TFIIB A component of basic 
transcriptional 
machinery(rev. in Zurita & 
Merino,2003). 

Tong et al.(B),1995 

TAF40 A TBP-associated protein, 
a component of TFIID(rev. 
in Zurita et al.,2003). 

Tong et al.(B),1995 
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4.1.3 EBNA5 (EBNA-LP)   
EBNA5 varies in size in a range of 20-130 kDa between different virus 

isolates (Finke et al,1987). EBNA5 is generated from exons in the repeated BamH1 

W fragments of the internal repeat region. The size variation of EBNA 5 is due to 

alternative splicing over this large internal repeat (Dillner, et al, 1986). EBNA5 is 

required for efficient immortalization of B cells by EBV (Sinclair et al.,1994; Harada 

& Kieff,1997). Coexpression of EBNA5 with EBNA2 increases EBNA2 mediated 

transactivation (Harada & Kieff, 1997; Yokoyama et al,2001; McCann et al.,2001). 

EBNA5 is  one of the first proteins expressed during infection of B-

lymphocytes in vitro, together with EBNA2 (Alfieri et al, 1991). The two of them can 

synergistically induce G0 to G1 transition in resting B cells through up-regulation of 

the expression of cyclin D2 (Sinclair et al, 1994). A miroarray analysis of EBNA5 

expressing B-cells identified the CC-chemokine TARC (thymus- and activation-

regulated chemokine) as a target of EBNA5 gene activation (Kanamori et al.,2004). 

EBNA5 seems specifically colocalize with CBP in PML bodies, where it may 

participate in the regulation of proteasomal degradation (Pokrovskaja et al, 2001; 

Szekely et al, 1996). It also colocalizes with pRb (Jiang et al, 1991). 

A recent paper demonstrated that phosphorylation of EBNA5 at Ser35 is one 

of the regulatory mechanisms behind its function as a coactivator (Kato et al.,2003). 
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Table 3. Known and the putative interactions for the EBNA5. 

 

4.1.4 EBNA 3,4 and 6  
Much less is known about the functions of these viral proteins. EBNA 3, 4 and 

6 are encoded by tandemly arranged genes from the middle of EBV genome. In the 

cell they all localized to the nucleus. All three proteins bind RBP-jk in their N-

terminal domain (Robertson et al.,1996). 

 

4.1.4.1 EBNA3 (EBNA3A) 
EBNA3 varies in size between 130-195 kDa (Dillner & Kallin, 1988; Falk et 

al.,1995). The coding exons for EBNA3 contain one large repetitive sequence. 

EBNA3 contributes primarily to the initiation of cellular proliferation by EBV 

EBNA5 binding partners Functions/Functionality 
of interactions 

References 

HA95 the catalytic subunit of 
DNA-dependent protein 
kinase catalytic subunit 
(Orstavik et al.,2000) 

Han et al, 2001; and 2002 

Hsp72/Hsc73 A Hsp70 family chaperon 
(Shi & 
Thomas,1992;Milani et 
al.,2002; 

Kitay & 
Rowe,1996;Mannik et 
al.,1995 

α-tubulin; β-tubulin Cytosceletal proteins Han et al.,2001 
Prolyl-4-hydroxylase α-1 
Subunit(PHD) 

Labels HIF-1α for a 
constitutive degradation in 
normoxia(Ivan et al.,2001) 

Han et al.,2001 

HAX-1 Cytoplasmic regulator of 
BCR pathway(Suzuki et 
al.,1997). Mediates 
complex formation with 
bcl-2 or BHRF1(Matsuda 
et al.,2003) 

Kawaguchi et al.,2000; 
Dufva et al.,2001; Yin et 
al., 2001) 

P14ARF Stabilises  p53 (rev. in 
Enders,2003). Binding to 
EBNA5 diminishes its 
ability to stabilize p53 in 
response to oncogenic 
stress. 

Kashuba E. et al.,2003  

hERR1 
(human oestrogen-related  
receptor 1) 
  

A transcriptional activator 
(Bonnelye et 
al.,1997;Giguere et 
al.,1998).  

Igarashi et al.,2003 
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(Kempkes et al, 1995;Tomkinson et al.,1993). It is not required to maintain cell 

growth but provides a selective advantage to the proliferating cell. 

 

Table 4. Known and the putative interactions for EBNA3. 

EBNA3-binding partners Functions/Functionality 
of interactions 

Ref. on the binding 

RBPjK, RBP-2N Regulates transcription of 
Notch pathway target 
genes (Seto et al.,2000) 

Waltzer et a.,1996; 
Robertson et al.,1995 

CtBP A transcriptional regulator 
(rev. in Chinnadurai,2003) 

Hickabottom et al.,2002 

XAP2 A minor subunit of the aryl 
hydrocarbon receptor 
complex(Carver & 
Bradfield,1997). Binding 
to EBNA3 may destabilize 
this complex. 

Kashuba E. et al.,2000 

ε-subunit of TCP-1 
 

A chaperonin (Leroux & 
Hartl,2000;Dunn et 
al.,2001) 

Kashuba E. et al.,1999 

UK/URPT An uridine kinase in the 
salvage pathway(Anderson 
& Parkinson,1997) 

Kashuba E. et al., 2002 

 

4.1.4.2 EBNA4 (EBNA3B) 
The EBNA4 protein is almost identical in size between different isolates and is 

180kDa (Qu & Rowe, 1995). It has been shown that EBNA4 can upregulate bcl-2 and 

protect cells from apoptosis induced by serum starvation (Silins & Sculley, 1995), but 

is not essential for B cell transformation in vitro (Tomkinson & Kieff, 1992). EBNA4 

was shown to interact with RBP-jk and RBP-2N. 

 

4.1.4.3 EBNA6 (EBNA3C) 
EBNA6 is  essential for immortalization of B cells (Tomkinson et 

al.,1993).The size of this viral protein is in a range of  130-180 kDa. Analysis of its 

predicted sequence has revealed features common to many viral and cellular 

transcription factors. Although there is no evidence for direct binding of EBNA3C to 

DNA directly, EBNA3C can modulate transcription through binding to the 

transcriptional modulator  RBP-jκ (Zhao et al.,1996). It was shown that EBNA3C  

represses the activity of the C promoter through binding to RBP-jκ independly of 
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EBNA2. In doing so, EBNA3C can negatively regulate its own expression and that of 

the other EBNAs (Radkov et al.,1997). 

 Data that EBNA3C  interacts with HDAC1 and the HDAC1-associated  co-

repressor mSin3A further confirms that EBNA3C participates in the regulation of the 

transcriptional environment of the chromatin (Knight et al.,2003). Possibly in 

cooperation with other viral factors, it can upregulate the viral LMP1 protein and the 

cellular proteins CD23 and vimentin (Allday et al, 1993; Johannsen et al, 1996; 

Robertson et al,1995; Waltzer et al, 1996). 

 

Table 5. Known and the putative interactions of EBNA6. 

EBNA6 binding 
partners 

Function/Functionality of 
interaction 

References 

   pRB     A tumor suppressor protein 
(Classon & Harlow,2002). 
EBNA6/ras cotransformation of 
rodent fibroblasts (Parker et 
al.,1996)  

Parker et al.,1996 and 
2000; Wade & Allday 
2000. 

Prothymosin 1 (Prot1), 
or ProT-alpha 

A nuclear protein (Gomez-
Marquez et al.,1988; Orre et 
al.,2001).Facilitates association 
with histone 1 and p300 
(Subramanian et al.,2002 B) 

Cotter & 
Robertson,2000; 
Subramanian et al.,2002; 
Touitou et al.,2001. 

HDAC1 A histone deacetylase. A 
component of  CSL co-
repressor complex(rev. in Wang 
et al.,2004). 

Radkov et al.,1999 

DP103 A putative DNA helicase which 
has an ATP activity and 
interacts with SMN. 
protein(Grundhoff et al.,1999) 

Grundhoff et al.,1999 

NM23-H1 A nucleoside diphosphate 
kinase A. A putative tumor 
suppressor protein (Hartsough 
& Steeg,2000) 

Subramanian et al.,2002 

 

Interestingly,  although  EBNA2,3,4 all interact with RBP-jκ and with RBP-

2N (Krauer et al,1999; Zhao et al, 1996), they all use unrelated peptide stretches in 

their sequences for  interaction with RBP-2N. Depending on the promoter context, 

these EBNAs may have synergistic or antagonistic effects on EBNA2-mediated, 

RBP2N-dependent, transcriptional transactivation (Waltzer et al., 1996). There are 

indications, as well, that all EBNAs may  act as transcriptional regulators which may 
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affect transcription trough mechanisms other than interference with EBNA2 binding 

to RBP-jκ (Radkov et al.,1997). 

 It appears, however, that viral regulation of transcription can be achieved also  

by other means than the conventional transcription factors. It  has been reported 

recently, that EBV, and probably other herpesviruses and large genome DNA viruses 

contain miRNA (microRNA) genes and thus may exploit RNA silencing as an 

unconventional means for regulation of host and viral genes (Pfeffer., 2004). 

 

4.2 LATENT MEMBRANE PROTEINS 
4.2.1 LMP1 (Latent Membrane Protein 1) 
LMP1 can be  expressed from three different promoters on  the viral genome 

during latency which gives rise to three different transcripts. Two  were detected in B-

lymphocytes infected with the B95-8 viral strain. A 60-63kDa protein is translated 

from the most abundant viral transcript  found in LCLs (Fennewald et al, 1984), 

transcribed from EDL1 promoter at nucleotide 169546. A 49kDa protein is produced 

from the EDL1A promoter (at nucleotide 169201 in the first intron of the EDL1 

transcript) in cells which enter the lytic cycle. A 3.5 kb LMP1 transcript has also been 

detected in nasopharyngeal carcinomas and Burkitts lymphomas. This transcript 

originates in a TATA-box free region of the first terminal repeat, but it seems to 

produce a 60-63kDa protein as well (Sadler & Raab-Traub, 1995).  Methylation of a 

region upstream of the EDL1  LMP1 promoter  was reported to be responsible for 

silencing of the LMP1 transcription (Falk et al.,1998). Presumably, the TR-driven 

LMP1 expression might rescue essential LMP1 functions when methylation pressure 

is high. 

 LMP1 has been shown to be important for EBV-mediated B-cell 

proliferation. Using a recombinant mini-EBV in which expression of LMP1 is 

controlled by a tetracycline inducible promoter to infect primary B cells, Kilger et al. 

(Kilger et al.1998) showed that blocking expression of LMP1 inhibits proliferation of 

infected cells. Early studies showed that LMP1 can transform fibroblasts and 

endothelial cells to anchorage-independent growth (Wang et al, 1985; Baichwal & 

Sugden, 1988).  LMP1 expression induced morphological transformation of a human 

keratinocyte cell line  (Fåhraeus et al. 1990) and inhibited differentiation of squamous 
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cell carcinoma epithelial cells (Dawson et al. 1990). These studies define LMP1 as an 

oncogene.  

 The oncogenic properties of LMP1 are further supported by the observation 

that transgenic mice, expressing LMP1 in their B cells, have a higher incidence of 

lymphoma in old age (Kulwichit et al., 1998). An exciting corroboration came 

recently  from an analysis of EBV infection in mice carrying an immune system 

reconstituted from human cord blood stem cells. Such mice were infected with 

increasing doses of EBV. Animals infected with the highest EBV doses showed 

proliferation of LMP1+ B cells in spleen, liver, and kidney (Traggiai et al., 2004).  

 A number of other reported effects of LMP1 are worthy of mention (rev. in Li 

& Chang, 2003): LMP1 upregulates  the anti-apoptotic bcl-2 protein (Henderson et al. 

1991). Expression of LMP1 in the EBV-negative B-cell line BL41 led to upregulation 

of the human IL-10 (Nakagomi et al. 1996). There is also compelling evidence that  

LMP1 can down-regulate the expression of p16 INK4A in primary human fibroblasts 

(Yang et al.,2000). This occurs in part through effects on the localization of critical 

transcriptional factors (Ohtani et al.,2003).  

 Surprisingly, when gene expression profiles were compared in LMP1 positive 

and negative cells, it appeared that LMP1 contributes to a general inhibition of 

cellular gene expression (Sandberg et al.,2000). It was also reported that LMP1 

contributes to TNFα-mediated apoptosis (Kaykas et al.,2000). The level of LMP1 

expression may determine the outcome of LMP1 activity in the cell. When LMP1 is 

expressed at very high levels in transfected cells, it causes cytostatic and/or cytotoxic 

effects (Kaykas et al.,2002; Coffin et al.,2003; Lam et al.,2004). LMP1 expression in 

the range of 2x105 to 4x105 molecules/cell inhibits cell proliferation (Sandberg et al., 

2000), while at lower expression levels LMP1 acts to stimulate proliferation (Kaykas 

& Sugden,2000).  

                LMP1 is a transmembrane protein with six predicted transmembrane-

spanning domains. The 25 amino acids (aa) N- and 200 aa C-terminal portions are 

located on the cytoplasmic face of the plasma membrane (Liebowitz et al. 1986). All 

direct interactions of the LMP1 molecule with its cellular partners are mediated 

through protein-binding motifs located in the long C-terminus. They are called 

CTAR1 (C-Terminal Activation Region 1), located at aa 194-232, CTAR2, located C-

terminally at aa 351-386 and CTAR3, between CTAR1 and CTAR2 at aa 275-330. 
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The transmembrane domains of LMP1 have been suggested to be  responsible for the  

plasma membrane localization of LMP1 (Ardila-Osorio et al.1999; Higuchi et al. 

2001) and the short N-terminus with its FWLY motif is critical for clustering, raft 

localization, and signalling (Yasui et al. 2004). It appears that efficient clustering of 

LMP1 through its N terminus defines its effect on the cellular signalling analogously 

with the clustering of  cellular TNF-family receptors by their trimeric ligands. 

 

 
 

Figure 2. LMP1 signaling pathways CTAR = C-Terminal Activation Region. TRAF = 
TNF Receptor Associating Factor. JAK = JAnus Kinase. TRADD = TNF Receptor 
Associated Death Domain protein. RIP = TNF Receptor Interacting Protein. BRAM = 
Bone morphogenetic protein (BMP) Receptor (a TGF-beta family receptor) 
Associated Molecule 1. 
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Protein interactions of LMP1 were extensively reviewed elsevere (Lam & 

Sugden, 2002; Li & Chang,2003). In summary, CTAR1 directly binds the following 

cellular partners: TRAFs (TNFR Associated Factors) -1,-2,-3 and  5. CTAR2 binds 

RIP, a serine/threonin kinase and a  cellular complex between TRADD (TNFR 

Associated Death Domain) protein and TRAF2. CTAR3 binds JAK3 (Janus 

Activating Kinase 3) which was shown to be responsible for STAT1 activation (Gires 

et al., 1999). 

The efficiency of binding  to these proteins  depends on the constitutive 

association  of approx. 30 % of LMP1 with the lipid rafts at steady state (Kaykas et al. 

2002). The interactions through the CTAR2 motif of LMP1  account for  70% of  

NFkB (nuclear factor kB) activation by LMP1 (Devergne et al.1998).  It was shown 

that both CTAR1 and CTAR2 are important for the elevated activity of  p38/MAPK 

(Mitogen Activated  Protein Kinase) reported in LMP1 positive cells. Viruses 

harbouring mutants of LMP1 (having a single functional domain, either CTAR1 or 

CTAR2)  retain less than 10% of the wild-type virus capacity to stimulate cell 

proliferation (Dirmeier et al., 2003).  

LMP1 is able to activate NFkB and p38/MAPK pathways in an independent 

manner  as it was shown using inhibitors specific either p38 or NFkB (Eliopoulos et 

al.,1999). However, a dominant negative TRAF2 mutant blocked both pathways in 

the same study, indicating that the pathways involve the same mediator (TRAF2) and 

diverge downstream. CTAR2 has also been shown to be fully responsible for the 

activation of JNK (Kieser et al. 1997; Eliopoulos et al. 1999). 

JNK activation can occur through CTAR1 as well, but only in the presence of TRAF1 

(Eliopoulos et al.,2003). Since TRAF1 is abundant in lymphoid cells, CTAR1-

mediated JNK activation is cell-type specific. 

The functions of LMP1 have the hallmarks of an activated CD40 receptor,  (a 

TNFR type I receptor). This justifies viewing LMP1 as a CD40 receptor mimic (Gires 

et al.,1997). Despite all similarities between  LMP1 and CD40 signalling, the 

accumulating data  show  that LMP1 modifies CD40 signalling as well. Modifications 

include binding of RIP directly and not through TRADD like in CD40 signalling. 

Another example is the orientation of TRADD in the complex with LMP1. TRADD 

binds to CTAR2 of LMP1 through its N-terminus. However,  TRADD binds to its 

own  cellular partners (FADD and TNFR1), through its C-terminus where its death 

domain (DD) is located. So TRADD, bound to LMP1, can expose its  free C-terminal  
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DD for interaction with other cellular proteins with DDs, like FADD. Another 

peculiar feature of LMP1 is that it  does not bind TRAF6  directly, although CD40 

does so when it is activated. It is clear, however, that LMP1 somehow utilizes 

TRAF6, since it was shown that LMP1 fails to activate p38/MAPK in mouse cells 

null for TRAF6 or in the presence of a dominant negative mutant of TRAF6 

(Schultheiss et al., 2001).  

A peculiarity  of LMP1 signalling is thus that LMP1 rewires the cellular 

signalling network. LMP1 induces NFkB activity as do TNFRs ,  but somehow LMP1 

does not induce IkBa expression, a negative feed-back regulator, which is ultimately 

produced during  NFkB activation.  This leads to constitutive NFkB activation  

observed n LMP1-positive cells (Gires et al.,1997). This may account for the 

resistance to extracellular apoptotic signals observed in LMP1-positive cells,  but if 

apoptotic signals are issued from the nucleus, in response to DNA damage, LMP1 is 

not able  to prevent  apoptosis anymore, in fact LMP1 even potentiates apoptosis in 

this case. A preassembled apoptotic complex due to a free DD domain of TRADD  

may account for this. Clinical data on successful treatment of   LMP1 positive NPC 

cases with DNA-damaging agents may provide support for this notion. Varying 

outcomes for LMP1 positive cells, depending on the nature of the apoptotic stimuli 

provided are discussed in the article (Zhang X., et al., 2002). 

Similarities and differences between LMP1 and TNFR signalling are further 

highlighted by studies of LMP1 transgenic mice (Uchida et al. 1999). LMP1 

expressed in B cells of CD40 null mice partially rescues some of the defects, 

including T-cell-dependent IgG production by B cells. However, these CD40-/-, 

LMP1+ mice still fail to produce high affinity IgG and fail to form germinal centres.  

Because CD40 is expressed in a broad range of cell types including most 

lineages of B cells, monocytes, dendritic cells, basophils, endothelial cells, fibroblasts, 

epithelial cells and neuronal cells it may participate in multiple biological activities.  

Thus , by co-opting CD40 signalling pathways, LMP1 may have a diverse  impact 

depending on the cellular environment. 

The ability of  LMP1 to activate PI3-K directly contributes to the oncogenic 

properties of LMP1(Dawson et al., 2003). PI3K is a lipid kinase  responsible for 

activating a wide range of cellular processes in response to extracellular stimuli (more 

on PI3K below) and is up-regulated in nearly all types of tumors.  The CTAR1 

domain of LMP1 was found to bind and activate the p85 adaptor subunit of PI3-K 
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directly.  Upregulated PI3-K activity in LMP1 positive cells  induces phosphorylation 

and subsequent activation of Akt, a downstream target of PI3-K responsible for 

promoting cell survival. The slow Akt activation upon LMP1 induction in these 

experiments (up to 24 h response time) may, however indicate that LMP1 influences 

the Akt pathway by a different mechanism than growth factor stimulation, which 

produces responses in a matter of minutes. Treatment of LMP1-expressing cells with 

the PI3-K inhibitor LY294002 resulted in decreased cell survival. The ability of 

LMP1 to induce actin stress fiber formation, a phenomenon mediated by the Rho 

GTPase, was also dependent on PI3-K activation. These data add PI3-K activation by 

LMP1 to the already known  mechanisms of LMP1-induced  transformation and 

suggests that this pathway contributes both to the oncogenicity of this molecule and 

its role in the establishment of persistent EBV infection (Young & Murray, 2003). 

 

4.2.2 LMP2A/2B (Latent Membrane Protein 2A/B) 
GenBank Accession number  CAD53382. 

The message for LMP2A is  the one  most constantly detected in the  latently infected 

B-cells of healthy carriers, but only by  RT-PCR due to paucity of investigated 

material. LMP2A transcripts are also detected in almost all types of EBV associated 

tumors, both of B cell and epithelial cell origin (Hammerschmidt & Sugden, 2004; 

Heussinger et al., 2004). In 1995 it became evident for the first time that LMP2A is 

present as a protein in vivo as well, since antibodies to LMP2A/B were detected in the 

sera of 47% of western NPC cases (Lennette et al.,1995). Recently, the presence of 

LMP2A itself was shown by immunohistochemistry in neoplastic cells of almost 50% 

of  EBV-positive NPC (Heussinger et al.,2004).  

LMP-2A and –2B proteins are C-terminally colinear membrane proteins, 

products of differential splicing of the BNRF1.  This gene is unique in EBV in that it 

runs across the genomic termini and so is only assembled for transcription after 

circularisation of the viral genome after infection of the target cell (Laux et al.,1988). 

The first exons of  these proteins are unique whereas the other exons are common to 

both proteins. The unique first exon of LMP2A encodes its N-terminal cytoplasmic 

tail, while the first LMP2B exon is non-coding.  Both LMP2A and LMP2B proteins 

are predicted to contain 12 transmembrane domains and a short intracellular C 

terminus, according to the hydrophobicity plot of the protein sequence.  The predicted 



 27

size of LMP2A is 53 kDa  and for LMP2B is 40 kDa (Frech et al, 1990;Longnecker & 

Kieff, 1990; Rowe et al, 1990).  

Mutants of EBV that are defective for LMP2A, induce and maintain the 

proliferation of B-cells that are infected in vitro, albeit less efficiently than does wild-

type EBV (Brielmeier et al., 1996). The contribution of LMP2A to EBV growth 

transformation of B-cells is not yet fully understood. 

LMP2A is constitutively phosphorylated (Burkhardt et al.,1992; Longnecker 

et al.,1991; Miller et al., 1995) on at least some of the 8 tyrosines in the N-terminal 

tail.  These are predicted to participate in protein-protein interactions. Two tyrosines, 

in positions 74 and 85, establish an imunoreceptor tyrosine activation motif (ITAM)  

consisting of two precisely spaced Tyr-X-X-Leu/Ile sequences (where X corresponds 

to a variable residue).  The ITAM motif  was identified as a crucial motif in B cell 

receptor signalling (rev. in Reichlin et al.,2001) and was almost immediately 

recognized in LMP2A (Alber et al.,1993).   

 
Figure 3. Schematic cartoon of a hypothetical structure of LMP2A in the 

membrane. The secondary structure programs GOR4 and PSORT2 were used to 
predict helical and non helical regions in the membrane. Tyrosine motifs in the 
intracellular tails are indicated with the corresponding amino acid numbers. 
Functional properties and protein interactions studied in this thesis are circled. 

 

In the BCR,  ITAM motifs are  present in CD79α and CD79β, the two 

signalling subunits that together with the surface Ig (sIg) constitute the B-cell antigen 
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receptor (BCR). Upon cross-linking of the BCR and tyrosine phosphorylation by the 

proximal Lyn kinase, they mediate activation of  non-receptor tyrosine kinases 

(NRTKs), an immediate response, and calcium release. Both these events  eventually 

lead to expression of selected  genes resulting in B cell proliferation and potentially 

differentiation of stimulated B-cells into antibody-secreting plasma cells (Kurosaki et 

al.,1999). The ITAM motif of LMP2A is involved in interaction with Syk in B-cells 

(Miller et al.,1995), and Zap70 in T cells (Ingham et al.,2004), similarly to CD79 

subunits in B-cells, and the ζ subunit in T cells. The LMP2A ITAM was shown to 

possess the functional properties of an ITAM. A chimera containing an intracellular 

N-terminal part of LMP2A, with the  ITAM motif, and  an extracellular part from the 

cellular CD8 molecule, was created. Upon cross-linking  with  CD8 antibodies, the 

chimera was capable of  triggering a calcium response and cytokine production, both 

in B-cells and T cells. Mutations in the ITAM motif of the chimeric molecule 

confirmed that the ITAM of LMP2A was responsible for this effect (Beaufils et 

al.,1993).   

Other tyrosines in the N terminus of LMP2A have been shown  to interact 

with  NRTKs like Lyn in B-cells (Burkhardt et al.,1992), Lck in T cells (Ingham et 

al., 2004). Again, this is in similarity with the CD79 (in B-cells) and CD3 (in T cells) 

subunits which also bind NRTKs. 

It was soon realized, however, that the functional effects of the intact LMP2A 

molecule were the opposite of the isolated N-terminal domain with the ITAM motif. It 

is possible that one reason for this discrepancy is that the CD8 chimeric constructs 

initially used placed the LMP2A N-terminus in the opposite orientation to the 

membrane, which might have influenced the binding or activity of some associating 

proteins. While the CD79 subunits assemble a complex of NRTKs for activation of B-

cells (rev. in Reichlin et al.,2001), LMP2A was shown to block  both cellular and 

viral activation processes induced by the surface immunoglobulin cross-linking 

(Miller et al, 1993).  The experiments reported in this study by Miller and in her 

following articles (Miller et al.,1994; Fruehling et al.,1997 and 1998) allowed to 

define  the role of  LMP2A as a down-modulator of BCR signalling in LCLs and in 

EBV carrying BL lines. From these data it was inferred that a function of LMP2A was 

to  prevent activation of the productive viral cycle in B-cells and maintain viral 

latency. The accumulated biochemical data suggested that LMP2A interfers with 
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BCR signalling by sequestering NRTKs away from the BCR, resulting in a dominant 

negative effect on their function. The discovery of our group (paper II) and others 

(Ikeda et al.,2000) that LMP2A mediates  targeting  of NRTKs for proteasomal 

degradation by constitutive binding of members of the Nedd4/AIP4 family of HECT-

domain E3 ubiquitin ligases, provided the first explanation as to how LMP2A could 

effect its attenuation of BCR signalling by interfering with the Lyn and Syk NRTKs. 

Another major dysregulation of BCR signalling in LCLs, attributed to the 

presence  of LMP2A, is  absence of  Ca2+ fluxes upon BCR cross-linking (Miller et 

al.,1993). This phenomenon might be partly explained by the inability of LMP2A-

positive cells to activate PLCγ. Furthermore, a molecular mechanism behind the 

observed anergy of LMP2A expressing B-cells have been suggested (Engels et 

al.,2001). The inability to mount a normal Ca2+ flux upon BCR stimulation in B-cells 

was attributed  mainly to modifications in a complex of adaptor proteins SLP65 or 

BLNK,  CrkL and C3G. This study suggest that in LMP2A expressing cells, this 

complex contains Cbl,  an E3 ubiquitin ligase (see below) but excludes PLCγ. Τhe  

constitutive phosphorylation of the p70 subunit οf SLP65 in this complex and the fact 

that no changes in the complex were observed before and after BCR cross-linking was 

interpreted to suggest that the complex was assembled constitutively.  The relevance 

of these observations to LMP2A is not clear, however, since none of the molecules  in 

the complex was shown to interact with LMP2A.   

Interestingly, a different suggestion  was recently presented on how LMP2A 

may contribute to the control of EBV-latency, besides the demonstrated down-

modulation of BCR signalling. It appears that transient expression of LMP2A leads to 

the transcriptional repression of the hTERT gene, both in B-cells and epithelial cells 

and that the ITAM motif  of LMP2A, known to bind the Syk NRTK,  is important for 

this repression (Chen F. et al., 2004).This finding allows to suggest that LMP2A may 

direct the transcriptional programme of the cell to impose a resting, non-dividing 

status on the EBV positive cells. More studies are needed to link this finding with the 

previously reported molecular interactions of LMP2A. 

LMP2A transgenic mice (Caldwell et al.,1998 and 2000; Merchant et al.,2000) 

provided the first clues that LMP2A, in addition to imposing B-cell anergy, also could 

provide survival signals to its target cells. An analysis of B-cells from these mice 

showed that LMP2A positive B-cells, altogether lacking sIg were present in the 
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peripheral blood circulation. The absence of sIg  was due to an uncompleted V-DJ 

rearrangement of  the heavy chain, the  light chain rearrangement proceeded normally. 

B-cells at this stage in their development are supported by survival stimulus from 

CD79α to proceed further and complete the programme for expression of a functional 

BCR complex (Kurosaki,1999). It could be  that LMP2A provides a constitutive 

survival signal to the cells which supports the appearance of  pro-B-cells without a  

functional BCR in the periphery.  Under normal conditions, B-cells without functional 

BCR will ultimately undergo apoptosis and will not be allowed to exit the bone 

marrow (Lam et al.,1997; Torres et al.,1996). BCR signalling is of paramount 

importance during all stages of B cell life. It is known, for instance, that resting B-

cells need a weak, constitutive signal, frequently called a tonic survival signal, from 

the BCR, to stay alive while awaiting encounter with the cognate antigen (Lam et 

al.,1997; Neuberger et al.,1997).  Thus, it was concluded that in LMP2A-positive 

resting B cells, LMP2A has  provided B-cells with signals which mimic this type of 

BCR signalling.  Further work with the transgenic mouse model when LMP2A 

transgenics were bred to  RAG-/- , confirmed this conclusion (Caldwell et al.,1998). 

Analysis of their offspring showed that the LMP2A phenotype is dominant over the 

Rag-/- phenotype. In an attempt to identify motifs in LMP2A, initiating these survival 

signals, transgenic mice were created, expressing LMP2A in the B cell compartment, 

but with a mutation in ITAM motif.  

The analysis showed that the  tyrosines in the ITAM motif  of LMP2A, 

previously shown to bind the Lyn and Syk kinases, are important. This lead to the 

conclusion that LMP2A may exploit kinases of the Src and Syk families for sending a 

weak tonic survival signal, similar to that of the BCR in  resting cells (Merchant et 

al.,2000).  A reversal of this phenotype in LMP2A+/+ mice  bred to  Btk-/- mice 

implied  an involvement of this Itk family kinase in LMP2A signalling. However, 

when LMP2A transgenic mice were crossed to double-knock-outs, i.e. Btk-/- and  

RAG-/- mice,  it  became evident that LMP2A-mediated survival signalling is both 

Btk-dependent and independent, since there were B cell in the periphery without sIg. 

The data on Btk involvement appears somewhat ambiguous so far, although it seems 

that there may be LMP2A-dependent phosphorylation of tyrosines in Btk (Merchant 

et al.,2001). The connection between Btk and LMP2A presents interesting prospects 
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for further investigation also because of  normal involvement of Btk in PLC-gamma 

phosphorylation, which is influenced by LMP2A. 

The dysregulation of calcium fluxes after BCR cross-linking in LMP2A 

positive cells was also approached using a transgenic model where LMP2A +/+ mice 

were crossed into a SLP65-/- strain (Engels et al. 2001). This study implicated SLP65 

in LMP2A mediated signalling (see discussion above), as expected from its role in 

recruiting PLC-gamma to the CD79-alpha during normal operation of the BCR. 

The LMP2A functions as a mimic of BCR signals was recently put to the test 

in a study of B-cell differentiation (Casola et al.,2004).  In an elegant set of 

experiments, these authors were asking whether the strength of BCR signalling can 

contribute to the determination of B-cell fate, irrespectively of the source of the 

signal.  Since LMP2A was known to mimic BCR signals constitutively in a ligand-

independent way, LMP2A was used as the source of  BCR signals. They showed that 

LMP2A not only causes B cell survival, as anticipated,  but it can also determine 

mature B cell fate depending on the amount of LMP2A expressed. Moreover, since 

LMP2A signalling is constitutive, the level of LMP2A expression can be used to 

match BCR signalling strength. Thus LMP2A signals directed the B-cell towards 

either a  B1 cell pathway or a follicular and marginal zone B cell fate during  the 

germinal centre reaction, depending on whether LMP2A expression was high or low 

respectively, which consequently affected the production of high affinity antibodies.  

Indeed, the commitment to B-1 development was promptly demonstrated in the 

LMP2A transgenic model (Ikeda et al.,2004).  

The first indication that varying LMP2A expression levels may generate  

different effects on cell function came from experiments  in Takada’s lab (Konishi et 

al.,2001).  Working with different LMP2A positive Akata BL clones, they showed 

that  if LMP2A was expressed at a level similar to the in vivo situation, as  in  the 

resting memory type B-cells, it was not able to block BCR signalling.  To address this 

very interesting issue of LMP2A expression load one would need to know more about  

the regulation of LMP2A at all levels,  expression, translation and degradation.  So far 

only little is known about the regulation of LMP2A expression in the absence of the 

viral transcriptional activator EBNA2. In many cases, LMP2A positive tumors are 

EBNA2 negative. Since it was demonstrated that EBNA2 and Notch could substitute 

to some extent for each other (in binding to RBPjκ) (Strobl et al.,1997) it may be that 
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Notch signalling can mediate expression of LMP2A. If translational control is 

exercised is not known, but ubiquitination may contribute to the regulation of its 

metabolism. Hence, the mechanism of LMP2A degradation is an important issue. 

                We and others demonstrated that HECT family E3 ligases could  bind to 

(paper II; Ikeda et al.,2000) and target LMP2A for degradation (Ikeda et al.,2002). E3 

ligases are known to target proteins for degradation by labelling them with ubiquitin 

(rev. in Glickman & Ciechanover,2002). LMP2A is conjugated to ubiquitin molecules 

through the N-end rule and not through lysines, as is the case for most of the ubiquitin 

targets  in eukaryotes. So far very few  N-end rule substrates were reported where the 

N-terminal amino group of the native protein is targeted, among them the cellular 

protein MyoD and the viral E7 protein of HPV, LMP1 and LMP2A of EBV (rev. in 

Varshavsky, 2003). This may indicate that the selection of native proteins for 

degradation accordingly to this rule is highly specific. It was demonstrated that 

LMP2A augments LMP1 signalling (Dawson et al.2001). It has been suggested that 

LMP2A has a positive effect on LMP1 signalling by enhancing its half-life. It is 

possible that,  since both LMP1 and LMP2A appear to be subject to the same 

degradation pathway they may compete for cellular components of this process. The 

tyrosine residues located at positions 74 and 85 in LMP2A are absolutely essential for 

this effect, whereas the tyrosine residue located at position 112 plays a contributory 

role. 

In analogy with many other proteins with membrane localization, it was 

assumed that the transmembrane loops of LMP2A mediate membrane localization and 

clustering. Clustering  is believed to be responsible for the spotty pattern produced 

after  immunostaining of LMP2A in LCLs.  In LCLs, LMP2A was  reported to co-

localize with LMP1, based on immunofluorescence staining (Longnecker et al.,1990). 

Further investigation of LMP2A localization reported in paper I and by others 

(Dykstra et al., 2001), reveals that LMP2A resides in  cholesterol- and sphingolipid-

rich plasma membrane microdomains termed rafts (see later on rafts). Importantly, in 

Dykstra’s article it was demonstrated that both raft localization and the tyrosine 112 

of LMP2A, contribute to disruption of BCR signalling. LMP2A interferes with BCR 

degradation as well, but in this case the phosphorylation state of LMP2A is 

dispensable for the effect. Experiments presented in paper I demonstrate that 

clustering signal resides in the C-terminal tail of LMP2A. Somewhat contradictory 

data have been published on LMP2A localization at perinuclear sites, probably in the 
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trans-Golgi system (Lynch, 2000). There is a possibility that localization of LMP2A 

may differ, depending on the cell type where it is expressed and on the expression 

levels. Localization at the plasma membrane was initially reported in B cells 

(Longnecker et al., 1990)  but in epithelial cells it was  mainly detected in intracellular 

vesicles (Dawson et al., 2001). It will be very interesting to follow this lead to find out 

more about the functions of LMP2A at intracellular sites and the consequences of its 

interactions with cellular proteins at these locations.  

So far the most significant post-translational modification of LMP2A is the 

phosphorylation on tyrosines (Longnecker et al.,1991), some of which are  

constitutively phosphorylated. Serine phosphorylation of LMP2A (Longnecker et al. 

1991) was demonstrated in vitro with MAPK on residues S15 and S102 and binding 

of MAPK was shown both in vitro and in LCLs (Panousis & Rowe, 1997). One 

should keep in mind that there are increased levels of  continuously activated MAPKs 

in LCLs (Rowe,1999). There is also a report of upregulated activity of Csk, a negative 

regulator of Src kinases in LMP2A positive epithelial cells. It was argued that the 

phosphorylation state of LMP2A in the epithelial cells correlated with Csk activity 

(Scholle,1999), although no direct interaction was demonstrated. 

Molecular dissection of the tonic survival signals issued by LMP2A (see 

above) yielded the finding that LMP2A can  activate a key  antiapoptotic kinase Akt, 

both in B-cells and in epithelial cells (Swart et al.,2000; Scholle et al.,2000). The 

activation of Akt seems to be a specific result of PI3K activation and not other 

member of PI3K family, like ATM (Speck et al.,2002). Although a direct interaction 

with PI3K was demonstrated for LMP1 (see above), this has not yet been possible to 

establish for LMP2A indicating that PI3K may instead be recruited indirectly (see 

paper III).  In B-cells, LMP2A-mediated activation of Akt, has produced varying 

effects with respect to apoptosis. In Akata B-cells, no protection was detected after 

apoptotic stimulation (Merchant et al., 2001) whereas LMP2A was found to inhibit 

TGF-β1 induced apoptosis in Ramos BL cells (Fukuda et al.,2004). Expression of 

LMP2A in a HPV transformed epithelial cell line (HaCaT), in contrast, activated 

PI3K-Akt signalling with anchorage-independent cell growth as phenotypic read-out 

(Scholle et al.,2000). These LMP2A-expressing cells also produced tumors when 

injected into nude mice. Addressing the issue of  LMP2A in epithelial cells, it 

deserves mention that a LMP2A transgenic mouse model was created, where LMP2A 
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was placed under K14 promoter to direct LMP2A expression  to the basal layer of 

keratinocytes (Longan et al.,2000).  The rationale behind this project was to seek 

evidence for an LMP2A effect on epithelial cell development, in line with the LMP2A 

effects on B-cell development.  No effect of the viral protein on the differentiation of 

epithelial cells was found, however.  

Signalling proteins need to be physically assembled to catalyse activation of 

the appropriate signalling pathways, which emphasizes the biological importance of 

kinase-anchoring proteins. So far no direct interaction of LMP2A was demonstrated 

which would result in Akt activation. Trying to fill this gap between  LMP2A and  

Akt, a role was postulated for Syk, in keeping with its role in activating PI3K in 

lymphoid cells.  So far this assumption is  built solely on the fact that  the ITAM 

motif in the LMP2A N-terminus which binds Syk,  is essential for the activation of 

Akt (Merchant et al.,2000). I suggest in paper III,  that activation of PI3K by LMP2A 

may be mediated by a new  cellular partner of LMP2A, the adaptor protein Shb, 

which also utilizes the LMP2A ITAM.   

Further investigation of LMP2A-mediated activation of Akt demonstrated that 

it results in  accumulation of functional β-catenin in the nucleus (Morrison et al., 

2004).  Βeta-catenin is known as a regulator of transcription (rev. in Hatsell et 

al.,2003). It is tightly regulated through the proteasomal machinery (Amit et al.,2003). 

Stabilization can be conferred through several means, including mutations in  β-

catenin, common in many carcinomas. In the work of Morrison it was shown that β-

catenin was stabilized due to Akt activity, i.e. through phosphorylation of GSK3β and 

subsequent disassembly of the β-catenin degradation complex. Furthermore, in 

following work in Pagano’s group (Shackelford et al.,2003), accumulation of 

functional β-catenin was demonstrated in those EBV-positive BL cell lines in which  

EBV establishes its most relaxed latency (during which LMP2A is expressed).  

Stabilization of β-catenin, in this case, was claimed to be a result of up-regulated 

activity of de-ubiquitinating enzymes. Indeed, up-regulated activity of these enzymes 

in EBV positive BLs, was noticed earlier (Gavioli et al.,2001).  Thus,  by mediating 

activation of β-catenin, LMP2A exerts an influence on the cell also at the 

transcriptional level. Indeed, analysis of gene expression profiles in LMP2A negative 

versus positive cells revealed LMP2A-related  changes at the gene expression level, in 
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particular a significant impact on the Notch pathway (Portis et al., 2002, 2003 and 

2004). 

Besides activation of Akt, LMP2A might exert a survival effect on the cell 

also by its constitutive binding of the Nedd4/AIP4 E3 ubiquitin ligases of the HECT-

type family. It was observed  that in response to a variety of apoptotic signals there is 

caspase mediated cleavage of Nedd4  (Harvey et al.,1998). The cleavage site at the N-

terminus is conserved both in mouse and human and in all members of HECT family, 

cutting away the Ca2+/lipid -binding domain (C2 domain), which is regarded as 

responsible for the attachment of HECT-family proteins to the lipid raft domains in 

the plasma membrane, but leaving intact the WW-domain (a protein-protein 

interaction domain) and the C-terminal catalytic domain (see below for the  structure 

of these E3 ligases).  It would appear that cleavage of Nedd4 by caspases 1, 3, 6 and 7 

facilitates movement of protein complexes assembled on Nedd4 proteins. The 

members of the HECT-domain family of E3 ligases  were shown to interact with 

RNA polymerase II and affects its half-life (rev. in Sudol & Hunter,2000).   Since 

LMP2A is constantly bound to this type of E3 ligases (as it is demonstrated in paper 

II), one might speculate that LMP2A, by tethering Nedd4/AIP4 proteins at the 

membrane, may disrupt the normal trafficking of these proteins following apoptotic 

stimuli, resulting in impaired apoptotic responses in these cells. 

The study of LMP2A interactions of with components of cellular signalling 

systems started some 20 years ago. Yet progress has been slower than for many other 

EBV proteins. 

The solution appears to be that more physical interactions of LMP2A with 

cellular partners need to be identified in the different cell types where LMP2A is 

expressed. Many putative protein interactions of LMP2A (SLP65, PI3K, PLC-

gamma) are likely to be indirect, perhaps mediated by scaffolding proteins. This is 

one of the main concepts brought out in the present thesis work where two such 

mediators of protein interaction were identified, Nedd4/AIP4 and Shb. The spatial and 

temporal co-localization of candidate and newly identified partners of  LMP2A will 

allow not only to explain more about EBV latency but also contribute to a more 

detailed knowledge about intracellular signalling from the cell surface and turnover of 

cell surface receptors that may be targets of LMP2A interference. 

Perhaps the most important function of LMP2A in the virus-host interaction in 

vivo is the role of LMP2A as a guardian of EBV latency. But how solid is this case? 
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Two recent publications demonstrate that activation of PI3K is also able to activate 

expression of BZLF in the EBV positive Akata and Mutu-I BLs (Takada, 2004) and 

also BRLF1 in Akata (Darr et al.,2001). Both these proteins are pivotal EBV proteins 

in the EBV lytic switch. In other words, while activation of PI3K after BCR 

stimulation may play a role in initiation of the lytic replication of EBV, LMP2A alone 

might initiate the same process by activating the PI3K-Akt pathway.  This points to a 

new level of complexity in the modulation and mimicry by LMP2A of the BCR 

functions. It also introduces the complication that although EBV can enter B-cells 

with any sIg subtype in the BCR (Ehlin-Henriksson et al.,  2003,  Kuppers et 

al.,2000), the outcome of LMP2A activity may differ between the γ, µ and δ isotypes 

of the BCR (Wakabayashi et al., 2002). One also should consider that the EBV lytic 

switch may require cooperation of a number of important signalling pathways, like 

activation of MAPK (Sato et al., 1999; Adamson et al.,2000) as well activation of 

PKC and  Ca2+/calmodulin. 

Many unanswered questions remain also regarding the immunological 

response to LMP2A. LMP2A-expressing cells are capable of escaping immune 

surveillance despite the fact that LMP2A carries several strong epitopes for 

presentation by the MHC system (Lautscham et al.,2003).  

 

4.3 EBERs and BARF0 
BARF0 refers to a putative protein, encoded by one of the BamHI-A 

rightward transcripts (BARTs) or complementary strand transcripts (CST), which 

were originally identified in NPC samples (Hitt et al.,1989). The transcripts have also 

been detected at low level in some Burkitt's lymphoma and B lymphoblastoid cell 

lines (Brooks et al., 1993). There is also evidence for BART RNAs in EBV-positive 

gastric cancer (Sugiura et al., 1996), Hodgkin's Disease (Zhang J. et al., 2001) and in 

normal EBV persistence (Chen et al., 1999; Kienzle et al., 1998). BARTs were 

detected within the neoplastic cells of these malignancies. The BART region can be 

deleted from the viral genome without any notable effect on B cell immortalization by 

EBV (Robertson et al.,1994). There is an ongoing discussion whether BARTS are 

translated. There is a view that although BARTs containing the BARF0 ORF are 

expressed in vivo, the BARF0 protein cannot be detected and may be expressed only 

marginally (van Beek et al.,2003). 
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BARTs also include another open reading frame at the 3’end, encoding a 

putative protein, RK-BARF (Sadler et al.,1995). By a series of in vitro experiments it 

was shown that RK-BARF0 interacts with unprocessed Notch4 and causes its 

translocation to the nucleus. In EBV-infected EBNA2-negative cells, RK-BARF0 

induced expression of LMP1, and this induction was dependent on the RK-

BARF0/Notch interaction domain (Kusano et al.,2001).In addition to the BARF0 

there are identified two other ORFs in  the upstream region of the CST, which are 

called RPMS1 and A73 (Smith et al.,2000). The product of the RPMS1 was shown to 

be a nuclear protein that can bind to the CBF1. RPMS1 can inhibit the transcription 

activation induced through the cellular CBF1 protein by NotchIC or EBNA2. The 

protein product of A73, is shown to be a cytoplasmic protein which can interact with 

the cell RACK1 protein. Since RACK1 modulates signalling from protein kinase C 

and Src tyrosine kinases, the results suggest a possible role for CST products in 

growth control. The protein-coding capacity of BARTs is an intensive area of 

research at the present (Smith, 2001).   

            EBERs (EBV-encoded RNAs) are two small, non-translated RNA polymerase 

III transcripts, produced during EBV latency. EBERs are continuously and 

reproducibly detected in all types of EBV-associated tumors (Rickinson and 

Kieff,2001). There is a report that EBERs support Burkitt’s lymphoma growth 

through interleukin-10 induction (Kitagawa N.,2000). It was shown that these viral 

RNAs inhibit the apoptosis that is induced by treating tumor cells with interferon 

alpha, through a mechanism involving EBER binding to and inhibiting the RNA-

dependent protein kinase PKR (Nanbo A., et al.,2002). EBERs were also reported to 

mediate autocrine growth of Epstein-Barr virus-positive gastric carcinoma cells 

(Iwakiri D., 2003). 

In summary,  the action of four latent proteins of EBV: EBNA2, EBNA3, 

EBNA6 (EBNA3C) and LMP1, is  required for initiation of immortalization and 

EBNA2 and LMP1 for its maintenance. The findings that EBNA2 together with 

EBNA5 up-regulates cyclin D2 while LMP1  down-regulates expression of 

p16INK4A and EBNA6 sequesters pRB,  together provide an explanation of how 

EBV manipulates the normal control of the cell cycle. Furthermore, cell survival 

mechanisms are activated by EBNA1, LMP1 and LMP2A. In the case of EBNA1 this 

mechanism is as yet unknown. The LMP1 and LMP2A proteins were shown to 

activate PI3K and the Akt kinase.  Manipulation of cell cycle and survival pathways  
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contribute to the EBV-induced immortalization of B-cells and to the maintenance of 

latency. 

 
 

Figure 4. Cell cycle effects of EBV-mediated growth transformation in B-cells. 

 

5 KEY LYTIC GENES 
In contrast to the latent phase of infection, when only  a limited number of 

genes are expressed, activation of the EBV lytic cycle is characterised by the 

expression as many as 80 virus RNA species. On the basis of their time of appearance 

after infection, these transcripts are designated as immediately early (IE), early (E), or 

late(L). Two viral transactivators  regulate the switch from latency to productive 

infection. The onset of the lytic replication is characterised by expression of the BZLF 

open reading frame producing the immediate early protein Zta (also known as Z, 

ZEBRA or EB1). A contributory function in the lytic switch is also provided by the 

BRLF1 protein (rev. in Speck, 1997). 

Another hallmark protein during lytic replication is the early gene product 

encoded from the EBV open reading frame BCRF1. Its product, viral IL-10 (vIL-10) 

is highly homologous to the human and murine interleukin IL-10  cDNAs. It shares 

some functional properties with  hIL-10, such as suppression of IL-2 and IFN-

γ production by human PBMC (Fiorentino et al., 1989; Fiorentino et al., 1991;Taga et 

al., 1992; Moore et al., 1990; Vieira et al., 1991). Furthermore, vIL-10 strongly 

reduces the proliferation of antigen specific human T cell by diminishing the antigen 

presenting capacity of monocytes via downregulation of MHC class II expression (de 
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Waal Malefyt et al., 1991). It is believed that vIL-10 is needed to provide enough time 

for a cell to accomplish the assembly of  viral particles since the final outcome of lytic 

replication is a release of viral particles which could be accompanied by cell death. 

When viral load is very high, as in the plasma of patients with immunoblastic 

lymphomas, the viral DNA that is detected in the serum, is naked and not 

encapsidated (Ryan, 2004). 

 
6 VIRUS VARIATION 

EBV is carried by about 95% of the human population but only some develop 

tumors where the role of EBV is substantiated by the consistent finding of viral 

genomes with identical terminal repeats in all malignant cells, suggesting 

monoclonality of tumor cells (see above). 

There is a clear geographical pattern for endemic, EBV-associated tumors, in 

north and east Africa, Greenland and South-Eastern Asia. This fact has served as a 

rationale behind  attempts to identify either variation in the EBV genome or human 

genetic traits predisposing for such tumors. 

Two major different strains of EBV exist.  They are known as type A and type 

B or as EBV-1 and EBV-2. These two strains of EBV differ mostly in the genes that 

encode EBNA 2,3,4,6 (rev. in McGeoch & Davison,1999).  The introns are more 

conserved than exons.  The divergences in these genes are in the order  of five- to 30-

fold greater than seen elsewhere in the genome. The divergent genes, strikingly, 

include known key players in cell transformation which may account for differences 

in the biology of cell transformation.  EBV-1 appears to be more efficient in 

transforming B-cells, and transformed cells grow more vigorously.  The prototype for 

EBV-1 is the B95-8 strain which was established by infecting marmoset B-cells with 

virus from an IM patient. The B95-8 isolate is  completely sequenced (Baer et al., 

1984; de Jesus et al.,2002). But only localized sequences have so far been determined 

for EBV-2. The best characterised cell line  that carries EBV-2 virus is AG 876. 

These two types also differ in their distribution: EBV-2 is common in Central Africa 

and New Guinea but less so in Caucasian populations,  EBV-1 is preferably found in 

Europe, America and Asia. Although a wealth of data has been presented describing 

virus variation in tumors (rev. in Jenkins & Farrell, 1996), yet there is no clear 

correlation between these two types in pathology and tumor incidence. 
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Since EBV associated with malignancies expresses a limited set of latency 

associated proteins, attention was focused on mutations of these latent EBV proteins.   

There are reports suggesting a role for a  single amino acid substitution in EBNA1 in 

such malignancies. Several groups have described EBNA1 sequence variations 

compared with the prototype B95.8 viral strain in EBV isolates from tumors and cell 

lines. Some of the resulting amino acid changes (residues 466-527) are located within 

the DNA binding and dimerization domain in the C-terminus of the protein 

(Rickinson & Kieff,2001). A sequence analysis of EBNA1 from peripheral blood 

lymphocytes and throat washings from healthy EBV carriers and analysis of EBNA1 

obtained from different malignancies was used as the base for a suggested  

classification of the EBNA1 isolates into five major subtypes, according to the amino 

acid signature at residue 487:  Ala (identical to B95.8)/Ala,  Ala/Thr, Ala/Val, 

Ala/Leu, Ala/Pro. The finding implied that EBNA1 sequence variation influenced 

both the ability of EBV to persist in different cell types and the oncogenic potential of 

the virus in these cells.  

Conclusions from more recent  reports suggest, however,  that the distribution 

of these EBNA1 subtypes more likely reflect the ethnic origin of the individuals 

investigated (Chen YY., et al., 1998; Habeshaw et al., 1999).  Another single base 

mutation has been reported that may contribute to the EBV-associated malignancies 

by  controlling EBNA1 expression. It has been reported recently that the U leader 

exon located within the 5’ untranslated region of EBNA1 gene contains an internal 

ribosome entry site (IRES) element. Sequence analysis of the U leader exon from 

patients with IM  and patients with lethal lymphoproliferative diseases showed that 

there is a single base substitution (T-C) at genome position 67,585 in more than half 

of the cases of lethal lymphoproliferative diseases in comparison with the IM patients. 

It was suggested in this report that a mutation in the IRES element affects EBNA1 

gene expression at the translational level and provides EBV-infected cells with a 

growth advantage, leading to the development of those malignancies (Endo et 

al.,2004). 

There is also accumulating data supporting a higher oncogenic potential of a 

C-terminal deletion  variant of LMP1 (strain CAO) (Hu et al.,1991; rev. in Li & 

Chang, 2003). There is an interesting report suggesting that a more tumorigenic 

potential of the CAO variant of LMP1 could arise from the inability of this mutant to 

bind βTrCP, which was shown to bind a wild type LMP1 (Tang et al.,2003). The 
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βTrCP is a subunit of an E3 ligase of the RING-domain family, which is known to 

activate NFkB by inducing degradation of I-kappa-B alpha, an inhibitory subunit of 

NFkB (Karin & Ben-Neriah, 2000; Tanake et al.,2001). The wt LMP1 activates and  

binds βTrCP. The latter causes  a squelching effect on activation of NFkB when 

LMP1 is overexpressed. A consequence of the inability of the  CAO variant of LMP1 

to bind  βTrCP, is an uncontrolled NFκB activation.  

EBV-positive NPC cases occur with high frequency in Asian populations, 

especially among people of Cantonese ancestry. In areas with high incidence, NPC 

clusters in families, which suggests that both geography and genetics may influence 

disease risk. A recent publication  of a result from  a genome-wide search carried out 

in families at high risk of NPC from Guangdong Province provides evidence of a 

major susceptibility locus for NPC on chromosome 4 in a subset of affected families 

(Feng BJ, 2002)    

 

7 IMMUNOLOGICAL RESPONSES TO EBV-INFECTED 
CELLS 

Both the humoral and  cellular branches of the human adaptive immune 

system are involved in the control of EBV load in  healthy EBV carriers. With 

individual variation, constitutive, high titers of antibodies against both lytic and latent 

proteins are detected throughout the life of an infected individual. 

There are  vigorous humoral and cytotoxic responses to the EBNA protein cassette 

(EBNA-3,-4,-6). These highly immunogenic proteins are often detected in the 

oropharynx during IM and are assumed to be expressed in primary asymptomatic 

infection as well. These EBNAs provide immunodominant epitopes for CD8+ 

cytotoxic T cells (CTLs). Subdominant responses are detectable against LMP2A, 

whereas CTLs specific for LMP1, EBNA2, and EBNA5 are rare. Evidence suggesting 

the existence of an EBV-specific CD4+ T cell response is also beginning to emerge 

(Lee, 2002). For this, EBNA1 and EBNA6 appear to be immunodominant, while 

reactivities against LMP2 and LMP1 are rare (Munz et al.,2000; Bickham et al.,2001; 

Leen et al.,2001)    

EBNA 1 deserves special attention. Although a humoral response to EBNA1 

is easily detected it took a long time before EBNA 1 specific CTLs were reported.  It 
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appeared that EBNA1 has a cis-acting GlyAla stretch of approximately 300 a.a.,   

which efficiently counteracts proteasomal degradation of EBNA1 (Levitskaya et al., 

1997), a necessary step in the production of antigenic peptides for loading the MHC 

complex, needed for recognition by CTLs. However a recent paper  argues that the 

GlyAla repeat in EBNA1, instead affects EBNA1 protein synthesis, by interfering 

with translation  of EBNA1 protein (Yin et al., 2003). In either case, only scant  

quantities of EBNA1 peptides appear to be available for loading of MHC class  I and 

consequently for formation any stable interaction with TCR, a prerequisite for CTL 

development. Until recently it was believed that  CTL and humoral responses to 

EBNA1 existed  due to cross-presentation of EBNA1 epitopes by MHC class II 

(Blake et al.,2000; rev. in Masucci M., 2004). However, recent articles  demonstrated   

that EBNA1 could be  processed as an endogenous antigen as well (Munz et al.,2000; 

Palludan et al.,2002; Kruger et al.,2003; Tellam et al.,2004; Lee et al.,2004).  

The other latent protein constantly detected in resting B cells, LMP2A, 

contains as many as 12 CTL epitopes. Production of all of them is proteasome 

dependent but they differ in TAP dependency (Lautscham et al.,2003). TAP is a 

peptide transporter which facilitates loading of antigenic peptides onto MHC class I.  

Despite the immunogenicity of EBV proteins in EBV associated tumors, T cell 

responses to EBV carrying tumors cells are impaired.  Various EBV strategies  are 

reported  to overcome the host immune system (rev. in Masucci, 2004). Thus, EBV-

specific CTLs can exist at the tumor site but their ability to proliferate and act 

properly is impaired, due to their state of anergy (Frisan et al.,1995 and 1996). 

A general strategy to treat EBV-associated tumors would be to disrupt EBV 

latency by targeting latent genes. LMP2 is considered the most promising target for 

immunotherapeutic approaches. LMP2 appears to be more immunogenic and targeted 

more frequently by CTLs than LMP1 (Lee et al.,2000). LMP2-specific CD8+ and 

CD4+ T-cells have been detected in healthy individuals as well as in NPC patients, 

albeit at a relatively low frequency (Leen et al.,2001; Lee et al., 2000).  

Since the antigen processing and presentation pathways appear to be intact in NPC 

tumor cells, an approach to enhance their perfomance seems reasonable (Khanna et 

al., 1998; Oudejans et al., 2002). There is a protocol where patients are treated with 

EBV-specific CTL, generated ex-vivo using the autologous LCLs as stimulator cells. 

LMP1 and LMP2-specific CTL could also be produced  by stimulating PBMC with 

autologous dendritic cells expressing LMP1 or LMP2 from adenoviral vectors 
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(Wagner et al.,2003). To further enhance their effectiveness, these  CTL could be 

rendered resistant to the devastating effects of TGF-beta, produced in excess in 

tumors,  by transduction with a retrovirus vector expressing a dominant-negative 

TGF-beta receptor, while transgenic IL-12 could increase the expression of Th1 and 

decrease that of Th2 cytokines (Rooney et al., 2002). After CTL infusion, EBV-

specific immunity increases, virus load decreases, CTLs home to sites of malignancy 

and persist for up to ten months.  

 

8 OPEN QUESTIONS IN EBV BIOLOGY  
 

8.1 From primary infection  to the memory B- cell.  
In peripheral blood of a healthy carrier, the  virus is detected predominantly in 

resting, memory type B-cells. There are reports that EBV is detected predominantly in 

IgA+ B cells (Ehlin-Henriksson et al., 1999 and 2003). 

One model suggests that EBV gains an access to its reservoir  in a human body, 

entering first the naïve B cells, where it starts to express the latency-associated viral 

proteins which drive cellular proliferation.  Eventually, it  will switch off expression 

of all but LMP2A, and occasionally EBNA1. The circulating B-cells, harbouring 

latent EBV, will need to re-express LMP1, in  addition to LMP2A, to be able to 

transit the germinal centre (GC) reaction in tonsils. LMP1 and LMP2A will  provide 

B cells with the necessary signals substituting CD40 and BCR stimulation 

respectively (Thorley-Lawson et al., 2004).  The gene expression pattern of EBV 

corresponds closely to the developmental stage of B cells (Thorley-Lawson, 2000).  

This  scenario was called a serial pathway (Rowe, 1999).  

On the other hand, there are experimental data  which lend credence to an 

opposite model as well. First, EBV can enter any type of B cell and initiate a variety 

of expression programmes (Kuppers et al.,2000;Ehlin-Henriksson et al.,2003). 

Second, there is a number of reports which question the possibility that EBV carrying 

cells actually go through a GC reaction (Kurth et al., 2003). Immunohistochemical 

and in situ hybridization studies of tonsillar tissues showed that the main location of 

EBV-infected B cells is in the extrafollicular regions; they were rarely detected in 

germinal centres (Araujo et al.,1999; Meru et al.,2001; Niedobitek et al.,1992). A 

series of findings indicate that LMP1 expression can interfere with the differentiation 

of B cells into germinal-centre B cells by down-regulating BCL6, the key 
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transcriptional repressor that controls and sustains the germinal-centre stage of B-cell 

differentiation (Carbone et al.,1997). Third, there is data suggesting that 

circularization of the EBV genome — a prerequisite for the establishment of latency 

— has been observed early after infection, before expression of the full latency 

pattern (Cheung et al.,1993), which means that LMP2A and EBNA1 could be 

expressed directly,  without preceding expression of other EBNAs. In that case,  EBV 

virions could enter a resting B cell,  immediately express EBNA1 and/or LMP2A 

while the recipient cell would remain quiescent.  Meanwhile, in a neighbouring naïve 

B-cell, the virus could launch expression of all EBNAs. Such cells  will proliferate 

initially but will eventually be recognized and killed by the host immune system. Such 

scenario was called a parallel pathway (Rowe , 1999). ). Evidence for a direct 

expression of LMPs in the absence of EBNA2  also comes from in vitro infection 

experiments as well (Kis et al.,2004). 

 

8.2 Two modes of EBV patogenesis in acute infection. 
One of the most intriguing questions concern the very initial events upon EBV 

entry into the human body, especially in the early childhood. The way the virus 

achieves a balance interacting with  the mature versus immature human immune 

system. What features of children’s immune system allow the acute EBV infection to 

pass clinically undetectable? There is data suggesting  that EBV participates in the 

maturation of  the human immune system (Li et al., 2002 ).  

 

8.3 The role EBV in tumorigenesis.  
What is the primary event?  Does   EBV enter a normal cell and transform it? 

Or does it only contribute to an already initiated  process of transformation, i.e. not 

allowing an abnormal cell to undergo apoptosis?   Or does EBV contribute to 

tumorigenicity only when it happens to be in  the “wrong” cell?  

To what extent do mutations of EBV genes and epigenetic alterations like 

methylation of regulatory sequences of EBV in vivo (Falk et al.,1998) as compared to 

alterations in  the particular cellular environment, make the development of  a tumor  

the  unescapable outcome?  

To what extent might other tumorigenic human viruses affect or contribute 

together with EBV, to the neoplastic process? 
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9 VIRAL PIRACY 
Membrane compartments, receptor activation, ubiquitin ligases, signalling 

scaffolds and survival signals. This section introduces the biological background 

relevant to the topics of the articles presented in this thesis.  

 

9.1 Membrane compartmentalization and rafts 
(Biological background of paper I) 
It is recognized today that the membrane of  an eukaryotic cell is not just a 

two-layer lipid structure but may be considered as  an organelle in itself (Helms & 

Zurzolo,2004). To begin with, it  can be divided biochemically into two major 

subdomains, clathrin-rich areas and lipid-rich areas, on the basis of different lipid 

composition. It appears that this division is functional as well, since partitioning of 

cell-surface molecules, internalization and intracellular signalling from these areas 

proceed by different routes. 

Clathrin-rich areas are  poor in lipids and characterized by the presence of a 

distinct subset of proteins like  clathrin itself, the adaptor proteins binding clathrin, 

AP-2, AP-3, Eps15, Epsins, Cbl, CIN85, endophilin, dynamin. The complex is known 

to facilitate endocytosis of cell surface receptors like EGFR and G-protein-coupled 

receptors (GPCRs) via clathrin-coated pits, and vesicles. 

            Lipid-rich areas can be further subdivided into caveolae  and lipid rafts. 

Caveolae can be considered to be a subfamily of lipid rafts, due to a similar lipid 

composition, but they are not completely overlapping with  lipid rafts in the 

membranes. Caveolae were first defined already 50 years ago on the basis of their 

electron microscopic appearance as 50-100 nm diameter, flask-shaped invagination 

into the interior of a cell, located at or near the plasma membrane of some but not all 

cells (Palade, 1953).   

            Recently microdomains have been  reported that are made up of tetraspan 

proteins, such as CD9, CD63, CD81 or CD82, where also MHC-peptide complexes 

are incorporated. These microdomains differ from classical lipid rafts (Kropshofer et 

al.,2002). 

The term lipid raft has been used to describe putative cholesterol- and 

sphingolipid-rich liquid-ordered microdomains within cell membranes. It seems that 
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these lipids confer increased thickness to the raft microdomains (rev. in Munro, 

2003). Lipids in raft bilayers can be more compressed and allow the membrane to 

bend more than do unsaturated, non-raft bilayers (Needham et al.,1999). They are 

characterized by their insolubility in non-ionic detergents, like Triton-X100 at 4 C and 

can be isolated  on the basis of their buoyancy in sucrose or Optiprep gradients. Thus, 

the concept of  “lipid rafts” is defined by biochemical operations. The existence of 

lipid rafts as biological entities, i.e., as actual domains, detectable on the cell surface, 

has been a subject of debate (rev. in Munro, 2003). However, employment of  new 

techniques such as visualization  of raft microdomains at the cell surface with FRET 

(Varma et al., 1998), use of new non-ionic detergents (like Brij 98 which extracts raft 

components at physiological temperatures,  i.e. 37 C) or detergent-free techniques 

such as immunoisolation (Harder et al.,2001), cross-linking studies (Friedrichson et 

al.,1998) and studies  analysing the movement of single raft-associated molecules 

within the membrane, suggest the presence of such microdomains in vivo. A wide 

range of raft sizes have been reported (rev. in Anderson & Jacobson, 2002). Using a 

newly developed approach for the detection and measurement of raft microdomains at 

the cell surface, involving a combined immunogold electron microscopy with a 

statistical analysis of gold particle patterns, it has been reported that an inner plasma 

membrane lipid raft marker displays clustering in microdomains with a mean 

diameter of 44 nm that occupy 35% of the cell surface (Prior et al.,2003). These 

microdomains have been variously called detergent-insoluble glycycolipid-enriched 

membrane domains (DIGs), glycosphingolipid-enriched membranes (GEMs) or 

detergent-resistant membranes (DRMs) or lipid rafts. 

There are distinct rafts in the outer and inner leaflets of the plasma membrane. 

GPI-(glycosylphosphatidyl-inositol)-anchored proteins, gangliosides (GMs), and 

predominantly sphingolipids are markers for the outer rafts, while acylated proteins 

(myristylated, palmitoylated or prenylated) and phospholipids with saturated tails are 

markers for the  inner rafts. If and how these inner rafts might be coupled to the outer 

ones is still poorly understood, but  it is possible today to visualize these structures 

with the mentioned above immunogold electron microscopy. It has helped determine 

the size and distribution of lipid rafts, co-localization of inner and outer leaflet raft 

proteins, and to demonstrate that inner leaflet rafts undergo redistribution with 

retention of their modular structure when an outer-leaflet raft protein is cross-linked 

(Prior et al.,2003). 
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Analysis of the proteins within rafts reveals a range of signalling molecules including 

T- and B-cell receptors, Src-family tyrosine kinases, G-proteins, growth factor 

receptors such as the epidermal growth factor (EGF), PDGF (platelet-derived growth 

factor) and insulin receptors and integrins. Consequently, they have been proposed as 

important sites for different signalling processes (Simons & Vaz,2004). 

The enrichment of signalling molecules within the raft compartments has led 

to the model that rafts could maintain downstream signalling pathways as 

preassembled complexes, obviating the need to recruit each molecule to the complex 

for signalling and thus decreasing the time of response. An example is provided by T 

cells, where components of the signalling complex activated by the TCR are 

preassembled within the TCR-containing rafts (Drevot et al.,2002). Actually, much of 

what has been learned about rafts was demonstrated in studies of T lymphocytes, 

where rafts are critical for the formation and function of the immunological synapse 

during initial activation through the T cell antigen receptor, and the role and 

characteristics of rafts in this process have been reviewed extensively (Simons et 

al.,2000). 

The direct morphological identification of lipid rafts themselves is still 

elusive; they are probably too small and/or too dynamic to be detected by means of 

conventional microscopy. However, small changes in the oligomerization or 

conformational state of membrane proteins may stabilise transient rafts and induce the 

formation of larger domains (Subczynski et al.,2003).  

It is thus likely that signal transduction could be regulated by sequestering 

signalling proteins into different rafts until an activating signal brings them together in 

a super-raft (Lucero et al.,2004). Besides functioning as  preassembled signalling 

platforms, rafts could provide specificity during internalization of cell surface 

proteins. The cell surface molecule TGFβR (transforming growth factor-β receptor)  

internalizes via endocytosis through the clathrin- as well as the lipid raft-dependent 

pathways. These two internalization pathways are enriched in different Smad 

signalling components of  the TGFβ pathway.  The clathrin-rich area  is enriched in  

Smad2. Binding of TGFβR to Smad2 mediates  signalling to the nucleus.  The rafts, 

on the other hand, are enriched in Smad 7, an inhibitory Smad-family member. The 

association of TGFβR with rafts targets this receptor for  degradation  (Di Guglielmo 

et al.,2003).  
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Another  group of receptors for which raft association appears to be important 

are the integrins. The integrins interact with extracellular matrix and cell-surface 

ligands, and have been shown to regulate “outside-in” signal transduction after ligand 

binding by the formation of a signalling complex of kinases and adaptor proteins 

associated with the cytoplasmic domains. A number of integrins have been identified 

within lipid rafts. The case of α6β4 in keratinocytes is particularly interesting as it 

appears that dimers of this integrin within rafts promotes epidermal growth factor-

dependent cell proliferation, whereas α6β4 in the non-raft compartment is sufficient 

for adhesion and hemidesmosome formation (Gagnoux-Palacios et al.,2003).  

There is also accumulating data on interdependent signalling from different 

cell surface receptors and a role of rafts in this. Both EGFR and MAPK can be trans-

activated by G-protein coupled receptors (GPCRs), so their proximity to each other is 

of importance. An interesting observation is that movement of only a small fraction of 

GPCRs  to caveolar areas suffices for transactivation of EGFR to take place (Ushio-

Fukai et al.2001).  Another interesting finding is that transactivation of EGFR and the 

downstream MAPK pathway by GPCRs results in different final outcomes depending 

on whether the receptors are located inside or outside of lipid rafts. Transactivation of 

EGFR by the GPCR inside lipid rafts leads to transient EGFR and ERK1/2 activation 

and cell proliferation, whereas transactivation outside lipid rafts is accompanied by a 

long-lasting activation of these signalling intermediates and inhibition of cell growth 

(Rimoldi et al.2003). 

A possible role for lipid domains has also been suggested in the intracellular 

movement of signalling proteins distally from the plasma membrane since a 

requirement for rafts was shown for the nuclear translocation of 

STAT1α (Subramaniam & Johnson,2002). 

A number of proteins have been found to be permanently associated with rafts. 

Their association with rafts involves different mechanisms and they play a variety of 

cellular roles. Examples are caveolins and  LAT: 

Caveolins act as scaffolding proteins to cluster and regulate signalling 

molecules targeted to the caveolae, such as Src-family tyrosine kinases, Ha-Ras, G-

protein alpha subunits, endothelial nitric oxide synthase, protein kinase C, and 

epidermal growth factor receptor, among others (Okamoto et al.,1998). Caveolae 

perform important roles in signalling, transendothelial transport, and lipid regulation 
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(Drab et al.,2001; Razani et al.,2002a; Razani et al.,2002b) but show a more restricted 

tissue distribution than other biochemically defined rafts, which generally appear to 

be an ubiquitous feature of eukaryotic cells (rev. in Simons & Vaz,2004). 

LAT is another permanent resident of the rafts. LAT is an adaptor protein that 

performs a critical function in raft-mediated TCR signal transduction (Zhang et al., 

1998a  and 1998b). LAT is anchored in the plasma membrane by way of its 

transmembrane domain, and localizes to rafts by palmitoylation of two cysteine 

residues in its juxtamembrane region (Zhang et al., 1998a). 

An alternative to  permanent residence in  rafts is temporary association of 

some proteins to rafts. This phenomenon has been extensively studied during the T-

cell immune response. The earliest event after ligation of the TCR and its co-receptor 

CD4 by peptide antigen presented by MHC molecules on the antigen presenting cell 

is activation of the Src family of protein kinases like Lck and their translocation to the 

rafts (Filipp et al.,2003).   

Temporal or reversible association of proteins with lipid rafts can apparently 

not be predicted by any particular type of protein modification but needs to be 

identified for each protein individually. Associations between proteins and the lipid 

content in the rafts are other variables that influence the protein composition in the 

rafts, both of which change dynamically with the activation state of the cell.  

Besides binding to cholesterol (Mineo et al.,1999) or to the permanent lipid 

components of rafts, like GM1 gangliosides (Miljan et al.,2002), the intracellular loops 

and carboxyl-terminal tails of proteins may all be involved in targeting receptors to 

lipid rafts by means of such addressing signals as  fatty acylation and protein-protein 

interactions.  Three classes of fatty acylation of proteins occur in eukaryotic cells: N-

myristoylation, S-palmitoylation, and N-palmitoylation. Protein N-myristoylation 

refers to the covalent attachment of myristate, a 14-carbon saturated fatty acid, to the 

N-terminal glycine of eukaryotic and viral proteins (Farazi et al.,2001). In most cases, 

N-myristoylation is an irreversible modification that occurs co-translationally 

following removal of the initiator methionine residue. Most Src family tyrosine 

kinases are modified by both palmitoylation and myristoylation.  Both Lck and Fyn 

are bound to the membranes through palmitoylation and  Lyn is doubly myristoylated. 

S-palmitoylation is the reversible addition of palmitate, or other long chain fatty acids, 

to proteins at cysteine residues via a thioester linkage. This modification can occur 

spontaneously, in the absence of cellular factors. S-palmitoylation can also be 
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catalyzed enzymatically, but its mechanism and enzymology is poorly understood. 

Nevertheless, S-palmitoylation is a common and essential mechanism of 

posttranslational modification found in several cytoplasmic and transmembrane 

proteins (rev. in Bijlmakers et al.,2003). N-palmitoylation via an amide bond (N-

terminal cysteine or internal lysine) is a rare modification found in very few bacterial 

and eukaryotic cellular proteins (i.e. Sonic hedgehog protein, [Pepinsky et al.,1998]). 

A number of palmitoylated proteins or proteins carrying both kinds of 

modification (myristoylation per se is not sufficient), including Gα-subunits of 

heterotrimeric G-proteins, non-receptor Src-like tyrosine kinases (NRTKs) and 

endothelial nitric oxide synthase (eNOS), mainly partition into rafts (Okamoto et al. 

1998). 

          Additionally, there is clinical evidence that protein distribution in lipid rafts 

may depend on factors such as age, drug use and ongoing diseases, thus offering a 

new perspective for the investigation of receptor signalling in normal and pathological 

conditions (Simons & Ehehalt, 2002).  

The lipid rafts are important in a viral life cycle as well. It has been shown that 

the lipid raft microdomains are the sites of budding of enveloped viruses, such as 

influenza virus (Manes et al.,2003). 

 
9.2 Clustering of cell surface molecules.  
(Biological background of paper I, (continued.)) 
The importance of  clustering of cell surface molecules to achieve an 

appropriate cellular response is best appreciated by looking at the signal transduction 

initiated upon ligand-induced epidermal growth factor receptor (ErbB) homo- and 

heterodimerization. Epidermal growth factors enable cells to proliferate, differentiate 

and move. A particular cellular response is regulated by the identity of the ligand and 

the receptor composition (see fig). Further, dysregulation of the ErbB network is 

implicated in a variety of human cancers. The ErbB  family consists of four  closely 

related members, EGFR, also known as ErbB-1 or HER1, ErbB-2 (HER2), ErbB-3 

(HER3), and ErbB-4 (HER4). They are  transmembrane receptors able to bind ligands 

which all share an epidermal growth factor motif.  The extracellular domains 

comprise 2 cysteine-rich domains, which mediate ligand-induced dimerization. In 

addition, the ectodomains include 2 cysteine-free regions, each capable of binding a 

distinct portion of the bivalent growth factor ligand.  The highly homologous 
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cytoplasmic regions contain a bilobular tyrosine kinase domain, flanked by a short 

transmembrane stretch and a long autophosphorylation tail.  

 

 
 

Figure 5. Ligand activation of the ErbB family of receptor tyrosine kinases.  In 
panel A, the ligands are listed at the top. The binding specificities are indicated with 
arrows to the corresponding receptors. For ErbB2 no ligand is known, but it can still 
heterodimerize with other receptors. The ErbB3 tyrosine kinase domain is inactive. In 
panel B, the major extracellular and intracellular events of ligand-induced activation 
are shown. 
 

Ligand binding induces the homo- or heterodimerization of ErbBs, resulting in 

receptor  transphosphorylation on tyrosine residues within the activation loop, which 

significantly enhances kinase activity (Heldin, 1995; Hubbard et al.,1998). 

Subsequent tyrosine phosphorylation on residues within the carboxyl terminal tail of 

the receptors enables the recruitment and activation of signalling effectors containing 
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Src homology 2 (SH2) and phosphotyrosine-binding (PTB) domains. Individual 

ErbBs bind a distinct subset of signalling molecules. Although both homo- and 

heterodimerization result in activation of the ErbB network, heterodimers are more 

potent and mitogenic. It may be because heterodimerization can provide additional 

phosphotyrosine residues for the recruitment of binding partners, as well as induce 

distinct patterns of receptor phosphorylation and downstream signalling. In addition, 

the attenuation of signalling through receptor endocytosis and subsequent liposome 

degradation differs between receptor dimers (Lenferink et al.,1998; Worthylake et 

al.,1999). 

Receptor dimerization is also regulated by the identity of the ligand, in 

addition to regulation by the complement of ErbB RTKs expressed on the cell surface. 

Furthermore, signal strength and duration are influenced by ligand affinity. 

One can characterize the mechanism of ErbB signalling which contributes to 

tumorigenesis as hyperactivation (rev. in Klapper et al.,2000; Olayioye et al.,2000; 

Yarden, 2001). Hyperactivation of the ErbB network can occur via an autocrine 

secretory loop involving overproduction of ligands and receptors by the tumor cells, 

or paracrine growth, dependent on ErbB ligands produced by adjacent stromal cells 

(Salomon et al.,1995). Alternatively, abberant growth can ensue from constitutive 

receptor activation (Lonardo et al.,1990) often due to mutations leading to 

spontaneous dimerization. 

The tumor-promoting effects of ErbB-2 have been best characterized (rev. in 

Marmor et al.,2004). The oncogenic effect of ErbB-2 may relate to its overexpression, 

detected in 20-30% of breast and ovarian tumors. High level of ErbB-2 expression 

may result in its constitutive homodimerization which promotes transformation in 

tissue culture models. Alternatively, overexpressed ErbB-2 may promote tumor 

formation as a result of spontaneous or ligand-induced heterodimerization with other 

ErbBs. Constitutive activation of Erb B2 in the absence of ligand was shown to occur 

through the V664E mutation in the Tm domain. The mutant receptor spontaneously 

dimerizes, resulting in tyrosine kinase activation and oncogenic transformation 

(Bargmann et al, 1986, Fleishman et al, 2002). Together, these contributes of ErbB-

2/HER2 underlie the sustained signals induced through ErbB-2 containing 

heterodimers and eventually oncogenic transformation. 
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9.3 HECT-domain family of E3 ligases 
(Biological background of paper II) 
Degradation of cellular proteins comprises a number of a highly complex, 

temporally controlled, and tightly regulated processes that play major roles in a 

variety of basic pathways during cell life and death and which are affected in human 

health and disease as well.  Degradation of a protein via the ubiquitin/proteasome 

pathway involves two successive steps: 1) conjugation of multiple ubiquitin moieties 

to the substrate and 2) degradation of the tagged protein by the downstream 26S 

proteasome complex.  

Conjugation of ubiquitin requires the sequential action of three enzymes: the 

ubiquitin-activating enzyme, E1; one of several ubiquitin-carrier proteins, E2s (known 

also as ubiquitin-conjugating enzymes, UBCs); and a member of the E3 ubiquitin-

protein ligase family. The E3 ubiquitin ligases have the critical role of determining 

which proteins are targeted for the ubiquitin conjugation (Varshavsky, 1997). 

Deficiency or mutation of some of the E3s like Cbl, Cbl-b, or Itch, causes abnormal 

immune responses such as autoimmunity, malignancy, and inflammation. 

The E3s can be generally classified into RING- and HECT-type  families and 

E4/U box-containing ubiquitin ligases (rev. in Ben-Neriah,2002). 

RING-type ligases were only  recently recognized as such.  For many years, 

RING finger domains were thought to play a role in dimerization of proteins. RING 

fingers have been defined by a pattern of conserved  Cys and His residues that form a 

cross-brace structure that probably binds two Zn cations.  C-Cbl, a RING finger ligase 

involved in targeting activated receptor tyrosine kinases, has been crystallized, bound 

to a cognate E2 and a kinase peptide (representing the substrate). The crystal structure 

suggests that RING E3s may function as scaffolds that position the substrate and the 

E2 optimally for ubiquitin transfer. They may function as single subunit enzymes, like 

the Cbl enzymes or more often, the RING-type enzymes are organized in a complex, 

of which the SCF complex is one example,  where substrate recognition is  carried out 

by  one subunit, called F-box protein, and the catalytic activity is carried out by 

another, in SCF, for example this could be the β-TrCP molecule (rev. in Glickman & 

Ciechanover, 2002).   

E4 ligases are responsible for an elongation of polyubiquitin trees on 

ubiquitin-targeted substrates. E4 defines a novel protein family that shares a modified 
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version of the RING finger, designated as U box, that lacks the hallmark metal-

chelating  residues of the RING finger motif. Instead, the structure is probably 

stabilized by hydrogen bonds and salt bridges.  

HECT family of E3 ligases are found throughout eukaryotes and regulate 

diverse biological processes through targeted degradation of proteins, both in the 

nucleus and at the plasma membrane. Whereas the yeast Saccharomyces cerevisiae 

uses a single protein, Rsp5p, to carry out these functions, evolution has provided 

higher eukaryotes with several hundred of these proteins that appear to have 

specialized roles. 

The HECT domain is a highly conserved region of 350 amino acids with an 

active cysteine residue, which forms a high-energy thioester bond with Ub which 

constitutes a necessary step for the Ub transfer to the substrate. The Nedd4 family of 

proteins is a subgroup within the  HECT family of E3 ligases. Nedd4 was first  

recognized as an interacting partner, responsible for the ENaC Na+ channel 

downregulation (Staub et al.,1996). 

 

 
 

Figure 6. Domain architecture of human HECT family E3 ubiquitin ligases. 
C2 = Protein kinase C conserved domain 2. WW = Domain with two conserved trp 
(W) residues. HECT = Domain Homologous to HPV E6-associating protein Carboxyl 
Terminus. Modified from Ingham et al. 2004. 

 
Unlike the prototype HECT-domain protein, E6-AP (see below),  the Nedd4 

E3 ligases contain an additional N-terminal Ca2+-binding, protein kinase C-related, 

C2 domain, followed by multiple WW domains.  It was shown that the C2 domain 
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can mediate adhesion to the lipids in the membrane and participate in protein-protein 

interaction (rev. in Ingham et al.,2003). 

WW domains derive their name from the presence of two highly conserved 

tryptophan (W) residues, which are spaced 20-22 amino acids apart. They normally 

contain 38-40 amino acids with the fold of a triple-stranded β sheet and are found in 

proteins that participate in cell signalling. These domains are implicated in mediating 

protein-protein interactions by binding to proline-rich motifs or phosphoserine- and 

phosphothreonin-containing elements in their binding partners (Sudol & 

Hunter,2000). 

AIP4 is a human homolog of the mouse Itch protein (Perry  et al.,1998). AIP4 

was originally cloned as an interactor with Atrophin-1, a protein implicated in the 

neurodegenerative polyglutamine (CAG) disorder DRPLA (Margolis et al.,1996; 

Wood et al.,1998). The function of atrophin-1 is largely unknown. It seems  that 

proteins with the glutamine-rich regions play important roles in the assembly of the  

basic transcriptional machinery (Freiman & Tjian, 2002). 

 

The following are examples of some known interactions of AIP4: 

1. AIP4-Notch (Qiu et al.,2000). Ubiquitinates and degrades it. 

2. AIP4-p45/NF-E2 (Chen X. et al.,2001). Represses its transcriptional activity. 

3. Itch/AIP4-JunB (Fang et al.,2002). Ubiquitinates and degrades it. 

4. AIP4-Atrophin-1 (Wood et al.,1998). 

5. AIP4-Smad3.  Ubiquitinates Smad3 binding partner HEF1 in TGF-β signalling 

pathway (Feng et al.,2004). 

6. AIP4-RNF11. RNF11 has a RING-H2 finger domain. Complex may facilitate 

degradation of specific substrates involved in oncogenesis (Kitching et 

al.,2003). 

7. AIP4-endophilin A1. Ubiquitinates it. Endophilin A1 regulates endocytosis of cell 

surface receptors (Angers et al.,2004). 

8. Itch/AIP4-occludin (Traweger et al.,2002). Ubiquitinates it. Occludin is a 

component of the tight junction, the intercellular structure. 

 

          Viruses were found to exploit the ubiquitin system by targeting cellular 

substrates that may interfere with the life cycle of viruses. The first enzyme described 
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in the HECT E3 ligase  family was discovered because the E6 proein of HPV uses it 

to target p53 for degradation. Hence this E3 ligase was named E6-AP, HPV E6-

Associating Protein (Figure 6 and Scheffner et al.,1993). This activity of E6 can 

account, at least partially, for the oncogenicity of the high risk strains of 

papillomaviruses, such as HPV16, 18 and 31  (Hengstermann et al.,2001). 

A second instance of a viral protein-mediated ubiquitination of an endogenous 

substrate is that of the degradation of the T-cell CD4 receptor. Vpu protein of the 

HIV-1 virus is recognized, after phosphorylation, by the F-box protein β-TrCP. Vpu 

also binds to the CD4 receptor of the T cells infected by the virus. This binding leads 

to ubiquitination and degradation of CD4 by the SCFβ-TrCP complex (Schubert et 

al.,1998). 

A very intriguing  finding was reported in 2003 showing that two types of E3 

ligases interact with each other.  The Cbl RING-type E3 ligase was found to interact 

with Nedd4 family, HECT-type E3 ligases, with degradation of Cbl as the outcome 

(Magnifico et al. 2003). This finding points to a novel level of regulation in targeting 

cellular proteins to the proteasomal degradation.  

 

9.4 AKTivation of cellular survival signals 
(Biological background of paper III) 

9.4.1 The PI3K-Akt pathway. 
Over the course of evolution, viruses have developed the ability to utilize the 

PI3K-Akt pathway in eukaryotic cells in their strategies to survive and propagate   

during both acute and latent infections. The reason being that the PI3K-Akt pathway 

has proven to be vitally important in cell survival, during the response to growth 

factors and insulin (Datta et al.,1999; rev. in Franke et al.,2003).  

Mechanisms of Akt-induced protection from cell death are diverse. Akt 

activity protects against apoptosis when it is phosphorylated, i.e. activated, and is able 

to inhibit pro-apoptotic mediators such as Bad and procaspase 9 by phosphorylating 

them.  This inactivates binding of these molecules to 14-3-3 proteins.  

Phosphorylation of  the Forkhead family of transcriptional factors (FKHR) by Akt 

will sequester FKHRs in the cytoplasm. FKHR is known to initiate transcription of 

proapoptotic factors such as Fas ligand. On the other hand, Akt is also able to activate 

prosurvival factors such as  the transcriptional factor CREB (cyclic AMP response 
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element-binding protein), and IκB kinase-β (IKK-β), a positive regulator of NF-kB, 

both of them regulating the expression of genes with antiapoptotic activity (Figure 7 

and Datta, et al., 1999). 

Another downstream target of Akt activation is β-catenin. Akt phosphorylates 

GSK3β. This causes release of beta-catenin from a cytoplasmic protein complex with 

GSK3β which effects its translocation to the nucleus (see also above). Target genes 

activated by beta-catenin include the myc-gene  

PKB/Akt was characterized following the isolation of two genes termed akt1 

and akt2, identified as the human homologues for the viral oncogene v-akt, which is 

known to be responsible for a type of leukaemia in mice (Staal ,1987). Later, two 

unrelated studies revealed that v-akt and its human homologues encoded a protein 

kinase bearing some resemblance to protein kinase C (PKC) and protein kinase A 

(PKA) (Jones et al., 1991; Coffer et al. 1991; Bellacosa et al. 1991); therefore, it was 

called PKB. The PKB family of kinases is evolutionarily conserved in eukaryotes 

ranging from C. elegans to man (except yeast). The amino acid identity between C. 

elegans and human PKB is around 60%, whereas that between mouse, rat and human 

it is more than 95%. To date, three members of this PKB family have been isolated, 

named PKBα(Akt1), PKBβ(Akt2), and PKBγ(Akt3) (Murthy et al.,2000). Although 

they are product of different genes, they are closely related to each other, with up to 

80% of amino acid homology. The three genes are expressed differentially, with 

broader expression for PKBα/Akt1 and PKBβ/Akt2 and a more restricted expression 

for PKBγ/Akt3. Each isoform presents a pleckstrin homology (PH) domain of 

approximately 100 amino acids in the N-terminal region. This is followed by the 

kinase domain, which is very similar to those of PKA and PKC (Jones et al. 1991; 

Andjelkovic et al. 1995).  

An initiating step in the activation of Akt, is the attachment of Akt activating 

kinases, PDK1and PDK2 and Akt itself to the inner leaflet of the plasma membrane. 

The assembly is facilitated by attachment of all participants in the complex through 

their PH domains to the phosphatidylinositol-3,4,5-triphosphate, PtdIns(3,4,5)P3.  

PDK1 phosphorylates Ser308 in the catalytic loop of Akt, PDK2  phosphorylates 

Thr473 in the C-terminal hydrophobic end of Akt.  Although the identity of the kinase 

catalyzing the phosphorylation of Thr473 is still debated there is strong biochemical 
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data implicating ILK as being PDK2. Phosphorylation of Akt at both positions is 

essential for maximal Akt activation (Alessi et al., 1996). 

 

 
 

Figure 7. Selected features of the PI3 kinase – Akt signalling pathway. For 
LMP2A-induced stimulation of this system, only the nuclear translocation of beta-
catenin has been shown as a read-out of Akt activation. Phosphorylation of FKHR and 
activation of CREB is not shown. Besides Grb2-SOS, an alternate PI3 kinase 
activation pathway is through Grb2-Gab (not shown). 
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Formation of PtdIns(3,4,5)P3 is catalyzed by PI3Ks in response to a wide 

variety of external cues such as the presence of soluble growth factors, contact with 

neighbouring cells or adherence to components of the extracellular matrix.  

The PI3Ks are a family of enzymes (Classes I, II and III) that produce lipid second 

messengers by phosphorylation of plasma membrane phosphoinositides at one of the 

three possible positions  on the inositol ring (rev.in Vanhaesebroeck et al.,2001). 

Activated by one of the external cues, class I PI3Ks catalyze transfer of a phosphate 

group to the 3’OH position on PtdIns(4,5)P2.  They are heterodimeric proteins 

consisting of a catalytic subunit (110 kDa, p110) and an adaptor/regulatory p85 (85 

kDa) subunit. PI3K class I members are divided into class IA and class IB PI3Ks. In 

class IA PI3Ks, the catalytic subunit has three isoforms(α, β and δ), each encoded by a 

separate gene, and seven adaptor proteins generated by expression and alternative 

splicing of three different genes(p85α, p85β and p55γ). The class IB PI3Ks consists of 

a p110γ catalytic subunit, associated with a 101 kDa (p101) adaptor subunit 

(Vanhaesebroeck et al.,2001). 

Class IA PI3Ks can be activated through binding of the Src homology (SH2) 

domain in the adaptor subunit to autophosphorylated tyrosine kinase receptors or 

alternatively to non-receptor tyrosine kinases in the cytoplasm, such as the Src family 

kinases or JAK kinases (Haynes et al.,2003; Takahashi-Tezuka et al.,1997). Class IB 

kinases are activated by binding of the catalytic subunit to heterotrimeric guanosine 

5’-triphosphate-binding proteins or “G proteins”. Class IA PI3Ks can also be activated 

by G proteins. Activated PI3Ks of Class I prefentially phosphorylate 

phosphatidylinositol-4,5-diphosphate, PtdIns(4,5)P2 in vivo, to produce 

phosphatidylinositol-3,4,5-triphosphate, PtdIns(3,4,5)P3 (Cantrell, 2001). In turn, the 

production of PtdIns(3,4,5)P3 is regulated by the lipid phosphatase PTEN, which 

catalyzes the dephospharylation of PtdIns(3,4,5)P3 to PtdIns(4,5) P2 (Maehama & 

Dixon, 1999; Leslie et al.,2002).  

Constitutive up-regulation of PI3K-Akt cell survival signalling has been 

implicated in oncogenic transformation and tumour development, as it prevents 

apoptotic cell death during uncontrolled proliferation. Several reports have described 

the contribution of PKB isoforms to human diseases, including cancer and diabetes 

(rev. in Nicholson & Anderson, 2002; Whiteman et al., 2002).  
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Dysregulation  of the PI3K-Akt pathway in a variety of tumours  occurs by 

several different mechanisms: by a gene amplifications found in ovarian, pancreas, 

breast and stomach malignant tumours leading to overexpression of Akt  protein 

(Bellacosa et al.,1995; Cheng, et al. 1996), or p110α of PI3K (Shayesteh et al., 1999; 

Ma et al.,2000) or  by constitutive activation in tumours harbouring a mutant  Ras 

oncogene or small G protein, or by inactivation of the inhibitory phosphatase  PTEN 

(Maehama & Dixon,1998; Downward, 2004). 

            Despite involvement of PI3K activity in nearly all aspects of cellular existence 

there are few direct interactions reported for the adaptor subunit p85 of PI3K. The 

majority of data on the  involvement of PI3K  is limited  to use of inhibitors targeting 

either the catalytic subunit (LY294002) or the regulatory subunit (Wortmannin) of 

PI3K.  There are very few direct interactions reported which are responsible for PI3K 

activation.  A closer look at adaptor proteins would be a good start to fill many 

missing links in cell signalling networks with respect to interactions with the p85 

regulatory subunit of PI3K. 

 

9.4.2 The Shb scaffold 
Shb was originally identified in the insulin producing βTC-1 cell line. The 

ubiquitously expressed Shb protein exists in two isoforms, 56 and 67 kDa, probably 

because the Shb cDNA contains two alternate methionine codons in the N-terminal 

part and can therefore code for two proteins of different sizes (Welsh et al.,1994). 

This adaptor protein contains several domains, with different properties: 

1. An SH2 domain, located in the C-terminus, that interacts with phospho-specific 

tyrosine residues in different receptors, such as FGFR-1, PDGFR-α and –β, 

TCRζ-chain and IL-2R β- and γ chains (Karlsson et al., 1995; Welsh et al., 

1998;  Lindholm et al., 1999; Lindholm, 2002). 

 2. Four central putative phosphorylation sites, that can interact with Crk II (Lu et 

al.,2000), SLP-76 (Lindholm et al., 2002) and RasGAP (Anneren et al.,2003).  

 3. A PTB domain, that interacts with phospho-tyrosine residues in LAT (Lindholm et 

al.,1999) and Vav-1 (Lindholm et al., 2002). 

4. Two to five proline-rich domains at the N-terminus, that can interact with the SH3 

domains of Grb2, Eps8, v-Src and p85α PI3K, PLCg (Karlsson et al., 1997; 

Welsh et al., 1998; Lindholm et al., 1999). 
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Several factors, including PDGF, NGF, FGF, CD3 and IL-2, can induce 

phosphorylation (activation) of Shb (Hooshmand-Rad et al., 2000; Karlsson et al., 

1998; Lindholm et al., 1999 and 2002). The endogenous angiogenesis inhibitors 

angiostatin and endostatin have opposing effects: while endostatin potentiates Shb 

phosphorylation, angiostatin inhibits it (Claesson-Welsh et al.,1998; Dixelius et 

al.,2000). The Src-like kinase FRK/RAC, also known as GTK, also has the ability to 

induce phosphorylation of Shb (Anneren et al.,2000). 

 

 
 

Figure 8. Domain structure of the Shb signalling scaffold. The sequence 
specificity of the cognate tyrosine motifs for each domain represent experiments with 
random peptide libraries (Karlsson et al., 1995, Welsh et al., 1998). Modified from 
Annerén et al., 2003. 

 

Shb is involved in numerous receptor-mediated processes from 

immunoreceptor signaling to angiogenesis and cell differentiation: It is known to be 

involved in T-cell receptor signalling by generating multi-protein signalling 

complexes that associate with the TCR through the phosphorylated ITAM motif of the 

TCR ζ-chain (Welsh et al., 1998; Lindholm et al., 1999). Binding of Shb to FGFR-1 

affects differentiation of neural cells caused by bFGF- and NGF signals in PC12 cells 

(Karlsson et al., 1998; Lu et al., 2000). Shb plays a role in cytoskeletal 

rearrangements induced by growth factor stimulation, such as decreased membrane 

ruffle formation and generation of filopodia  in Shb overexpressing cells compared 

with control cells (Hooshmand-Rad et al.,2000). Binding of Shb to angiogenic growth 



 62

factors like FGF and PDGF and to anti-angiogenic factors, like endostatin and 

angiostatin, affects angiogenesis. Binding of Shb to Y766 in FGFR-1 regulates the 

Ras/MEK/MAPK pathway via phosphorylation of a scaffolding protein FRS2 (Cross 

et al., 2002). 

 

9.4.3 Viral piracy of anti-apoptotic and survival signals 
Viral proteins can activate PI3K either through direct interaction with the 

catalytic or adaptor subunits of PI3K or by facilitating the association of PI3K with 

receptor or non-receptor tyrosine kinases or circumventing PI3K activation, directly 

activating Akt or even the down-stream targets of Akt. Viruses utilize the PI3K-Akt 

pathway both during the latency state and  lytic replication. 

           EBV expresses several proteins that modulate PI3K-Akt signalling at different 

stages of its life cycle. LMP1 and LMP2A utilize the PI3K-Akt axis during latency 

(discussed above).  The transcriptional co-activators of the EBV lytic switch, BRLF1 

and BZLF1, utilize this pathway during initiation of lytic replication. Inhibition of 

PI3K abrogates BRLF1 transcriptional activity and  its ability to disrupt virus latency 

(Darr et al., 2001). BZLF1 does not activate PI3K, but PI3K-Akt signalling may be 

required for the synergistic action of BRLF1 and BZLF1, since it was shown that they 

activate each other (Flemington & Speck, 1990; Zalani et al., 1996). 

The high-risk HPV type 16, which is regularly detected in cervical cancers, 

encodes a putative integral membrane protein E5, that can activate PI3K-Akt 

signalling (Zhang B. et a.,2002; zur Hausen, 2002). It probably does so by interacting 

with EGFR which causes receptor dimerization and autophosphorylation (Hwang et 

al.,1995; Crusius et al.,1998). PI3K-Akt activation results in resistance to apoptosis 

induced by ultraviolet irradiation. It has been  suggested that the induction of PI3K-

Akt-dependent apoptotic inhibition by E5 is necessary for full activation of HPV E7-

mediated oncogenesis (Zhang B. et al.,2002).  The Rb-binding E7 protein is the major 

transforming protein of HPV type 16. Its binding to the Rb protein effects release of 

the E2F transcription factor, trapping cells in a cycling state, and increasing the rate of 

Rb degradation. 

The HIV-1 Tat protein stimulates a variety of biological effects, including 

activation of PI3K (Ensoli et al.,1990;,1993; Albini et al., 1996). It seems  that Tat is 

able to inhibit apoptosis and increase cell viability via phosphorylation of Akt and 
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Bad (Cantaluppi et al., 2001; Deregibus et al.,2002, Borgatti et al., 1997). It was 

suggested that Tat-mediated apoptotic protection via PI3K-Akt signalling during 

KSHV oncogenic transformation is likely to contribute to survival of  neoplastic cells 

and to the particularly aggressive nature of AIDS-associated Kaposi Sarcoma (KS). 

           It has been shown that Nef of HIV-1, which  is a proline-rich, myristylated 

protein, can directly bind to the C-terminal portion of the PI3K p85 subunit and 

recruit p21-activated kinase (PAK) and guanosine 5’-triphosphate (GTP) exchange 

factor Vav into a signalling complex. Inhibition of PI3K in HIV-1-infected Jurkat and 

Cos cells blocks activation of PAK and decreases production of viral progeny 

(Linnemann et al.,2002). Nef expression at the plasma membrane  in NIH3T3 cells 

blocks apoptosis by phosphorylation of BAD, which requires both PAK and PI3K 

(Wolf et al.,2001). HIV-1 probably employs the PI3K-PAK-Bad pathway to avoid 

premature host cell death in order to permit virus replication and production (Roulston 

et al., 1999; Geleziunas et al., 2001; Wolf et al., 2001). 

The murine Polyomavirus encoded middle T (MT) transforming protein is a 

cytosolic phosphoprotein that interacts with a number of SH2-containing proteins, 

including PI3K. Binding of PI3K to MT occurs at tyrosine 315 since the mutant 

Y315F mutation is defective for Akt activation (Summers et al.,1998). This 

interaction results in activation of the PI3K-Akt pathway to block apoptosis during 

transformation (Whitman et al., 1985; Dahl et al.,1998; Summers et al.,1998).  

HBx antigen of HBV interacts with and activates the catalytic subunit of PI3K 

(Shih et al., 2000), which causes phosphorylation of Akt and Bad  (Lee et al.,2001), 

resulting in a block of TGF-β-induced apoptosis. The signalling chain studied in this 

report was followed down to the inhibition of caspase 3 (Lee et al., 2001). 

NS5A of HCV can form a complex with p85 and Grb2-associated binder 

(GAB-1) (He et al., 2002). It has been suggested that the NS5A-Gab1-PI3K complex 

may allow PI3K to bind to the phosphorylated cytoplasmic tail of EGFR and become 

activated. NS5A-directed activation of PI3K is also accompanied by downstream 

phosphorylation of Akt and Bad. 

Other pathogenic viruses, like cytomegalovirus, respiratory syncytial virus, 

Rubella virus and Coxsackie B virus are known to manipulate cellular PI3K-Akt 

pathway to the advantage of the viral strategies.  In these cases, however, the viral 
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proteins and their mode of activating the PI3K-Akt pathway remain to be identified. 

(rev.in Cooray, 2004). 



 65

10 ACKNOWLEDGEMENTS 
 
First of all my gratitudes go to KI and the staff running the MTC department. Without 

their continuous helpful assistance it would be difficult to concentrate entirely on the  

scientific issues. On top of all I was lucky to enjoy a wonderful  atmosphere at MTC. 

Thank you Ingemar, who was the best prefect at the department, for all your efforts to 

create it. My main supervisor, Gösta Winberg! Whatever I write here will be only 

a tiny part of my gratitude, I will be short and just say, thank you for 

enormously intensifying my life! Thank you my co-supervisor and group-leader 

Ingemar Ernberg for giving me a chance, registering as a PhD student. Thank you for 

our group meetings. Discussions there helped to organize my thoughts. All group 

members, Anita Westman for your care, optimism, for the annual cheese table. Jenny 

Almquist for patient listening at any time, Anna Birgersdotter, for constantly 

reminding me of life beyond the lab benches, Helena Lönnquist, how nice it was to 

find out we often share the same view. Thank you Ning and Fu Chen for the 

discussions where I learned to look at things from an amuzing perspective. Many 

thanks to all members of Ingemar Ernberg group for our pleasant Friday Coffee time. 

Ebba Bråkenhielm, Niina Veitonmäki, Anna Eriksson. It was a joy to share a lab 

space with you, for many funny moments together, including the joint journal club. 

Eva Klein for sheltering me during the first months at MTC, for continuos 

encouragment and support. I’m thankful to all members of Eva’s group and especially 

to Noemi Nagy, your willingness to understand my bad English and help me to 

improve it. Thank you Noemi and Lori Kis for the pleasure of discussions on all 

matters. Russian community at MTC.  Tanja Lebedeva for initiating my movement to 

Sweden and later on for inviting me to your hospitable home with Niklas. Lena and 

Vladimir Kashuba, visits to your home had soothing effect during the first years in 

Sweden.  I’m thankful to Katja Pokrovskaya for your constant encouragment, for  

critical reading of the draft. Veronika Zabarovska for the long chats in Russian. 

Maj and Henrik Winberg for your  warm welcome. I enjoyed and learned a lot during 

the long talks at the dinner table. Thomas and Ann-Kristin for introducing me to the 

traditional Swedish way of life. My family and friends in Siberia, a connection to 

whom was vital to me through all these years. Finally all funds:  KI, MTC, SSMF, 

VR, Barncancerfonden, thanks for the money! 



 66

11 REFERENCES 
 
Adamson AL., Darr D., Holley-Guthrie E., Johnson RA., Mauser A., Swenson J., and Kenney S., 
2000. Epstein-Barr virus immediate-early proteins BZLF1 and BRLF1 activate the ATF2 transcription 
factor by increasing the levels of phosphorylated p38 and c-Jun N-terminal kinases. J.Virol. 74:1224-
1233. 
Alber G., Kim K-M., Weiser P., Riesterer C., Carsetti R., Reth M.,1993. Molecular mimicry of the 
antigen receptor signalling motif by transmembrane proteins of the Epstein-Barr virus and the bovine 
leukaemia virus. Curr.Biol. 3:333-339. 
Alessi DR, Andjelkovic M, Caudwell B, Cron P, Morrice N, Cohen P, Hemmings BA. 1996. 
Mechanism of activation of protein kinase B by insulin and IGF-1. EMBO J. 15:6541-6551. 
Alfieri C, Birkenbach M, Kieff E. 1991. Early events in Epstein-Barr virus infection of human B 
lymphocytes. Virology. 181:595-608. Erratum in: Virology 1991. 185:946. 
Allday MJ,  Crawford DH., and  Thomas JA. 1993. Epstein-Barr virus (EBV) nuclear antigen 6 
induces expression of the EBV latent membrane protein and an activated phenotype in Raji cells.  J. 
Gen. Virol. 74:361–369.  
Allman D, Aster JC, Pear WS. 2002. Notch signaling in hematopoiesis and early lymphocyte 
development. Immunol Rev. 187:75-86. Review. 
Ambinder RF, Shah WA, Rawlins DR, Hayward GS, Hayward SD. 1990. Definition of the sequence 
requirements for binding of the EBNA-1 protein to its palindromic target sites in Epstein-Barr virus 
DNA. J Virol. 64:2369-2379. 
Amit S, Ben-Neriah Y. 2003. NF-kappaB activation in cancer: a challenge for ubiquitination- and 
proteasome-based therapeutic approach. Semin Cancer Biol. 13:15-28. Review. 
Anderson CM., and Parkinson FE. 1997. Potential signalling roles for UTP and UDP:sources, 
regulation and release of uracil nucleotides. Trends Phacmacol Sci 18(10):387-92. 
Anderson RGW., Jacobson K. 2002. A role for lipid shells in targeting proteins to caveolae, rafts, and 
other lipid domains. Science 296: 1821-1825. 
Andjelkovic M, Jones PF, Grossniklaus U, Cron P, Schier AF, Dick M, Bilbe G,Hemmings BA. 1995. 
Developmental regulation of expression and activity of multiple forms of the Drosophila RAC protein 
kinase. J Biol Chem 270:4066-4075. 
Anneren C, Reedquist KA, Bos JL, Welsh M. 2000. GTK, a Src-related tyrosine kinase, induces nerve 
growth factor-independent neurite outgrowth in PC12 cells through activation of the Rap1 pathway. 
Relationship to Shb tyrosine phosphorylation and elevated levels of focal adhesion kinase. J Biol 
Chem. 275:29153-29161.  
Anneren C, Lindholm CK, Kriz V, Welsh M. 2003. The FRK/RAK-SHB signaling cascade: a versatile 
signal-transduction pathway that regulates cell survival, differentiation and proliferation. Curr Mol 
Med. 3:313-24. Review. 
Araujo, I. I, Foss HD, Hummel M, Anagnostopoulos I, Barbosa HS, Bittencourt A,Stein H. 1999. 
Frequent expansion of Epstein-Barr virus (EBV) infected cells in germinal centres of tonsils from an 
area with a high incidence of EBV-associated lymphoma. J. Pathol. 187, 326-330. 
Ardila-Osorio H, Clausse B, Mishal Z, Wiels J, Tursz T, Busson P.1999. Evidence of LMP1-TRAF3 
interactions in glycosphingolipid-rich complexes of lymphoblastoid and nasopharyngeal carcinoma 
cells. Int J Cancer. 81:645-649. 
Babcock, G., L. Decker, M. Volk, & D. Thorley-Lawson. 1998. EBV Persistence in Memory B Cells 
In Vivo. Immunity 9:395-404. 
Baer R., Bankier AT., Biggin MD., Deininger PL.,Farrell PJ.,Gibson TJ.,Hatfull G., Hudson GS., 
Satchwell SC., Seguin C., Tuffnell PS. & Barrell BG. 1984. DNA sequence and expression of the B95-
8 Epstein-Barr virus genome. Nature 310,270-11. 
Baichwal VR, Sugden B.1988. Transformation of Balb 3T3 cells by the BNLF-1 gene of Epstein-Barr 
virus. Oncogene. 2:461-467. 
Bargmann CI, Hung MC, Weinberg RA. 1986. The neu oncogene encodes an epidermal growth factor 
receptor-related protein. Nature. 319:226-230.   
Baumann, M. & C. Paul. 1992. 
Interleukin-5 is an autocrine growth factor for Epstein-Barr virus-transformed B lymphocytes. Blood 
791763-1767. 
Bayliss GJ., Wolf H. Epstein--Barr virus-induced cell fusion. Nature. 1980 Sep 11;287(5778):164-5. 
Beaufils P, Choquet D, Mamoun RZ, Malissen B. 1993. The (YXXL/I)2 signalling motif found in the 
cytoplasmic segments of the bovine leukaemia virus envelope protein and Epstein-Barr virus latent 
membrane protein 2A can elicit early and late lymphocyte activation events. EMBO J. 12:5105-5112. 



 67

Bellacosa A, Testa JR, Staal SP, Tsichlis PN. 1991. A retroviral oncogene, akt, encoding a serine-
threonine kinase containing an SH2-like region. Science 254:274-277. 
Bellacosa A, de Feo D, Godwin AK, et al. 1995. Molecular alterations of the AKT2 oncogene in 
ovarian and breast carcinomas. Int J Cancer 64:280-285.  
Ben-Neriah Y.,2002. Regulatory functions of ubiquitination in the immune system. Nat Immunol. 
3:20-26. Review.  
Bickham K., Munz C., Tsang ML., et al.,2001. EBNA1-specific CD4+ T cells in healthy carriers of 
Epstein-Barr virus are primarily Th1 in function. J Clin Invest 107:121-130. 
Bijlmakers M.-J., March M. 2003. The on-off story of protein palmitoylation. Trends Cell 
Biol.,13:32-42. 
Bishop GA., Busch LK., 2002. Molecular mechanisms of B-lymphocyte transformation by Epstein-
Barr virus. Microbes and Infections 4:853-857. 
Blake, N., T. Haigh, G. Shaka'a, D. Croom-Carter, and A. B. Rickinson. 2000. The importance of 
exogenous antigen in priming the human CD8+ T cell response: lessons from the EBV nuclear antigen 
EBNA1. J. Immunol. 165:7078-7087. 
Bonnelye E, Vanacker JM, Dittmar T, Begue A, Desbiens X, Denhardt DT, Aubin JE, Laudet V, 
Fournier B. 1997. The ERR-1 orphan receptor is a transcriptional activator expressed during bone 
development. Mol Endocrinol. 11:905-916. 
Borgatti P, Zauli G, Colamussi ML, Gibellini D, Previati M, Cantley LL, Capitani S. 1997. 
Extracellular HIV-1 Tat protein activates phosphatidylinositol 3- and Akt/PKB kinases in CD4+ T 
lymphoblastoid Jurkat cells. Eur J Immunol. 27:2805-2811. 
Borza CM., Hutt-Fletcher LM. 2002. Alternate replication in B cells and epithelial cells switches 
tropism of Epstein-Barr virus. Nat Med 8:594-599. 
Brielmeier M, Mautner J, Laux G, Hammerschmidt W. 1996. The latent membrane protein 2 gene of 
Epstein-Barr virus is important for efficient B cell immortalization. J Gen Virol. 77:2807-2818. 
Brooks, L. A., Lear, A. L., Young, L. S. & Rickinson, A. B. 1993. Transcripts from the Epstein–Barr 
virus BamHI A fragment are detectable in all three forms of virus latency. J Virol 67:3182–3190. 
Burkhardt AL, Bolen JB, Kieff E, Longnecker R.,1992. An Epstein-Barr virus transformation-
associated membrane protein interacts with src family tyrosine kinases. J Virol. 66:5161-5167. 
Caldwell RG., Wilson JB., Anderson SJ., Longnecker R. 1998. Epstein-Barr virus LMP2A drives B 
cell development and survival in the absence of normal B cell receptor signals. Immunity. 9:405-11. 
Caldwell RG., Brown RC., Longnecker R. 2000. Epstein-Barr virus LMP2A-induced B-cell survival 
in two unique classes of EmuLMP2A transgenic mice. J Virol. 74:1101-1113. 
Cantrell DA., 2001. Phosphoinositide 3-kinase signalling pathways. 
J Cell Sci. 114:1439-1445. Review. 
Carbone A, Gaidano G, Gloghini A, Pastore C, Saglio G, Tirelli U, Dalla-Favera R, Falini B.1997. 
BCL-6 protein expression in AIDS-related non-Hodgkin's lymphomas: inverse relationship with 
Epstein-Barr virus-encoded latent membrane protein-1 expression. Am J Pathol. 150:155-165. 
Casola S, Otipoby KL, Alimzhanov M, Humme S, Uyttersprot N, Kutok JL, Carroll MC, Rajewsky K. 
2004. B cell receptor signal strength determines B cell fate. Nat Immunol. 5:317-27. 
Chen F., Zou JZ, di Renzo L, Winberg G, Hu LF, Klein E, Klein G, Ernberg I. 1995.A subpopulation 
of normal B cells latently infected with Epstein-Barr virus resembles Burkitt lymphoma cells in 
expressing EBNA-1 but not EBNA-2 or LMP1. J Virol. 69:3752-8. 
Chen YY., Chang KL., Chen WG., Shibata D., Hayashi K., Weiss LM.,1998. Epstein-Barr virus-
associated  nuclear antigen-1 carboxy-terminal gene sequences in Japanese and American patients with 
gastric carcinomas. Lab Invest 78:877-882. 
Chen M.-R., Yang J.-F., Middeldorp JM., and Chen J.-Y., 1998. Physical association between the 
EBV protein EBNA-1 and P32/TAP/hyaluronectin. J.Biomed.Sci.5:173-179. 
Chen, H., Smith, P., Ambinder, R. F. & Hayward, S. D. 1999. Expression of Epstein–Barr virus 
BamHI-A rightward transcripts in latently infected B cells from peripheral blood. Blood 93:3026–3032. 
Chen F, Liu C, Lindvall C, Xu D, Ernberg I. 2004. Epstein-Barr virus latent membrane 2A (LMP2A) 
down-regulates telomerase reverse transcriptase (hTERT) in epithelial cell lines. Int J Cancer, 2004 in 
press. 
Cheng JQ, Ruggeri B, Klein WM, Sonoda G, Altomare DA, Watson DK, Testa JR. 1996. 
Amplification of AKT2 in human pancreatic cells and inhibition of AKT2 expression and 
tumorigenecity by antisense RNA. Proc Natl Acad Sci USA 93:3636-3641. 
Cheung, R. K., Miyazaki, I. & Dosch, H. M. 1993. Unexpected patterns of Epstein-Barr virus gene 
expression during early stages of B cell transformation. Int. Immunol. 5, 707-716. 
Chinnadurai G. 2003. CtBP family proteins: more than transcriptional corepressors. Bioessays. 25:9-
12. Review. 



 68

Claesson-Welsh L, Welsh M, Ito N, Anand-Apte B, Soker S, Zetter B, O'Reilly M, Folkman J. 1998. 
Angiostatin induces endothelial cell apoptosis and activation of focal adhesion kinase independently of 
the integrin-binding motif RGD. Proc Natl Acad Sci U S A. 95:5579-5583. 
Classon M. and Harlow E.,2002. The retinoblastoma tumor suppressor in development and cancer. 
Nat Rev Cancer 2:910-917. 
Coffer PJ and Woodgett JR. 1991. Molecular cloning and characxterization of a novel putative 
protein-serine kinase related to the cAMP-dependent and protein kinase C families. Eur J Biochem 
201:475-481. 
Coffin WF 3rd, Geiger TR, Martin JM.,2003. Transmembrane domains 1 and 2 of the latent 
membrane protein 1 of Epstein-Barr virus contain a lipid raft targeting signal and play a critical role in 
cytostasis. J Virol. 77:3749-58. 
Cohen, J., F. Wang, J. Mannick, & E. Kieff. 1989. Epstein-Barr virus nuclear protein 2 is a key 
determinant of lymphocyte transformation. Proc Natl Acad Sci USA. 86:9558-9562. 
Cooray S.,2004. The pivotal role of phosphatidylinositol 3-kinase-Akt signal transduction in virus 
survival. J Gen Virol. 85:1065-76. Review. 
Cotter MA 2nd, Robertson ES., 2000. Modulation of histone acetyltransferase activity through 
interaction of epstein-barr nuclear antigen 3C with prothymosin alpha. Mol Cell Biol. 20:5722-5735. 
Crawford DH. 2001. Biology and disease associations of Epstein-Barr virus. Philos Trans R Soc Lond 
B Biol Sci. 356:461-473. Review. 
Crawford DH., Swerdlow AJ., Higgins C., et al., 2002. Sexual history and Epstein-Barr virus 
infection. J Infect Dis 186:731-736. 
Cross MJ, Lu L, Magnusson P, Nyqvist D, Holmqvist K, Welsh M, Claesson-Welsh L. 2002. The Shb 
adaptor protein binds to tyrosine 766 in the FGFR-1 and regulates the Ras/MEK/MAPK pathway via 
FRS2 phosphorylation in endothelial cells. Mol Biol Cell. 13:2881-2893. 
Dahl J, Jurczak A, Cheng LA, Baker DC, Benjamin TL. 1998. Evidence of a role for 
phosphatidylinositol 3-kinase activation in the blocking of apoptosis by polyomavirus middle T 
antigen. J Virol. 72:3221-6. 
Dahl R, Simon MC. 2003. The importance of PU.1 concentration in hematopoietic lineage 
commitment and maturation. Blood Cells Mol Dis. 31:229-33. Review. 
Darr CD., Mauser A., Kenney S. 2001. Epstein-Barr virus immediate-early protein BRLF1 induces the 
lytic form of viral replication through a machanism involving phosphatidylinositol-3 kinase activation 
J.Virol. 5: 6135-6142.   
Datta SR, Brunet A, Greenberg ME.1999. Cellular survival: a play in three Akts. Genes Dev. 13, 
2905-2927. 
Dawson CW, Rickinson AB, Young LS. 1990.Epstein-Barr virus latent membrane protein inhibits 
human epithelial cell differentiation. Nature. 344:777-80. 
Dawson CW., George JH., Blake SM., Longnecker R., Young LS. 2001. The Epstein-Barr virus 
encoded latent membrane protein 2A augments signaling from latent membrane protein 1. Virology. 
289:192-207. 
Dawson CW, Tramountanis G, Eliopoulos AG, Young LS.,2003. Epstein-Barr virus latent membrane 
protein 1 (LMP1) activates the phosphatidylinositol 3-kinase/Akt pathway to promote cell survival and 
induce actin filament remodeling. J Biol Chem. 278:3694-3704. 
Decker, L., L. Klaman, & D. Thorley-Lawson. 1996. Detection of the Latent form of Epstein-Barr 
Virus DNA in the Peripheral Blood of Healthy Individuals. J Virol 70:3286-3289. 
de Jesus O, Smith PR, Spender LC, Elgueta Karstegl C, Niller HH, Huang D, Farrell PJ. 2003. 
Updated Epstein-Barr virus (EBV) DNA sequence and analysis of a promoter for the BART (CST, 
BARF0) RNAs of EBV. J Gen Virol. 84:1443-50. 
Deregibus MC, Cantaluppi V, Doublier S, Brizzi MF, Deambrosis I, Albini A, Camussi G. 2002. HIV-
1-Tat protein activates phosphatidylinositol 3-kinase/ AKT-dependent survival pathways in Kaposi's 
sarcoma cells. J Biol Chem. 277:25195-25202. 
de Waal Malefyt R, Haanen J, Spits H, Roncarolo MG, te Velde A, Figdor C, Johnson K, Kastelein R, 
Yssel H, de Vries JE. 1991. Interleukin 10 (IL-10) and viral IL-10 strongly reduce antigen-specific 
human T cell proliferation by diminishing the antigen-presenting capacity of monocytes via 
downregulation of class II major histocompatibility complex expression. J Exp Med. 174:915-924. 
Devergne, O., E. Hatzivassiliou, K. Izumi, K. Kaye, M. Kleijnen, E. Kieff, & G. Mosialos.,1996. 
Association of TRAF1, TRAF2, and TRAF3 with an Epstein-Barr virus LMP1 domain important for 
B-lymphocyte transformation: role in NF-kappaB activation. Mol & Cell Biol. 16:7098-7108. 
Devergne O, Cahir McFarland ED, Mosialos G, Izumi KM, Ware CF, Kieff E.,1998. Role of the 
TRAF binding site and NF-kappaB activation in Epstein-Barr virus latent membrane protein 1-induced 
cell gene expression. J Virol. 72:7900-7908. 



 69

Di Guglielmo GM., Le Roy C., Goodfellow AF. And Wrana JL. 2003. Distinct endocytic pathways 
regulate TGF-beta receptor signalling and turnover. Nat Cell Biol. 5:410-421.  
Dillner J, Kallin B, Alexander H, Ernberg I, Uno M, Ono Y, Klein G, Lerner RA. 1986. An Epstein-
Barr virus (EBV)-determined nuclear antigen (EBNA5) partly encoded by the transformation-
associated Bam WYH region of EBV DNA: preferential expression in lymphoblastoid cell lines. Proc 
Natl Acad Sci U S A. 83:6641-6645. 
Dilllner J. & Kallin B.,1988. The Epstein-Barr virus proteins. Advances in Cancer Research 50:95-
158. Review. 
Dirmeier U, Neuhierl B, Kilger E, Reisbach G, Sandberg ML, Hammerschmidt W. 2003. Latent 
membrane protein 1 is critical for efficient growth transformation of human B cells by epstein-barr 
virus. Cancer Res. 63:2982-2989.  
Dixelius J, Larsson H, Sasaki T, Holmqvist K, Lu L, Engstrom A, Timpl R, Welsh M, Claesson-Welsh 
L. 2000. Endostatin-induced tyrosine kinase signaling through the Shb adaptor protein regulates 
endothelial cell apoptosis. Blood. 2000 95:3403-3411.  
Downward, J. 2004. PI 3-kinase, Akt and cell survival. Semin Cell Dev Biol. 15:177-182. 
Drevot P.,Langlet C., Guo XJ., Bernard AM., Colard O., Chauvin JP., Lasserre R. and He HT. 2002. 
TCR signal initiation machinery is pre-assembled and activated in a subset of membrane rafts. EMBO 
21:1899-1908. 
Drab M., Verkade P.,  Elger M., Kasper M., Lohn M., Lauterbach B., Menne J., Lindschau C., Mende 
F., Luft FC., SchedlA., Haller H., Kurzchalia TV. 2001. Loss of caveolae, vascular dysfunction, and 
pulmonary defects in caveolin-1 gene-disrupted mice. Science 293:2449-2452. 
Dufva M, Olsson M, Rymo L. 2001. Epstein-Barr virus nuclear antigen 5 interacts with HAX-1, a 
possible component of the B-cell receptor signalling pathway. J Gen Virol. 82:1581-1587. 
Dunn AY., Melville MW., et al.,2001. Review: cellular substrates of the eukaryotic chaperonin 
TriC/CCT. J Struct Biol 135:176-184. 
Dykstra ML., Longnecker R., Pierce SK. 2001. Epstein-Barr virus coopts lipid rafts to block the 
signaling and antigen transport functions of the BCR. Immunity. 14:57-67. 
Ehlin-Henriksson B, Zou JZ, Klein G, Ernberg I.,1999. Epstein-Barr virus genomes are found 
predominantly in IgA-positive B cells in the blood of healthy carriers. Int J Cancer. 83:50-54. 
Ehlin-Henriksson, B., Gordon, J. & Klein, G.,2003. B-lymphocyte subpopulations are equally 
susceptible to Epstein-Barr virus infection, irrespective of immunoglobulin isotype expression. 
Immunol. 108:427-430. 
Eliopoulos AG, Blake SM, Floettmann JE, Rowe M, Young LS.,1999. Epstein-Barr virus-encoded 
latent membrane protein 1 activates the JNK pathway through its extreme C terminus via a mechanism 
involving TRADD and TRAF2. J Virol. 73:1023-1035. 
Eliopoulos AG, Waites ER, Blake SM, Davies C, Murray P, Young LS. 2003. TRAF1 is a critical 
regulator of JNK signaling by the TRAF-binding domain of the Epstein-Barr virus-encoded latent 
infection membrane protein 1 but not CD40. J Virol. 77:1316-1328. 
Enders GH. 2003. The INK4a/ARF locus and human cancer. Methods Mol Biol. 222:197-209. 
Review. 
Endo R, Kikuta H, Ebihara T, Ishiguro N, Kobayashi K.,2004. Possible involvement in oncogenesis of 
a single base mutation in an internal ribosome entry site of Epstein-Barr nuclear antigen 1 mRNA. J 
Med Virol. 72:630-634. 
Engels N., Merchant M., Pappu R., Chan RC., Longnecker R., Wienands J. 2001. Epstein-Barr virus 
latent membrane protein 2A (LMP2A) employs the SLP-65 signaling module. J Exp Med. 194:255-
264. 
Fåhraeus R, Fu HL, Ernberg I, Finke J, Rowe M, Klein G, Falk K, Nilsson E, Yadav M, Busson P, et 
al. 1988. Expression of Epstein-Barr virus-encoded proteins in nasopharyngeal carcinoma. Int J 
Cancer. 42:329-338. 
Fåhraeus R., Rymo L., Rhim JS., and Klein G., 1990. Morphological transformation of human 
keratinocytes expressing the LMP-gene of Epstein-Barr virus. Nature 345:447-449. 
Falk, K., J. Gratama, M. Rowe, J. Zou, F. Khanim, L. Young, M. Oosterveer,  & I. Ernberg.1995. The 
role of repetitive DNA sequences in the size variation of Epstein-Barr virus (EBV) nuclear antigens, 
and the identification of different EBV isolates using RFLP and PCR analysis. J Gen Virol. 76:779-
790. 
Falk, K., L. Szekely, A. Aleman,  & I. Ernberg. 1998. Specific methylation pattern in two control 
regions of EBV latency: the LMP1 coding upstream regulatory region and on origin of DNA 
replication. J Virol 72:2969-2974. 



 70

Fang D., Elly,C., Gao, B., Fang, N., Altman, Y., Joazeiro,C., Hunter, T., Copeland, N., Jenkins, N., 
and Liu, Y.C. 2002. Dysregulation of T lymphocyte function in itchy mice: a role for Itch in TH2 
differentiation. Nat.Immunol. 3:281-287. 
Farazi TA.,Waksman G.,Gordon JA.2001. The biology and enzymology of protein N-myristoylation. 
J.Biol.Chem. 276:39501-39504. 
Farrell PJ. 1993. Genetic Maps. Cold Spring Harbor Laboratory Press, New York. 
Faulkner GC, Krajewski AS, Crawford DH. 2000. The ins and outs of EBV infection. Trends 
Microbiol. 8:185-189. 
Feng L., Guedes S., and  WangT., 2004. Atrophin-1-interacting protein 4/human Itch is a ubiquitin E3 
ligase for human enhancer of filamentation 1 in transforming growth factor-beta signaling pathways. J 
Biol Chem. 279:29681-19690. 
Feng BJ., Huang W, Shugart YY, Lee MK, Zhang F, Xia JC, Wang HY, Huang TB, Jian SW, Huang 
P, Feng QS, Huang LX, Yu XJ, Li D, Chen LZ, Jia WH, Fang Y, Huang HM, Zhu JL, Liu XM, Zhao 
Y, Liu WQ, Deng MQ, Hu WH, Wu SX, Mo HY, Perry, W.L.,Hustad, C.M., swing, D.A., O’Sullivan, 
T.N., Jenkins, N.A., and Copeland, N.G. 1998. Genome-wide scan for familial nasopharyngeal 
carcinoma reveals evidence of linkage to chromosome 4. Nat.Genet.18:143-146. 
Fennewald S, van Santen V, Kieff E., 1984. Nucleotide sequence of an mRNA transcribed in latent 
growth-transforming virus infection indicates that it may encode a membrane protein. J Virol. 51:411-
419. 
Filipp D., Zhang J., Leung BL., Shaw A., Levin SD., Veillette A., Julius M., 2003. Regulation of Fyn 
Through Translocation of Activated Lck into Lipid Rafts J.Exp.Med.197:1221-1227. 
Fingeroth JD, Weis JJ, Tedder TF, Strominger JL, Biro PA, Fearon DT. 1984. Epstein-Barr virus 
receptor of human B lymphocytes is the C3d receptor CR2. Proc Natl Acad Sci U S A. 81:4510-4514. 
Finke J, Rowe M, Kallin B, Ernberg I, Rosen A, Dillner J, Klein G. 1987. Monoclonal and polyclonal 
antibodies against Epstein-Barr virus nuclear antigen 5 (EBNA-5) detect multiple protein species in 
Burkitt's lymphoma and lymphoblastoid cell lines. J Virol. 61:3870-3878.  
Fischer N.,Kremmer E.,et al.,1997. Epstein-Barr virus nuclear antigen 1 forms a complex with the 
nuclear transporter karyopherin alpha2. J Biol Chem 272:3999-4005. 
Fleishman SJ, Schlessinger J, Ben-Tal N. 2002. A putative molecular-activation switch in the 
transmembrane domain of erbB2. Proc Natl Acad Sci U S A. 99:15937-15940. 
Franke TF, Hornik CP, Segev L, Shostak GA, Sugimoto C. 2003. PI3K/Akt and apoptosis: size 
matters. Oncogene. 22:8983-8998. Review.  
Frech B, Zimber-Strobl U, Suentzenich KO, Pavlish O, Lenoir GM, Bornkamm GW, Mueller-
Lantzsch N., 1990. Identification of Epstein-Barr virus terminal protein 1 (TP1) in extracts of four 
lymphoid cell lines, expression in insect cells, and detection of antibodies in human sera. J Virol. 
64:2759-2767. 
Freiman RN.and Tjian R.2002. Neurodegeneration. A glutamine-rich trail leads to transcription 
factors. Science. 2002 Jun 21;296(5576):2149-50. 
Friedrichson T. and Kurzchalia TV. 1998. Microdomains of GPI-anchored proteins in living cells 
revealed by crosslinking. Nature, 394:802-805. 
Frisan T, Zhang QJ, Levitskaya J, Coram M, Kurilla MG, Masucci MG.,1996. Defective presentation 
of MHC class I-restricted cytotoxic T-cell epitopes in Burkitt's lymphoma cells. Int J Cancer. 68:251-
258. 
Frisan T, Sjoberg J, Dolcetti R, Boiocchi M, De Re V, Carbone A, Brautbar C, Battat S, Biberfeld P, 
Eckman M, et al.1995. Local suppression of Epstein-Barr virus (EBV)-specific cytotoxicity in biopsies 
of EBV-positive Hodgkin's disease. Blood. 86:1493-1501. 
Fruehling S., Longnecker R.,1997. The immunoreceptor tyrosine-based activation motif of Epstein-
Barr virus LMP2A is essential for blocking BCR-mediated signal transduction. Virology. 235:241-51. 
Fruehling S, Swart R, Dolwick KM, Kremmer E, Longnecker R. 1998. Tyrosine 112 of latent 
membrane protein 2A is essential for protein tyrosine kinase loading and regulation of Epstein-Barr 
virus latency. J Virol. 72:7796-7806. 
Fruehling S, Lee SK, Herrold R, Frech B, Laux G, Kremmer E, Grasser FA, Longnecker R. 1996. 
Identification of latent membrane protein 2A (LMP2A) domains essential for the LMP2A dominant-
negative effect on B-lymphocyte surface immunoglobulin signal transduction. J Virol. 70:6216-6226.                                        
 Fuchs KP, Bommer G, Dumont E, Christoph B, Vidal M, Kremmer E, Kempkes B. 2001. Mutational 
analysis of the J recombination signal sequence binding protein (RBP-J)/Epstein-Barr virus nuclear 
antigen 2 (EBNA2) and RBP-J/Notch interaction. Eur J Biochem. 268:4639-4646. 
Fukuda M., Longnecker R. 2004. Latent membrane protein 2A inhibits transforming growth factor-
beta 1-induced apoptosis through the phosphatidylinositol 3-kinase/Akt pathway. J Virol. 78:1697-
1705. 



 71

Gagnoux-Palacios L., Dans M., van’t Hof W., Mariotti A., Pepe A., Meneguzzi G., Resh MD., 
Giancotti FG., 2003. Compartmentalization of integrin alpha6beta4 signaling in lipid rafts. J.Cell Biol. 
162:1189-1196.  
Gavioli R, Frisan T, Vertuani S, Bornkamm GW, Masucci MG. 2001. C-myc overexpression activates 
alternative pathways for intracellular proteolysis in lymphoma cells. Nat Cell Biol. 3:283-288. 
Ghosh D, Kieff E. 1990. Cis-acting regulatory elements near the Epstein-Barr virus latent-infection 
membrane protein transcriptional start site. J Virol. 64:1855-1858. 
Giguere V, Tremblay A, Tremblay GB. 1998. Estrogen receptor beta: re-evaluation of estrogen and 
antiestrogen signaling. Steroids. 1998 63:335-339. Review. 
Gires O, Kohlhuber F, Kilger E, Baumann M, Kieser A, Kaiser C, Zeidler R, Scheffer B, Ueffing M, 
Hammerschmidt W. 1999. Latent membrane protein 1 of Epstein-Barr virus interacts with JAK3 and 
activates STAT proteins. EMBO J. 18:3064-3073. 
Glickman MH, Ciechanover A.,2002. The ubiquitin-proteasome proteolytic pathway: destruction for 
the sake of construction. Physiol Rev. 82:373-428. Review. 
Gomez-Marquez, J., and F. Segade. 1988. Prothymosin alpha is a nuclear protein. FEBS Lett. 
226:217-219. 
Gordadze AV, Peng R, Tan J, Liu G, Sutton R, Kempkes B, Bornkamm GW, Ling PD. 2001. 
Notch1IC partially replaces EBNA2 function in B cells immortalized by Epstein-Barr virus. J Virol. 
75:5899-5912. 
Gordon, J., S. Ley, M. Melamed, P. Aman,  & N. Hughes-Jones. 1984.Soluble factor requirements for 
the autostimulatory growth of B lymphoblasts immortalized by Epstein-Barr virus. J Exp Med. 
159:1554-1559. 
Gratama, J., M. Oosterveer, F. Zwaan, J. Lepoutre, G. Klein,  & I. Ernberg. 1988. Eradication of 
Epstein-Barr virus by allogeneic marrow transplantation: implication for the site of viral latency. Proc 
Natl Acad Sci USA 85:8693-8699. 
Greenspan JS, Greenspan D, Lennette ET, Abrams DI, Conant MA, Petersen V, Freese UK.1985. 
Replication of Epstein-Barr virus within the epithelial cells of oral "hairy" leukoplakia, an AIDS-
associated lesion. N Engl J Med. 313:1564-1571. 
Greenway AL, Holloway G, McPhee DA, Ellis P, Cornall A, Lidman M. 2003. HIV-1 Nef control of 
cell signalling molecules: multiple strategies to promote virus replication. J Biosci. 28:323-335. 
Review.  
Grundhoff AT., Kremmer E. et al., 1999. Characterization of DP103, a novel DEAD box protein that 
binds to the Epstein-Barr virus nuclear proteins EBNA2 and EBNA3C. J Biol Chem 274:19136-19144. 
Gussander E and Adams A. 1984. Electron microscopic evidence for replication of circular Epstein-
Barr virus genomes in latently infected Raji cells. J Virol.  52:549-556. 
Habeshaw G., Yao QY., Bell AI., Morton D., Rickinson AB.,1999. Epstein-Barr virus nuclear antigen 
1 sequences in endemic and sporadic Burkitt’s Lymphoma reflect virus strains prevalent in different 
geographical areas. J Virol 73:965-975. 
Hammerschmidt W, Sugden B. 1989. Genetic analysis of immortalizing functions of Epstein-Barr 
virus in human B lymphocytes. Nature. 340:393-397. 
Hammerschmidt W, Sugden B. 2004. Epstein-Barr virus sustains Burkitt's lymphomas and Hodgkin's 
disease. Trends Mol Med. 10:331-336. 
Han I, Harada S, Weaver D, Xue Y, Lane W, Orstavik S, Skalhegg B, Kieff E. 2001. EBNA-LP 
associates with cellular proteins including DNA-PK and HA95. J Virol. 75:2475-2481. 
Han I, Xue Y, Harada S, Orstavik S, Skalhegg B, Kieff E. 2002. Protein kinase A associates with 
HA95 and affects transcriptional coactivation by Epstein-Barr virus nuclear proteins. Mol Cell Biol. 
22:2136-2146. 
Harada S, Kieff E. 1997. Epstein-Barr virus nuclear protein LP stimulates EBNA-2 acidic domain-
mediated transcriptional activation. J Virol. 71:6611-668. 
Harder T. and Kuhn M. 2001. Immunoisolation of TCR signaling complexes from Jurkat T leukemic 
cells. Science STKE, 2001(71), PL1.  
Hartsough MT, Steeg PS. 2000. Nm23/nucleoside diphosphate kinase in human cancers. J Bioenerg 
Biomembr 32:301-308.   
Harvey KF, Harvey NL, Michael JM, Parasivam G, Waterhouse N, Alnemri ES, Watters D., Kumar 
S.1998. Caspase-mediated cleavage of the ubiquitin-protein ligase Nedd4 during apoptosis. J Biol 
Chem. 273:13524-13530. 
Haynes MP, Li L, Sinha D, Russell KS, Hisamoto K, Baron R, Collinge M, Sessa WC, Bender JR.  
2003. Src kinase mediates phosphatidylinositol 3-kinase/Akt-dependent rapid endothelial nitric-oxide 
synthase activation by estrogen. J Biol Chem. 278:2118-2123. 
Hayward SD. 2004. Viral interactions with the Notch pathway. Semin Cancer Biol. 14:387-396.  



 72

Heldin C-H. 1995. Dimerization of cell surface receptors in signal transduction. Cell  80:213-223. 
Helms JB, Zurzolo C. 2004. Lipids as targeting signals: lipid rafts and intracellular trafficking. 
Traffic. 5:247-254.  
He Y, Nakao H, Tan SL, Polyak SJ, Neddermann P, Vijaysri S, Jacobs BL, Katze MG. 2002. 
Subversion of cell signaling pathways by hepatitis C virus nonstructural 5A protein via interaction with 
Grb2 and P85 phosphatidylinositol 3-kinase. J Virol. 76:9207-9217. 
Henderson SA., Huen D., Rowe M.,1994. Epstein-Barr virus transforming proteins. Sem.Virol.5:391-
399.  
Henkel T, Ling PD, Hayward SD, Peterson MG. 1994. Mediation of Epstein-Barr virus EBNA2 
transactivation by recombination signal-binding protein J kappa. Science. 265:92-95. 
Henle W., Diehl V., Kohn G., Zur Hassen H. & Henle G.1967. Herpes-type virus and chromosome 
marker in normal leucocytes after growth with irradiated Burkitt cells. Science 157:1064-1065. 
Henderson S, Rowe M, Gregory C, Croom-Carter D, Wang F, Longnecker R, Kieff E, Rickinson 
A.,1991. Induction of bcl-2 expression by Epstein-Barr virus latent membrane protein 1 protects 
infected B cells from programmed cell death. Cell. 65:1107-1115. 
Hengstermann A, Linares LK, Ciechanover A, Whitaker NJ, Scheffner M. 2001. Complete switch 
from Mdm2 to human papillomavirus E6-mediated degradation of p53 in cervical cancer cells. 
Proc Natl Acad Sci U S A. 2001 Jan 30;98(3):1218-23. 
Hennessy K., and Kieff E. 1983. One of two Epstein-Barr virus nuclear antigens contains a glycine-
alanine copolymer domain. Proc Nat Acad Sci USA 80:5665-5669. 
Herrmann K., and Niedobitek G., Epstein-Barr virus-associated carcinomas:facts and fiction. J 
Pathol 199:140-145. 
Heussinger N., Buttner M., Ott G., Brachtewl E., Pilch BZ., Kremmer E., and Niedobitek G., 2004. 
Expression of the Epstein-Barr virus (EBV)-encoded latent membrane protein 2A(LMP2A) in EBV-
associated nasopharyngeal carcinomas. J of Pathol. 203:696-699. 
Hickabottom MG., Parker A.,et al.,2002.Two non-consensus sites in the Epstein-Barr virus 
oncoprotein EBNA3A co-operate to bind the co-repressor carboxyl-terminal-binding protein (CtBP) J 
Biol Chem. 277:47197-47204. 
Higuchi M, Izumi KM, Kieff E., 2001 Epstein-Barr virus latent-infection membrane proteins are 
palmitoylated and raft-associated: protein 1 binds to the cytoskeleton through TNF receptor 
cytoplasmic factors. Proc Natl Acad Sci U S A. 98:4675-4680. 
Hitt, M. M., Allday, M. J., Hara, T., Karran, L., Jones, M. D., Busson, P., Tursz, T., Ernberg, I. & 
Griffin, B. E., 1989. EBV gene expression in an NPC-related tumour.  EMBO J 8:2639–2651. 
Hochberg D., Middeldorp JM., Catalina M., Sullivan JL., Luzuriaga K., Thorley-Lawson DA. 2004. 
Demonstration of the Burkitt's lymphoma Epstein-Barr virus phenotype in dividing latently infected 
memory cells in vivo. Proc Natl Acad Sci U S A. 101:239-244.  
Holowaty MN, Sheng Y, Nguyen T, Arrowsmith C, Frappier L. 2003. Protein interaction domains of 
the ubiquitin-specific protease, USP7/HAUSP. J Biol Chem. 278:47753-47761. 
Hooshmand-Rad R, Lu L, Heldin CH, Claesson-Welsh L, Welsh M. 2000. Platelet-derived growth 
factor-mediated signaling through the Shb adaptor protein: effects on cytoskeletal organization. Exp 
Cell Res. 257:245-254.  
Hsieh JJ, Hayward SD. 1995. Masking of the CBF1/RBPJ kappa transcriptional repression domain by 
Epstein-Barr virus EBNA2. Science. 268:560-563. 
Hu LF, Zabarovsky ER, Chen F, Cao SL, Ernberg I, Klein G, Winberg G.,1991. Isolation and 
sequencing of the Epstein-Barr virus BNLF-1 gene (LMP1) from a Chinese nasopharyngeal carcinoma.  
J Gen Virol 72:2399-2409. 
Hu CJ, Rao S, Ramirez-Bergeron DL, Garrett-Sinha LA, Gerondakis S, Clark MR, Simon MC. 2001. 
PU.1/Spi-B regulation of c-rel is essential for mature B cell survival. Immunity. 2001 15:545-555. 
Hubbard SR., Mohammadi M., Schlessinger J. 1998. Autoregulatory mechanisms in protein-tyrosine 
kinases. J Biol.Chem 273:11987-11990. 
Humme S, Reisbach G, Feederle R, Delecluse HJ, Bousset K, Hammerschmidt W, Schepers A. 2003. 
The EBV nuclear antigen 1 (EBNA1) enhances B cell immortalization several thousandfold. Proc Natl 
Acad Sci U S A. 100:10989-10994. 
Igarashi M, Kawaguchi Y, Hirai K, Mizuno F. 2003. Physical interaction of Epstein-Barr virus (EBV) 
nuclear antigen leader protein (EBNA-LP) with human oestrogen-related receptor 1 (hERR1): hERR1 
interacts with a conserved domain of EBNA-LP that is critical for EBV-induced B-cell 
immortalization. J Gen Virol. 84:319-327. 
Ikeda A., Merchant M., Lev L., Longnecker R., Ikeda M. 2004. Latent membrane protein 2A, a viral B 
cell receptor homologue, induces CD5+ B-1 cell development. J Immunol. 172:5329-5337. 



 73

Ikeda M., Ikeda A., Longan LC., Longnecker R. 2000. The Epstein-Barr virus latent membrane 
protein 2A PY motif recruits WW domain-containing ubiquitin-protein ligases. Virology. 268:178-191. 
Ikeda M., Ikeda A., Longnecker R. 2002. Lysine-independent ubiquitination of Epstein-Barr virus 
LMP2A. Virology. 300:153-159.  
Ingham RJ, Gish G, Pawson T. The Nedd4 family of E3 ubiquitin ligases: functional diversity within 
a common modular architecture. Oncogene. 2004 Mar 15;23(11):1972-84. Review. 
Ingham, R.J., Raaijmakers, J.,  Lim, C.S.H., Mbamalu, G., Gish, G., Chen, F., Matskova, L., Ernberg, 
I., Winberg, G., and Pawson. T. 2004. The Epstein-Barr virus protein, LMP2A, co-opts tyrosine 
kinases used by the T cell receptor. Submitted. 
Ito S, Ikeda M, Kato N, Matsumoto A, Ishikawa Y, Kumakubo S, Yanagi K. 2000. Epstein-barr virus 
nuclear antigen-1 binds to nuclear transporter karyopherin alpha1/NPI-1 in addition to karyopherin 
alpha2/Rch1. Virology;266:110-119. 
Ivan M, Kondo K, Yang H, Kim W, Valiando J, Ohh M, Salic A, Asara JM, LaneWS, Kaelin WG Jr. 
2001. HIFalpha targeted for VHL-mediated destruction by proline hydroxylation: implications for O2 
sensing. Science. 292:464-468. 
Iwakiri D, Eizuru Y, Tokunaga M, Takada K.,2003. Autocrine growth of Epstein-Barr virus-positive 
gastric carcinoma cells mediated by an Epstein-Barr virus-encoded small RNA. Cancer Res. 63:7062-
7067. 
Iwakiri D, Takada K. 2004. Phosphatidylinositol 3-kinase is a determinant of responsiveness to B cell 
antigen receptor-mediated Epstein-Barr virus activation. J Immunol. 172:1561-1566. 
Janes PW, Ley SC, Magee AI, Kabouridis PS. 2000. The role of lipid rafts in T cell antigen receptor 
(TCR) signalling. Semin Immunol. 12:23-34. Review.  
Jenkins PJ, Farrell PJ.,1996. Are particular Epstein-Barr virus strains linked to disease? Semin 
Cancer Biol. 7:209-215. Review. 
Jiang WQ, Szekely L, Wendel-Hansen V, Ringertz N, Klein G, Rosen A. 1991. Co-localization of the 
retinoblastoma protein and the Epstein-Barr virus-encoded nuclear antigen EBNA-5. Exp Cell Res. 
197:314-318.  
Johannsen E., Miller CL., Grossman SR., and Kieff E. 1996. EBNA-2 and EBNA-3C extensively and 
mutually exclusively associate with RBPJk in Epstein-Barr virus-transformed lymphocytes. J. Virol. 
70:4179–4183. 
Johansson B, Klein G, Henle W, Henle G. 1970.Epstein-Barr virus (EBV)-associated antibody 
patterns in malignant lymphoma and leukemia. I. Hodgkin's disease. Int J Cancer. 6:450-462. 
Jones P F, Jakubowicz T, Hemmings BA.1991.Molecular cloning of a second form of rac protein 
kinase. Cell Regul 2:1001-1009. 
Kaiser C, von Stein O, Laux G, Hoffmann M. 1999. Functional genomics in cancer research: 
identification of target genes of the Epstein-Barr virus nuclear antigen 2 by subtractive cDNA cloning 
and high-throughput differential screening using high-density agarose gels. Electrophoresis. 20:261-
268. 
Kanamori M, Watanabe S, Honma R, Kuroda M, Imai S, Takada K, Yamamoto N, Nishiyama Y, 
Kawaguchi Y. 2004.Epstein-Barr virus nuclear antigen leader protein induces expression of thymus- 
and activation-regulated chemokine in B cells. J Virol. 78:3984-93. 
Karin M, Ben-Neriah Y.,2000. Phosphorylation meets ubiquitination: the control of NF-[kappa]B 
activity. Annu Rev Immunol. 18:621-663. Review.  
Karim R, Tse G, Putti T, Scolyer R, Lee S.,2004. The significance of the Wnt pathway in the 
pathology of human cancers. Pathology. 36:120-128. Review. 
Karlsson T, Songyang Z, Landgren E, Lavergne C, Di Fiore PP, Anafi M, Pawson T, Cantley LC, 
Claesson-Welsh L, Welsh M. 1995. Molecular interactions of the Src homology 2 domain protein Shb 
with phosphotyrosine residues, tyrosine kinase receptors and Src homology 3 domain proteins. 
Oncogene. 10:1475-1483.  
Karlsson T, Welsh M. 1997. Modulation of Src homology 3 proteins by the proline-rich adaptor 
protein Shb. Exp Cell Res. 231:269-275.  
Karlsson T, Kullander K, Welsh M. 1998. The Src homology 2 domain protein Shb transmits basic 
fibroblast growth factor- and nerve growth factor-dependent differentiation signals in PC12 cells. Cell 
Growth Differ. 9:757-766.  
Kashuba E, Pokrovskaja K, Klein G, Szekely L. 1999. Epstein-Barr virus-encoded nuclear protein 
EBNA-3 interacts with the epsilon-subunit of the T-complex protein 1 chaperonin complex. J Hum 
Virol. 2:33-37. 
Kashuba E., Kashuba V., Pokrovskaja K., Klein G., Szekely L. 2000. Epstein-Barr virus encoded 
nuclear protein EBNA-3 binds XAP-2, a protein associated with Hepatitis B virus X antigen. 
Oncogene. 19:1801-1806. 



 74

Kashuba E, Kashuba V, Sandalova T, Klein G, Szekely L. 2002. Epstein-Barr virus encoded nuclear 
protein EBNA-3 binds a novel human uridine kinase/uracil phosphoribosyltransferase. BMC Cell Biol. 
3:23. 
Kashuba E, Mattsson K, Klein G, Szekely L. 2003. p14ARF induces the relocation of HDM2 and p53 
to extranucleolar sites that are targeted by PML bodies and proteasomes. Mol Cancer. 2:18. 
Kato K, Yokoyama A, Tohya Y, Akashi H, Nishiyama Y, Kawaguchi Y. 2003. Identification of 
protein kinases responsible for phosphorylation of Epstein-Barr virus nuclear antigen leader protein at 
serine-35, which regulates its coactivator function. 
J Gen Virol. 84:3381-92. 
Kawaguchi Y, Nakajima K, Igarashi M, Morita T, Tanaka M, Suzuki M, Yokoyama A, Matsuda G, 
Kato K, Kanamori M, Hirai K. 2000. Interaction of Epstein-Barr virus nuclear antigen leader protein 
(EBNA-LP) with HS1-associated protein X-1: implication of cytoplasmic function of EBNA-LP. J 
Virol. 74:10104-10111. 
Kaykas A., Sugden B., 2000. The amino-terminus and membrane-spanning domains of LMP-1 inhibit 
cell proliferation. Oncogene. 19:1400-1410. 
Kaykas A., Worringer K.,Sugden B., 2002. LMP-1's transmembrane domains encode multiple 
functions required for LMP-1's efficient signaling. J Virol. 76:11551-11560. 
Kempkes B., Spitkovsky D., Jansen-Durr P., Ellwart JW., Kremmer E., Delecluse HJ., Rottenberger 
C., Bornkamm GW., Hammershmidt W. 1995. B-cell proliferation and induction of early G1-
regulating proteins by Epstein-Barr virus mutants conditional for EBNA2. EMBO J 14:88-96. 
Kennedy G., Komano J, Sugden B. 2003. Epstein-Barr virus provides a survival factor to Burkitt’s 
lymphomas. Proc.Natl. Acad. Sci. U.S.A. 100:14269-14274). 
Khan, G., Miyashita, E. M., Yang, B., Babcock, G. J. & Thorley-Lawson, D. A. 1996. Is EBV 
persistence in vivo a model for B cell homeostasis? Immunity 5:173-179. 
Khanna R., Busson P., Burrows SR., et al.1998. Molecular characterization of antigen-processing 
function in nasopharyngeal carcinoma:evidence for efficient presentation of Epstein-Barr virus 
cytotoxic T-cell epitopes by NPC cells. Cancer Res 58:310-314. 
Kienzle, N., Sculley, T. B., Poulsen, L., Buck, M., Cross, S., Raab-Traub, N. & Khanna, R. 1998. 
Identification of a cytotoxic T-lymphocyte response to the novel BARF0 protein of Epstein–Barr virus: 
a critical role for antigen expression. J Virol 72:6614–6620. 
Kieser A, Kilger E, Gires O, Ueffing M, Kolch W, Hammerschmidt W. 1997. Epstein-Barr virus latent 
membrane protein-1 triggers AP-1 activity via the c-Jun N-terminal kinase cascade. EMBO J. 16:6478-
6485. 
Kilger E, Kieser A, Baumann M, Hammerschmidt W. 1998. Epstein-Barr virus-mediated B-cell 
proliferation is dependent upon latent membrane protein 1, which simulates an activated CD40 
receptor. EMBO J. 17:1700-1709. 
Kim AL, Maher M, Hayman JB, Ozer J, Zerby D, Yates JL, Lieberman PM. 1997. An imperfect 
correlation between DNA replication activity of Epstein-Barr virus nuclear antigen 1 (EBNA1) and 
binding to the nuclear import receptor, Rch1/importin alpha. Virology. 239:340-351. 
Kis, L.L., Nishikawa, J., Takahara, M., Nagy, N., Matskova, L., Takada, K., Elmberger, G., Ohlsson, 
A., Klein, G and Klein, E. 2004. The in vitro EBV-infected subline of KMH2, derived from Hodgkin 
lymphoma, expresses only EBNA-1; CD40-ligand and IL-4 induces LMP1 but not EBNA-2. Oncogene 
In press. 
Kitagawa N, Goto M, Kurozumi K, Maruo S, Fukayama M, Naoe T, Yasukawa M, Hino K, Suzuki T, 
Todo S, Takada K.,2000. Epstein-Barr virus-encoded poly(A)(-) RNA supports Burkitt's lymphoma 
growth through interleukin-10 induction. EMBO J. 19:6742-6750. 
Kitay MK, Rowe DT. 1996. Protein-protein interactions between Epstein-Barr virus nuclear antigen-
LP and cellular gene products: binding of 70-kilodalton heat shock proteins. Virology. 220:91-99. 
Kitching R, Wong MJ, Koehler D, Burger AM, Landberg G, Gish G, Seth A. 2003. The RING-H2 
protein RNF11 is differentially expressed in breast tumours and interacts with HECT-type E3 ligases. 
Biochim Biophys Acta. 1639:104-112. 
Klapper LN, Kirschbaum MH, Sela M, et al. 2000. Biochemical and clinical implications of the  
ErbBHER signalling network of growth factor receptors. Adv Cancer Res 77:25-79. 
Knecht H., Berger C., Rothenberger S., Odermatt B., Brousset P., 2001. The role of Epstein-Barr 
Virus in Neoplastic Transformation, Oncology 60:289-302. 
Knight JS, Lan K, Subramanian C, Robertson ES. 2003. Epstein-Barr virus nuclear antigen 3C recruits 
histone deacetylase activity and associates with the corepressors mSin3A and NCoR in human B-cell 
lines. J Virol. 77:4261-72. 
Knutson JC. 1990. The level of c-fgr RNA is increased by EBNA-2, an Epstein-Barr virus gene 
required for B-cell immortalization. J Virol. 64:2530-2536. 



 75

Konishi K, Maruo S, Kato H, Takada K. 2001. Role of Epstein-Barr virus-encoded latent membrane 
protein 2A on virus-induced immortalization and virus activation. J Gen Virol. 82:1451-1456. 
Kropshofer H. Spindeldreher S, Rohn TA, Platania N, Grygar C, Daniel N, Wolpl A, Langen H, 
Horejsi V, Vogt AB. 2002. Tetraspan microdomains distinct from lipid rafts enrich select peptide-
MHC class II complexes. Nat.Immunol.3:61-68. 
Kruger, S., Schroers, R., Rooney, C. M., Gahn, B. and Chen, S. Y.,2003. Identification of a naturally 
processed HLA-DR-restricted T-helper epitope in Epstein-Barr virus nuclear antigen type 1. J. 
Immunother. 26:212-221. 
Krauer KG, Buck M, Sculley T. 1999. Characterization of the transcriptional repressor RBP in 
Epstein-Barr virus-transformed B cells. J Gen Virol. 80:3217-3226. 
Kulwichit W, Edwards RH, Davenport EM, Baskar JF, Godfrey V, Raab-Traub N. 1998. 
Expression of the Epstein-Barr virus latent membrane protein 1 induces B cell lymphoma in transgenic 
mice. Proc Natl Acad Sci U S A. 95:11963-11968.  
Kuppers RB. 2003. Cells under influence: transformation of B cells by Epstein-Barr virus. Nat Rev 
Immunol 3:801-812. 
Kurosaki T., 1999. Genetic analysis of B cell antigen receptor signaling. Annu. Rev. Immunol. 17: 
555–592. 
Kurth J., Spieker T, Wustrow J, Strickler GJ, Hansmann LM, Rajewsky K, Kuppers R.,2000. EBV-
infected B cells in infectious mononucleosis: viral strategies for spreading in the B cell compartment 
and establishing latency. Immunity 13:485-495. 
Kurth, J., Hansmann, M. -L., Rajewsky, K. & Küppers, R.,2003. Epstein-Barr virus-infected B cells 
expanding in germinal centers of infectious mononucleosis patients do not participate in the germinal 
center reaction. Proc. Natl Acad. Sci. USA 100:4730-4735.  
Kusano S., Raab-Traub N.,2001. An Epstein-Barr virus protein interacts with Notch. J Virol. 75:384-
395. 
Lam KP., Kuhn R., and Rajewsky K.,1997. In vivo ablation of surface immunoglobulin on mature B 
cells by inducible gene targeting results in rapid cell death. Cell 90:1073-1083. 
Lam N., Sugden B.,2003.CD40 and its viral mimic, LMP1: similar means to different ends. Cell 
Signal.;15:9-16. Review. 
Lam N., Sandberg ML., Sugden B., 2004. High physiological levels of LMP1 result in phosphorylation 
of eIF2 alpha in Epstein-Barr virus-infected cells. J Virol. 78:1657-1664. 
Lautscham G, Haigh T, Mayrhofer S, Taylor G, Croom-Carter D, Leese A, Gadola S, Cerundolo V, 
Rickinson A, Blake N.,2003. Identification of a TAP-independent, immunoproteasome-dependent 
CD8+ T-cell epitope in Epstein-Barr virus latent membrane protein 2. J Virol. 77:2757-2761. 
Laux G, Adam B, Strobl LJ, Moreau-Gachelin F. 1994. The Spi-1/PU.1 and Spi-B ets family 
transcription factors and the recombination signal binding protein RBP-J kappa interact with an 
Epstein-Barr virus nuclear antigen 2 responsive cis-element. EMBO J. 13:5624-5632. 
Laux G, Perricaudet M, Farrell PJ. 1988. A spliced Epstein-Barr virus gene expressed in immortalized 
lymphocytes is created by circularization of the linear viral genome. EMBO J. 7:769-774.  
Lee SP., Chan AT., Cheung ST et al., 2000. CTL control of EBV in nasophangeal 
carcinoma(NPC):EBV-specific CTL responses in the blood and tumors of NPC patients and the 
antigen-processing function of the tumor cells. J Immunol 165:573-582. 
Lee YI, Kang-Park S, Do SI, Lee YI. 2001. The hepatitis B virus-X protein activates a 
phosphatidylinositol 3-kinase-dependent survival signaling cascade. J Biol Chem. 276:16969-16977. 
Leen, A., Meij, P., Redchenko, I., Middeldorp, J., Bloemena, E., Rickinson, A. and Blake, N.,2001. 
Differential immunogenicity of Epstein-Barr virus latent-cycle proteins for human CD4(+) T-helper 1 
responses. J. Virol. 75: 8649-8659. 
Lenferink AE, Pinkas Kramarski R, van de Poll ML, et al. 1998. Differential endocytic routing of 
homo- and hetero-dimeric ErbB tyrosine kinases confers signalling superiority to receptor 
heterodimers. EMBO J 17:3385-3397. 
Lennette ET., Winberg G., Yadav M., Enblad G., Klein G., 1995. Antibodies to LMP2A/2B in EBV-
carrying malignancies. Eur J Cancer 31A:1875-1878. 
Leroux MR., Hartl FU.,2000. Protein folding:versatility of the cytosolic chaperonin TriC/CCT. Curr 
Biol 10:R260-264. 
Leslie NR, Downes CP. 2002. PTEN: The down side of PI 3-kinase signalling. Cell Signal. 14:285-
295. Review. 
Levitskaya J, Sharipo A, Leonchiks A, Ciechanover A, Masucci MG. 1997. Inhibition of 
ubiquitin/proteasome-dependent protein degradation by the Gly-Ala repeat domain of the Epstein-Barr 
virus nuclear antigen 1. Proc Natl Acad Sci U S A. 94:12616-12621. 



 76

Levitsky V, Frisan T, Masucci M. 2001. Generation of polyclonal EBV-specific CTL cultures and 
clones. Methods Mol Biol. 174:203-208. 
Li L, Liu D, Hutt-Fletcher L, Morgan A, Masucci MG, Levitsky V. 2002. Epstein-Barr virus inhibits 
the development of dendritic cells by promoting apoptosis of their monocyte precursors in the presence 
of granulocyte macrophage-colony-stimulating factor and interleukin-4. Blood. 99:3725-3734. 
Li R., and Botchan MR., 1993. The acidic transcriptional activation domains of VP16 and p53 bind 
the cellular replication protein A and stimulate in vitro BPV-1 DNA replication. Cell 73:1207-1221. 
Li HP, Chang YS. 2003. Epstein-Barr virus latent membrane protein 1: structure and functions. J 
Biomed Sci. 10:490-504. Review. 
Li, Q., M. K. Spriggs, S. Kovats, S. M. Turk, M. R. Comeau, B. Nepom, and L. M. Hutt-Fletcher. 
1997. Epstein-Barr virus uses HLA class II as a cofactor for infection of B lymphocytes. J. Virol. 
71:4657-4662. 
Liebowitz D., Wang D., and Kieff E., 1986. Orientation and patching of the latent infection membrane 
protein incoded by Epstein-Barr virus. J. Virol. 58:233-237. 
Lindholm CK, Gylfe E, Zhang W, Samelson LE, Welsh M. 1999. Requirement of the Src homology 2 
domain protein Shb for T cell receptor-dependent activation of the interleukin-2 gene nuclear factor for 
activation of T cells element in Jurkat T cells. 
J Biol Chem. 274:28050-28057. 
Lindholm CK, Henriksson ML, Hallberg B, Welsh M. 2002a. Shb links SLP-76 and Vav with the 
CD3 complex in Jurkat T cells. Eur J Biochem. 269:3279-3288. 
Lindholm CK. 2002b. IL-2 receptor signaling through the Shb adapter protein in T and NK cells. 
Biochem Biophys Res Commun. 296:929-936.  
Ling PD, Hsieh JJ, Ruf IK, Rawlins DR, Hayward SD. 1994. EBNA-2 upregulation of Epstein-Barr 
virus latency promoters and the cellular CD23 promoter utilizes a common targeting intermediate, 
CBF1. J Virol. 68:5375-5383.  
Linnemann T, Zheng YH, Mandic R, Peterlin BM. 2002. Interaction between Nef and 
phosphatidylinositol-3-kinase leads to activation of p21-activated kinase and increased production of 
HIV.Virology. 294:246-255.  
Lonardo F, Di Marco E, King CR, et al. 1990. The normal erbB-2 product is an atypical receptor-like 
tyrosine kinase with constitutive activity in the absence of ligand.  New Biol 2:992-1003. 
Longnecker R., and Kieff E.1990. A second Epstein-barr virus membrane protein (LMP2A) is 
expressed in latent infection and colocalizes with LMP1. J.Virol.64:2319-2326. 
Longnecker R, Druker B, Roberts TM, Kieff E.,1991. An Epstein-Barr virus protein associated with 
cell growth transformation interacts with a tyrosine kinase. J Virol. 65:3681-3692. 
Longnecker R, Miller CL, Miao XQ, Tomkinson B, Kieff E.,1993. The last seven transmembrane and 
carboxy-terminal cytoplasmic domains of Epstein-Barr virus latent membrane protein 2 (LMP2) are 
dispensable for lymphocyte infection and growth transformation in vitro. J Virol. 67:2006-2013. 
Longan L., Longnecker R.,2000. Epstein-Barr virus latent membrane protein 2A has no growth-
altering effects when expressed in differentiating epithelia. J Gen Virol. 81:2245-2252. 
Lu L, Anneren C, Reedquist KA, Bos JL, Welsh M.  2000. NGF-Dependent neurite outgrowth in PC12 
cells overexpressing the Src homology 2-domain protein shb requires activation of the Rap1 pathway. 
Exp Cell Res. 259:370-377. 
Lucero HA, Robbins PW. 2004. Lipid rafts-protein association and the regulation of protein activity. 
Arch Biochem Biophys. 426:208-224. Review.  
Lynch DT, Zimmerman JS, Rowe DT. 2002. Epstein-Barr virus latent membrane protein 2B (LMP2B) 
co-localizes with LMP2A in perinuclear regions in transiently transfected cells. J Gen Virol. 83:1025-
1035. 
Ma YY, Wei SJ, Lin YC, Lung JC, Chang TC, Whang-Peng J, Liu JM, Yang DM, Yang WK, Shen 
CY. 2000. PI3KCA as an oncogene in cervical cancer. Oncogene 19:2739-2744. 
Macsween KF, Crawford DH. 2003. Epstein-Barr virus-recent advances. Lancet Infect Dis. 3:131-40. 
Maehama,T., Dixon,J.E. 1998. The tumor suppressor, PTEN/MMAC1, dephosphorylates the lipid 
second messenger, phosphatidylinositol 3,4,5-trisphosphate. J Biol Chem. 273:13375-13378.  
Magee T, Pirinen N, Adler J, Pagakis SN, Parmryd I. 2002. Lipid rafts: cell surface platforms for T 
cell signaling. Biol Res. 35:127-131. Review.  
Magnifico A, Ettenberg S, Yang C, Mariano J, Tiwari S, Fang S, Lipkowitz S, Weissman AM.  2003. 
WW domain HECT E3s target Cbl RING finger E3s for proteasomal degradation. J Biol Chem. 
278:43169-43177. 
Manes S., Lacalle RM., Gomez-Mouton C., Martinez-AC. 2003. From rafts to crafts: membrane 
asymmetry in moving cells. Trends Immunol. 24: 320-326. 
Manes S, del Real G, Martinez-A C. 2003. Pathogens: raft hijackers. Nat Rev Immunol. 3:557-68. 



 77

Review.  
Mannick JB, Tong X, Hemnes A, Kieff E. 1995. The Epstein-Barr virus nuclear antigen leader protein 
associates with hsp72/hsc73. J Virol. 69:8169-8172. 
Margolis R.L.,Li, S.H., Young, W.S., Wagster, M.V., Stine, O.C., Kidwai, A.S., Ashworth, R.G., and 
Ross, C.A.1996. DRPLA gene (atrophin-1) sequence and mRNA expression in human brain. Brain 
Res.Mol.Brain Res. 36:219-226. 
Marmor MD,Skaria BK, Yarden Y. 2004. Signal transduction and oncogenesis by ErbB/HER 
receptors. Int.J.Radiation Oncology Biol. Phys.  58:903-913. 
Masucci MG. 2004. Epstein-Barr virus oncogenesis and the ubiquitin-proteasome system. Oncogene. 
23:2107-2115. 
Matsuda G, Nakajima K, Kawaguchi Y, Yamanashi Y, Hirai K. Epstein-Barr virus (EBV) nuclear 
antigen leader protein (EBNA-LP) forms complexes with a cellular anti-apoptosis protein Bcl-2 or its 
EBV counterpart BHRF1 through HS1-associated protein X-1. Microbiol Immunol. 47:91-99. 
McCann EM, Kelly GL, Rickinson AB, Bell AI.,2001. Genetic analysis of the Epstein-Barr virus-
coded leader protein EBNA-LP as a co-activator of EBNA2 function. J Gen Virol. 82:3067-3079. 
McGeoch J. And Davison A.,1999. The Molecular Evolutionary History of the Herpesviruses. In: 
Eds. Domingo E.,Webster R., Holland J. Origin and Evolution of Viruses. pp.441-467. Academic 
Press. 
Mecsas J, Sugden B. Replication of plasmids derived from bovine papilloma virus type 1 and Epstein-
Barr virus in cells in culture. Annu Rev Cell Biol. 1987;3:87-108. Review. 
Medjkane S, Novikov E, Versteege I, Delattre O. 2004. The tumor suppressor hSNF5/INI1 modulates 
cell growth and actin cytoskeleton organization. Cancer Res. 2004 64:3406-3413. 
Merchant M., Longnecker R. 2001. LMP2A survival and developmental signals are transmitted 
through Btk-dependent and Btk-independent pathways.Virology. 291:46-54. 
Merchant M., Caldwell RG., Longnecker R. 2000. The LMP2A ITAM is essential for providing B 
cells with development and survival signals in vivo. J Virol. 74:9115-9124. 
Meru, N. Davison S, Whitehead L, Jung A, Mutimer D, Rooney N, Kelly D, Niedobitek G. 2001. 
Epstein-Barr virus infection in paediatric liver transplant recipients: detection of the virus in post-
transplant tonsillectomy specimens. Mol. Pathol. 54:265-269. 
Miceli MC, Moran M, Chung CD, Patel VP, Low T, Zinnanti W. 2001. Co-stimulation and counter-
stimulation: lipid raft clustering controls TCR signaling and functional outcomes. Semin Immunol. 
13:115-128. Review. 
Milani V, Noessner E, Ghose S, Kuppner M, Ahrens B, Scharner A, Gastpar R, Issels RD. 2002. Heat 
shock protein 70: role in antigen presentation and immune stimulation. Int J Hyperthermia. 18:563-575. 
Review. 
Miljan EA, Meuillet EJ, Mania-Farnell B, George D, Yamamoto H, Simon HG, Bremer EG. 2002. 
Interaction of the extracellular domain of the epidermal growth factor receptor with gangliosides. J Biol 
Chem. 277:10108-10113. 
Miller G.,1990. Epstein-Barr virus biology, pathogenesis and medical aspects. 
In: Fields BN, Knipe KM, editors. Virology. pp1921-58. Raven Press, New York. 
Miller CL, Longnecker R, Kieff E. 1993. Epstein-Barr virus latent membrane protein 2A blocks 
calcium mobilization in B lymphocytes. J Virol. 67:3087-3094. 
Miller CL, Burkhardt AL, Lee JH, Stealey B, Longnecker R, Bolen JB, Kieff E.,1995. Integral 
membrane protein 2 of Epstein-Barr virus regulates reactivation from latency through dominant 
negative effects on protein-tyrosine kinases. Immunity. 2:155-166. 
Miller CL, Lee JH, Kieff E, Longnecker R.,1994. An integral membrane protein (LMP2) blocks 
reactivation of Epstein-Barr virus from latency following surface immunoglobulin crosslinking. Proc 
Natl Acad Sci U S A. 91:772-776. 
Mineo C, Gill GN, Anderson RG. 1999. Regulated migration of epidermal growth factor receptor from 
caveolae. J Biol Chem. 274:30636-30643. 
Moore, K., A. O'Garra, M. de Waal, P. Vieira,  & T. Mosmann. 1993. Interleukin-10. Annu. Rev. 
Immunol. 11:165-190. 
Morrison JA, Klingelhutz AJ, Raab-Traub N. 2003. Epstein-Barr virus latent membrane protein 2A 
activates beta-catenin signaling in epithelial cells. J Virol. 77:12276-12284. 
Munz, C., Bickham, K. L., Subklewe, M., Tsang, M. L., Chahroudi, A., Kurilla, M. G., Zhang, D., 
O'Donnell, M. and Steinman, R. M. 2000. Human CD4(+) T lymphocytes consistently respond to the 
latent Epstein-Barr virus nuclear antigen EBNA1. J. Exp. Med 191:1649-1660. 
Murthy SS, Tosolini A, Taguchi T, Testa JR. 2000. Mapping of AKT3, encoding a member of the 
Akt/protein kinase B family, to human and rodent chromosomes by fluorescence in situ hybridisation. 
Cytogenet Cell Genet 2000;88:38-40. 



 78

Nakagomi H, Dolcetti R, Bejarano MT, Pisa P, Kiessling R, Masucci MG. 1994. The Epstein-Barr 
virus latent membrane protein-1 (LMP1) induces interleukin-10 production in Burkitt lymphoma lines. 
Int J Cancer. 57:240-244. 
Nanbo A, Inoue K, Adachi-Takasawa K, Takada K.2002. Epstein-Barr virus confers resistance to 
interferon induced apoptosis in Burkitt’s lymphomas. EMBO J.21:954-965. 
Needham D., Nunn RS. 1990. Elastic deformation and failure of lipid bilayer membranes containing 
cholesterol. Biophys. J. 58: 997-1009. 
Neri A, Barriga F, Inghirami G, et al. 1991. Epstein-Barr virus infection precedes clonal expansion in 
Burkitt's and acquired immunodeficiency syndrome-associated lymphoma. Blood 77:1092-1095.  
Neuberger MS.,1997. Antigen receptor signalling gives lymphocytes a long life. Cell 90:971-973. 
Nicholson KM., Anderson NG. 2002. The protein kinase B/Akt signalling pathway in human 
malignancy. Cell. Signal. 14:381–395. 
Niedobitek G, Young LS, Lau R, Brooks L, Greenspan D, Greenspan JS, Rickinson AB. 1991. 
Epstein-Barr virus infection in oral hairy leukoplakia: virus replication in the absence of a detectable 
latent phase. J Gen Virol. 72 :3035-3046. 
Niedobitek, G. Herbst H, Young LS, Brooks L, Masucci MG, Crocker J, Rickinson AB, Stein H.1992. 
Patterns of Epstein-Barr virus infection in non-neoplastic lymphoid tissue. Blood 79:2520-2526. 
Nilsson K. 1992. Human B-lymphoid cell lines. Hum Cell. 5:25-41. Review.  
Ohno S, Wiener F, Klein G. 1977. Histochemical studies on the EBV-determined nuclear antigen 
(EBNA). Biomedicine 26:268-275. 
Ohtani N., Brennan P., Gaubatz S., Sanij E., Hertzog P., Wolvetang E., Ghysdale J., Rowe M., Hara 
E., 2003. Epstein-Barr virus LMP1 blocks p16INK4a-RB pathway by promoting nuclear export of 
E2F4/5. J Cell Biol 162:173-183. 
Okamoto T., Schlegel A., Scherer PE., Lisanti MP. 1998. Caveolins, a family of scaffolding proteins 
for organizing "preassembled signaling complexes" at the plasma membrane. J.Biol.Chem. 273:5419-
5422. 
Olayioye MA, Neve RM, Lane HR, et al. 2000. The ErbB signalling network:Receptor 
heterodimerization in development and cancer. EMBO J 19:3159-3167. 
Orre, R. S., M. A. Cotter II, C. Subramanian, and E. S. Robertson. 2001. Prothymosin alpha functions 
as a cellular oncoprotein by inducing transformation of rodent fibroblasts in vitro. J. Biol. Chem. 
276:1794-1799. 
Orstavik S, Eide T, Collas P, Han IO, Tasken K, Kieff E, Jahnsen T, Skalhegg BS. 2000. 
Identification, cloning and characterization of a novel nuclear protein, HA95, homologous to A-kinase 
anchoring protein 95. Biol Cell. 92:27-37. 
Oudejans JJ., Harijadi H., Kummer JA., et al. 2002. High numbers of granzyme B/CD8-positive 
tumor-infiltrating lymphocytes in nasopharyngeal carcinoma biopsies predict rapid fatal outcome in 
patients treated with curative intent. J Patol 198:468-475. 
Palade GE 1953. The fine structure of blood capillaries.  Journal of Applied Physics 24:1424-1436. 
Paludan, C., Bickham, K., Nikiforow, S., Tsang, M. L., Goodman, K., Hanekom, W. A., Fonteneau, J. 
F., Stevanovic, S. and Munz, C. 2002. Epstein-Barr nuclear antigen 1-specific CD4(+) Th1 cells kill 
Burkitt's lymphoma cells. J. Immunol. 169: 1593-603. 
Paludan C, Munz C. 2003. CD4+ T cell responses in the immune control against latent infection by 
Epstein-Barr virus. Curr Mol Med. 3:341-347. 
Panousis CG, Rowe DT.,1997. Epstein-Barr virus latent membrane protein 2 associates with and is a 
substrate for mitogen-activated protein kinase. J Virol. 71:4752-4760. 
Parker GA., Crook T., Bain M., Sara EA., Farrell PJ., Allday MJ., 1996. Epstein-Barr virus nuclear 
antigen(EBNA)3C is an immortalizing oncoprotein with similar properties to adenovirus E1A and 
papillomavirus E7. Oncogene 13:2541-2549. 
Pepinsky RB., Zeng C, Wen D, Rayhorn P, Baker DP, Williams KP, Bixler SA, Ambrose CM, Garber 
EA, Miatkowski K, Taylor FR, Wang EA, Galdes A. 1998. Identification of a palmitic acid-modified 
form of human Sonic hedgehog. J.Biol.Chem.  273:14037-14045.  
Perry WL, Hustad CM, Swing DA, O'Sullivan TN, Jenkins NA, Copeland NG. 1998. The itchy locus 
encodes a novel ubiquitin protein ligase that is disrupted in a18H mice. Nat Genet. 18:143-6.  
Pfeffer S, Zavolan M, Grasser FA, Chien M, Russo JJ, Ju J, John B, Enright AJ, Marks D, Sander C, 
Tuschl T. 2004. Identification of virus-encoded microRNAs. Science. 304:734-736. 
Pokrovskaja K, Mattsson K, Kashuba E, Klein G, Szekely L. 2001. Proteasome inhibitor induces 
nucleolar translocation of Epstein-Barr virus-encoded EBNA-5. J Gen Virol. 82:345-358. 
Polack A, Hortnagel K, Pajic A, Christoph B, Baier B, Falk M, Mautner J, Geltinger C, Bornkamm 
GW, Kempkes B. 1996. C-myc activation renders proliferation of Epstein-Barr virus (EBV)-



 79

transformed cells independent of EBV nuclear antigen 2 and latent membrane protein 1. Proc Natl 
Acad Sci U S A. 93:10411-10416. 
Pope JH., Horne MK. & Scott W. 1968. Transformation of foetal human leucocytes in vitro by filtrates 
of a human leucaemic cell line containing herpes-like virus.Int.J.Cancer 3:857-866. 
Portis T, Longnecker R. 2003. Epstein-Barr virus LMP2A interferes with global transcription factor 
regulation when expressed during B-lymphocyte development. J Virol. 77:105-114. 
Portis T., Longnecker R. 2004a. Epstein-Barr virus (EBV) LMP2A alters normal transcriptional 
regulation following B-cell receptor activation. Virology. 318:524-533.  
Portis T., Ikeda M., Longnecker R. 2004b. Epstein-Barr virus LMP2A: regulating cellular 
ubiquitination processes for maintenance of viral latency? Trends Immunol. 25:422-426.  
Portis T., Dyck P., Longnecker R. 2003. Epstein-Barr Virus (EBV) LMP2A induces alterations in 
gene transcription similar to those observed in Reed-Sternberg cells of Hodgkin lymphoma. Blood. 
102:4166-4178. 
Prior IA., Munke C., Parton RG., Hancock JF. 2003. Direct visualization of Ras proteins in spatially 
distinct cell surface microdomains. J.Cell Biol.,160: 165-170. 
Qiu,L., Joazeiro,C., fang,N., Altman,Y., Fang,D., Hunter,T., and Liu,Y.C. 2000. Recognition and 
ubiquitination of Notch by Itch, a hect-type E3 ubiquitin ligase. J.Biol.Chem.275:35734-35737. 
Qu L, Rowe DT. 1995. Epstein-Barr virus latent messages with shuffled leader exons: remnants of 
circumgenomic transcription? J Virol. 69:1050-1058. 
Radkov SA., Bain M., Farrell PJ., West M., Rowe M., and Allday MJ. 1997. Epstein-Barr Virus 
EBNA3C Represses Cp, the Major Promoter for EBNA Expression, but Has No Effect on the Promoter 
of the Cell Gene CD21. J Virol. 71:8552–8562.  
Radkov SA, Touitou R, Brehm A, Rowe M, West M, Kouzarides T, Allday MJ. 1999. Epstein-Barr 
virus nuclear antigen 3C interacts with histone deacetylase to repress transcription. J Virol. 73:5688-
5697. 
Rawlins DR, Milman G, Hayward SD, Hayward GS. 1985. Sequence-specific DNA binding of the 
Epstein-Barr virus nuclear antigen (EBNA-1) to clustered sites in the plasmid maintenance region. Cell 
42:859-868. 
Razani B, Woodman SE, Lisanti MP. 2002. Caveolae: from cell biology to animal physiology. 
Pharmacol Rev. 54:431-467. Review.  
Reichlin A., Hu Y., Meffre E., Nagaoka H., Gong S., Kraus M., Rajewsky K., and Nussenzweig 
MC.,2001. B cell development is arrested at the immature B cell stage in mice carrying a mutation in 
the cytoplasmic domain of immunoglobulin. J.Exp.Med.193:13-23. 
Rickinson, A. B. & Kieff, E.,2001.     In: eds Knipe, D. M. & Howley, P. M., eds.: Fields Virology () 
pp 2575-2627, Lippincott-Raven, Philadelphia.  
Rimoldi V, Reversi A, Taverna E, Rosa P, Francolini M, Cassoni P, Parenti M, Chini B. 2003. 
Oxytocin receptor elicits different EGFR/MAPK activation patterns depending on its localization in 
caveolin-1 enriched domains. Oncogene. 2003 22:6054-6060. 
Robertson ES, Grossman S, Johannsen E, Miller C, Lin J, Tomkinson B, Kieff E. 1995. Epstein-Barr 
virus nuclear protein 3C modulates transcription through interaction with the sequence-specific DNA-
binding protein J kappa. J Virol. 69:3108-3116.  
Robertson ES, Tomkinson B, Kieff E. 1994. An Epstein-Barr virus with a 58-kilobase-pair deletion 
that includes BARF0 transforms B lymphocytes in vitro. J Virol 68:1449-1458.  
Robertson, E. S., J. Lin, and E. Kieff. 1996. The amino-terminal domains of Epstein-Barr virus 
nuclear proteins 3A, 3B, and 3C interact with RBP-jk. J. Virol. 70:3068-3074. 
Roizman B., Desrosiers RC., Fleckenstein B., Lopez C., Minson AC., and Studdert MJ.1995. 
Herpesviridae. In: Virus Taxonomy, pp.114-127. Arch. Virol. Suppl.10. 
Rooney CM, Bollard C, Huls MH, Gahn B, Gottschalk S, Wagner HJ, Anderson R, Prentice HG, 
Brenner MK, Heslop HE. 2002. Immunotherapy for Hodgkin’s disease 
Ann Hematol. 81:S39-42 (Suppl 2). 
Roskoski R Jr. 2004. The ErbB/HER receptor protein-tyrosine kinases and cancer. Biochem Biophys 
Res Commun. 319:1-11. Review. 
Roulston A, Marcellus RC, Branton PE. 1999. Viruses and apoptosis. Annu Rev Microbiol. 53:577-
628. Review. 
Rowe DT, Hall L, Joab I, Laux G.1990. Identification of the Epstein-Barr virus terminal protein gene 
products in latently infected lymphocytes. J Virol. 64:2866-2875. 
Rowe DT. 1999. Epstein-Barr virus immortalization and latency. Front Biosci. 4:D346-371. 
Rowe DT, Webber S, Schauer EM, Reyes J, Green M. 2001. Epstein-Barr virus load monitoring: its 
role in the prevention and management of post-transplant lymphoproliferative disease. Transpl Infect 
Dis. 3:79-87. 



 80

Ryan JL, Fan H, Swinnen LJ, Schichman SA, Raab-Traub N, Covington M, Elmore S, Gulley ML. 
2004. Epstein-Barr Virus (EBV) DNA in plasma is not encapsidated in patients with EBV-related 
malignancies. Diagn Mol Pathol. 13:61-68. 
Sadler RH, Raab-Traub N.1995. Structural analyses of the Epstein-Barr virus BamHI A transcripts. J 
Virol 69:1132-1141. 
Sadler RH, Raab-Traub N. 1995. The Epstein-Barr virus 3.5-kilobase latent membrane protein 1 
mRNA initiates from a TATA-Less promoter within the first terminal repeat. J Virol. 69:4577-4581. 
Salomon DS, Brandt R, Ciardiello F, et al.1995. Epidermal growth factor-related peptides and their 
receptors in human malignancies. Crit Rev Oncol Hematol 19:183-232. 
Sandberg ML, Kaykas A, Sugden B. 2000. Latent membrane protein 1 of Epstein-Barr virus inhibits 
as well as stimulates gene expression. J Virol. 74:9755-9761. 
Sato T., Hoshikawa Y., Sato Y., Kurata T., Sairenji T. 1999. The interaction of mitogen-activated 
protein kinases to Epstein-Barr virus activation in Akata cells. Virus Genes 18:57-64. 
Satoh M, Yasuda T, Higaki T, Goto M, Tanuma S, Ide T, Furuichi Y, Sugimoto M. 2003. Innate 
apoptosis of human B lymphoblasts transformed by Epstein-Barr virus: modulation by cellular 
immortalization and senescence. Cell Struct Funct. 28:61-70. 
Scala, G., I. Quinto, M. Ruocco, A. Arcucci, M. Mallardo,  & P. Caretto. 1990. Expression of an 
exogenous interleukin 6 gene in human Epstein Barr virus B cells confers growth advantage and in 
vivo tumorigenicity. J Exp Med. 172:61-68. 
Shackelford J, Maier C, Pagano JS. 2003. Epstein-Barr virus activates beta-catenin in type III latently 
infected B lymphocyte lines: association with deubiquitinating enzymes. Proc Natl Acad Sci U S A. 
100:15572-15576. 
Schaefer BC, Strominger, J. L. & Speck, S. H. 1995. Redefining the Epstein-Barr virus-encoded 
nuclear antigen EBNA-1 gene promoter and transcription initiation site in group I Burkitt lymphoma 
cell lines. Proc. Natl. Acad. Sci. USA 92:10565–10569. 
Scheffner M, Huibregtse JM, Vierstra RD, Howley PM. 1993.The HPV-16 E6 and E6-AP complex 
functions as a ubiquitin-protein ligase in the ubiquitination of p53.Cell. 1993 Nov 5;75(3):495-505. 
Shih WL, Kuo ML, Chuang SE, Cheng AL, Doong SL. 2000. Hepatitis B virus X protein inhibits 
transforming growth factor-beta -induced apoptosis through the activation of phosphatidylinositol 3-
kinase pathway. J Biol Chem. 275:25858-25864. 
Shih WL, Kuo ML, Chuang SE, Cheng AL, Doong SL. 2003. Hepatitis B virus X protein activates a 
survival signaling by linking SRC to phosphatidylinositol 3-kinase. J Biol Chem. 278:31807-31813. 
Schlee M, Krug T, Gires O, Zeidler R, Hammerschmidt W, Mailhammer R, Laux G, Sauer G, Lovric 
J, Bornkamm GW. 2004. Identification of Epstein-Barr virus (EBV) nuclear antigen 2 (EBNA2) target 
proteins by proteome analysis: activation of EBNA2 in conditionally immortalized B cells reflects 
early events after infection of primary B cells by EBV. J Virol. 78:3941-3952.  
Scholle F., Longnecker R., Raab-Traub N. 1999. Epithelial cell adhesion to extracellular matrix 
proteins induces tyrosine phosphorylation of the Epstein-Barr virus latent membrane protein 2: a role 
for C-terminal Src kinase. J Virol. 73:4767-4775. 
Schultheiss U, Puschner S, Kremmer E, Mak TW, Engelmann H, Hammerschmidt W, Kieser A.2001. 
TRAF6 is a critical mediator of signal transduction by the viral oncogene latent membrane protein 1. 
EMBO J. 20:5678-5691. 
Seto ES., Bellen HJ et al. 2000. When cell biology meets development:endocytic regulation of 
signaling pathways. Genes Dev 16:1314-1336. 
Shayesteh L, Lu Y, Kuo WL, Baldocchi R, Godfrey T, Collins C, Pinkel D, Powell B, Mills GB, Gray 
JW. 1999. PIK3CA is implicated as an oncogene in ovarian cancer. Nat Genet. 21:99-102. 
Shi Y, Thomas JO. 1992. The transport of proteins into the nucleus requires the 70-kilodalton heat 
shock protein or its cytosolic cognate. Mol Cell Biol. 12:2186-2192.  
Scholle F, Longnecker R, Raab-Traub N.1999. Epithelial cell adhesion to extracellular matrix proteins 
induces tyrosine phosphorylation of the Epstein-Barr virus latent membrane protein 2: a role for C-
terminal Src kinase. J Virol. 73:4767-4775. 
Scholle F, Bendt KM, Raab-Traub N. 2000. Epstein-Barr virus LMP2A transforms epithelial cells, 
inhibits cell differentiation, and activates Akt. J Virol. 7410681-10689. 
Scholle F, Longnecker R, Raab-Traub N. 2001. Analysis of the phosphorylation status of Epstein-Barr 
virus LMP2A in epithelial cells. Virology. 291:208-214. 
Shroff R, Rees L. 2004. The post-transplant lymphoproliferative disorder-a literature review. Pediatr 
Nephrol. 19:369-377. 
Schubert, U; Antón, L C; Bacík, I; Cox, J H; Bour, S; Bennink, J R; Orlowski, M; Strebel, K; 
Yewdell, J W. 1998. CD4 glycoprotein degradation induced by human immunodeficiency virus type 1 



 81

Vpu protein requires the function of proteasomes and the ubiquitin-conjugating pathway. J. Virol. 
72:2280–2288. 
Silins SL, Sculley TB. 1995. Burkitt's lymphoma cells are resistant to programmed cell death in the 
presence of the Epstein-Barr virus latent antigen EBNA-4. Int J Cancer. 60:65-72. 
Simons K, Ehehalt R. 2002. Cholesterol, lipid rafts, and disease. J Clin Invest. 110:597-603. Review. 
Simons K., and Vaz WL. 2004. Model systems, lipid rafts, and cell membranes. Annu Rev Biophys 
Biomol Struct. 33:269-295. Review. 
Sinclair AJ, Palmero I, Peters G, Farrell PJ. 1994. EBNA-2 and EBNA-LP cooperate to cause G0 to 
G1 transition during immortalization of resting human B lymphocytes by Epstein-Barr virus. EMBO J. 
13:3321-3328. 
Smith PR., de Jesus O., Turner D., Hollyoake M., Karstegl CE., Griffin BE., Karran L., Wang Y., 
Hayward SD., Farrell PJ. 2000. Structure and coding content of CST(BART) family RNAs of Epstein-
Barr virus. J Virol. 74:3082-3092. 
Smith, P. 2001. Epstein-Barr virus complementary strand transcripts (CSTs/BARTs) and cancer. 
Semin. Cancer Biol. 11:468-476. 
Smotrys JE, Linder ME. 2004. Palmitoylation of intracellular signaling proteins: regulation and 
function. Annu Rev Biochem. 73:559-587.  
Spear PG., Longnecker R. 2003. Herpesvirus entry: an update. J Virol. 77:10179-10185. Review. 
Speck SH, Chatila T, Flemington E.1997. Reactivation of Epstein-Barr virus: regulation and function 
of the BZLF1 gene. Trends Microbiol. 5:399-405. Review. 
Speck P., Ikeda M., Ikeda A., Ledderman HM., Longnecker R. 2002. Signal transduction through the 
B cell antigen receptor is normal in ataxia-telangiectasia B lymphocytes. J Biol Chem. 277:4123-4127. 
Staal SP. 1987. Molecular cloning of the akt oncogene and its human homologues AKT1 and 
AKT2:amplification of AKT1 in a primary human gastric adenocarcinoma. Proc Natl Acad Sci USA 
84:5034-5037. 
Staub O, Dho S, Henry P, Correa J, Ishikawa T, McGlade J, Rotin D. WW domains of Nedd4 bind to 
the proline-rich PY motifs in the epithelial Na+ channel deleted in Liddle's syndrome. EMBO J. 1996 
May 15;15(10):2371-80. 
Stewart, J., F. Behm, J. Arrand,  & C. Rooney. 1994. Differential expression of viral and human 
interleukin-10 (IL-10) by primar B cell tumors and B cell lines. Virology 200:724-732. 
Strebel K., 2003. Virus-host interactions: role of HIV proteins Vif, Tat, and Rev. AIDS. 17(Suppl 
4):S25-34. Review. 
Strobl LJ, Hofelmayr H, Stein C, Marschall G, Brielmeier M, Laux G, Bornkamm GW, Zimber-Strobl 
U.1997. Both Epstein-Barr viral nuclear antigen 2 (EBNA2) and activated Notch1 transactivate genes 
by interacting with the cellular protein RBP-J kappa. Immunobiology. 198:299-306. Review. 
Subczynski WK.,Kuzumi A. 2003. Dynamics of raft molecules in the cell and artificial 
membranes:approaches by pulse ERP spin labelling and single molecule optical microscopy. Biochim. 
Biophys.Acta 1610:231-243. 
Subramaniam P., Johnson HM. 2002. Lipid microdomains are required sites for for the selective 
endocytosis and nuclear translocation of INF-g, its receptor chain IFN-g receptor-1, and the 
phosphorylation and nuclear translocation of STAT1α. J Immunol. 169:1959-1969.  
Subramanian C, Hasan S, Rowe M, Hottiger M, Orre R, Robertson ES. 2002. Epstein-Barr virus 
nuclear antigen 3C and prothymosin alpha interact with the p300 transcriptional coactivator at the CH1 
and CH3/HAT domains and cooperate in regulation of transcription and histone acetylation. J Virol. 
76:4699-4708. 
Sudol M., and Hunter T. 2000. NeW Wrinkles for an Old Domain. Cell 103:1001-1004. 
Sugimoto M, Tahara H, Ide T, Furuichi Y. 2004. Steps involved in immortalization and tumorigenesis 
in human B-lymphoblastoid cell lines transformed by Epstein-Barr virus. Cancer Res. 64:3361-3364. 
Review. 
Sugiura, M., Imai, S., Tokunaga, M., Koizumi, S., Uchizawa, M., Okamoto, K. & Osato, T. 1996. 
Transcriptional analysis of Epstein–Barr virus gene expression in EBV-positive gastric carcinoma: 
unique viral latency in the tumour cells. Br J Cancer 74:625–631. 
Summers SA, Lipfert L, Birnbaum MJ. 1998. Polyoma middle T antigen activates the Ser/Thr kinase 
Akt in a PI3-kinase-dependent manner. Biochem Biophys Res Commun. 246:76-81. 
Suzuki Y, Demoliere C, Kitamura D, Takeshita H, Deuschle U, Watanabe T. 1997. HAX-1, a novel 
intracellular protein, localized on mitochondria, directly associates with HS1, a substrate of Src family 
tyrosine kinases. J Immunol. 158:2736-2744. 
Swart R., Ruf IK., Sample J., Longnecker R. 2000. Latent membrane protein 2A-mediated effects on 
the phosphatidylinositol 3-Kinase/Akt pathway. J Virol. 74:10838-10845. 
Szekely L, Pokrovskaja K, Jiang WQ, de The H, Ringertz N, Klein G. 1996. The Epstein-Barr virus-



 82

encoded nuclear antigen EBNA-5 accumulates in PML-containing bodies. J Virol. 70:2562-2568.  
Takada K, Ono Y.,1989. Synchronous and sequential activation of latently infected Epstein-Barr virus 
genomes. J Virol. 63:445-449. 
Takahashi-Tezuka M, Hibi M, Fujitani Y, Fukada T, Yamaguchi T, Hirano T.  1997. Tec tyrosine 
kinase links the cytokine receptors to PI-3 kinase probably through JAK. Oncogene. 14:2273-2282.  
Tanaka K, Kawakami T, Tateishi K, Yashiroda H, Chiba T.2001. Control of IkappaBalpha proteolysis 
by the ubiquitin-proteasome pathway. Biochimie. 83:351-356. Review. 
Tang W, Pavlish OA, Spiegelman VS, Parkhitko AA, Fuchs SY. 2003. Interaction of Epstein-Barr 
virus latent membrane protein 1 with SCFHOS/beta-TrCP E3 ubiquitin ligase regulates extent of NF-
kappaB activation J Biol Chem. 278:48942-48949. 
Tanner, J.  & G. Tosato. 1992. Regulation of B-cell growth and immunoglobulin gene transcription 
by interleukin-6. Blood 79:452-459. 
Tatsumi E. 1992. Epstein-Barr virus (EBV) and human hematopoietic cell lines: a review. Hum Cell. 
5:79-86. Review.  
Tellam J, Connolly G, Green KJ, Miles JJ, Moss DJ, Burrows SR, Khanna R.2004. Endogenous 
presentation of CD8+ T cell epitopes from Epstein-Barr virus-encoded nuclear antigen 1. J Exp Med. 
199:1421-1431.  
Thorley-Lawson.2001. Epstein-Barr virus: exploiting the immune system. Nat Rev Immunol. 1:75-82. 
Review. 
Thorley-Lawson DA, Gross A. 2004. Persistence of the Epstein-Barr virus and the origins of 
associated lymphomas. N Engl J Med. 350:1328-1337. Review. 
Tierney, R. J., Steven, N., Young, L. S. & Rickinson, A. B. 1994. J. Virol. 68:7374–7385. 
Touitou R, Bonnet-Duquenoy M, Joab I. 2001.Association of Epstein-Barr virus with human 
mammary carcinoma. Pros and cons. Dis Markers. 17:163-165. 
Tomkinson, B., E. Robertson, and E. Kieff. 1993. Epstein-Barr virus nuclear proteins EBNA-3A and 
EBNA-3C are essential for B-lymphocyte growth transformation.  
J. Virol. 67:2014-2025.  
Tomkinson B, Kieff E. 1992. Second-site homologous recombination in Epstein-Barr virus: insertion 
of type 1 EBNA 3 genes in place of type 2 has no effect on in vitro infection. J Virol. 66:780-789. 
Tong X, Drapkin R, Yalamanchili R, Mosialos G, Kieff E. 1995a. The Epstein-Barr virus nuclear 
protein 2 acidic domain forms a complex with a novel cellular coactivator that can interact with TFIIE. 
Mol Cell Biol. 15:4735-4744.  
Tong X, Wang F, Thut CJ, Kieff E. 1995b. The Epstein-Barr virus nuclear protein 2 acidic domain can 
interact with TFIIB, TAF40, and RPA70 but not with TATA-binding protein. J Virol. 69:585-588. 
Tong X, Drapkin R, Reinberg D, Kieff E. 1995c.  The 62- and 80-kDa subunits of transcription factor 
IIH mediate the interaction with Epstein-Barr virus nuclear protein 2. Proc Natl Acad Sci U S A. 
92:3259-3263. 
Torres RM., Flaswinkel H., reth M., and Rajewsky K.1996. Abberant B cell development and immune 
response in mice with a compromised BCR complex. Science. 272:1804-1808. 
Tosato, G., J. Tanner, K. Jones, M. Revel,  & S. Pike. 1990. Identification of interleukin-6 as an 
autocrine growth factor for Epstein-Barr virus-immortalized B cells. J Virol 64:3033-3041. 
Traggiai E, Chicha L, Mazzucchelli L, Bronz L, Piffaretti JC, Lanzavecchia A, Manz MG.2004. 
Development of a human adaptive immune system in cord blood cell-transplanted mice. Science 
304:104-107. 
Tsai, C. N., Liu, S. T. & Chang, Y. S. 1995. Identification of a novel promoter located within the Bam 
HI Q region of the Epstein-Barr virus genome for the EBNA 1 gene. DNA Cell Biol. 14, 767–776. 
Tsang SF, Wang F, Izumi KM, Kieff E. 1991. Delineation of the cis-acting element mediating EBNA-
2 transactivation of latent infection membrane protein expression. 
J Virol. 65:6765-6771. 
Tugizov SM, Berline JW, Palefsky JM. 2003. Epstein-Barr virus infection of polarized tongue and 
nasopharyngeal epithelial cells. Nat Med. 9:307-314. 
Uchida J, Yasui T, Takaoka-Shichijo Y, Muraoka M, Kulwichit W, Raab-Traub N, Kikutani H. 1999. 
Mimicry of CD40 signals by Epstein-Barr virus LMP1 in B lymphocyte responses. Science. 286:300-
303. 
Ushio-Fukai M, Hilenski L, Santanam N, Becker PL, Ma Y, Griendling KK, Alexander RW. 2001. 
Cholesterol depletion inhibits epidermal growth factor receptor transactivation by angiotensin II in 
vascular smooth muscle cells: role of cholesterol-rich microdomains and focal adhesions in angiotensin 
II signaling. J Biol Chem. 276:48269-48275. 



 83

van Beek J, Brink AA, Vervoort MB, van Zijp MJ, Meijer CJ, van den Brule AJ, Middeldorp JM. 
2003. In vivo transcription of the Epstein-Barr virus (EBV) BamHI-A region without associated in vivo 
BARF0 protein expression in multiple EBV-associated disorders. J Gen Virol. 84:2647-2659. 
Vanhaesebroeck B, Leevers SJ, Ahmadi K, Timms J, Katso R, Driscoll PC, Woscholski R, Parker PJ, 
Waterfield MD. 2001. Synthesis and function of 3-phosphorylated inositol lipids. Annu Rev Biochem. 
70:535-602. Review. 
Varma R. and Mayor S.1998. GPI-anchored proteins are organized in submicron domains at the cell 
surface. Nature. 1998 394:798-801.  
Varshavsky A.1997. The ubiquitin system. Trends Biochem Sci. 22:383-387. 
Varshavsky A.2003. The N-end rule and regulation of apoptosis. Nat Cell Biol. 5:373-376. 
Vieira P, de Waal-Malefyt R, Dang MN, Johnson KE, Kastelein R, Fiorentino DF, deVries JE, 
Roncarolo MG, Mosmann TR, Moore KW. 1991. Isolation and expression of human cytokine synthesis 
inhibitory factor cDNA clones: homology to Epstein-Barr virus open reading frame BCRFI. Proc Natl 
Acad Sci U S A. 88:1172-1176. 
Wade M. & Allday M. 2000. Epstein-Barr virus suppresses a G(2)/M checkpoint activated by 
genotoxins. Mol Cell Biol. 20:1344-1360. 
Wagner HJ, Sili U, Gahn B, Vigouroux S, Huls MH, Xie W, Vignali D, Brenner MK, Heslop HE, 
Rooney CM. 2003. Expansion of EBV latent membrane protein 2a specific cytotoxic T cells for the 
adoptive immunotherapy of EBV latency type 2 malignancies: influence of recombinant IL12 and 
IL15. Cytotherapy. 5:231-240.  
Wakabayashi C., Adachi T., Wienands J., and Tsubata T. 2002.  A distinct signalling pathway used by 
the IgG-containing B cell antigen receptor. Science 298:2392-2395. 
Waltzer L, Logeat F, Brou C, Israel A, Sergeant A, Manet E. 1994. The human J kappa recombination 
signal sequence binding protein (RBP-J kappa) targets the Epstein-Barr virus EBNA2 protein to its 
DNA responsive elements.EMBO J. 13:5633-5638.  
Waltzer L, Perricaudet M, Sergeant A, Manet E. 1996. Epstein-Barr virus EBNA3A and EBNA3C 
proteins both repress RBP-J kappa-EBNA2-activated transcription by inhibiting the binding of RBP-J 
kappa to DNA. J Virol. 70:5909-5915. 
Wang D., Liebowitz D., and Kieff E. 1985. An EBV membrane protein expressed in immortalized 
lymphocytes transform established rodent cells. Cell 43:831-840. 
Wang F, Gregory CD, Rowe M, Rickinson AB, Wang D, Birkenbach M, Kikutani H, Kishimoto T, 
Kieff E. 1987. Epstein-Barr virus nuclear antigen 2 specifically induces expression of the B-cell 
activation antigen CD23. Proc Natl Acad Sci U S A. 84:3452-3456. 
Wang F, Tsang SF, Kurilla MG, Cohen JI, Kieff E. 1990. Epstein-Barr virus nuclear antigen 2 
transactivates latent membrane protein LMP1. J Virol. 64:3407-3416. 
Wang Y., Finnan JE., Middeldorp JM., and Hayward SD. 1997. P32/TAP, a cellular protein that 
interacts with EBNA-1 of Epstein-Barr virus. Virology 236:18-29. 
Wang, X., W. J. Kenyon, Q. Li, J. Mullberg, and L. M. Hutt-Fletcher. 1998. Epstein-Barr virus uses 
different complexes of glycoproteins gH and gL to infect B lymphocytes and epithelial cells. J. Virol. 
72:5552-5558. 
Wang S, Yan-Neale Y, Zeremski M, Cohen D. 2004. Transcription regulation by histone deacetylases. 
Novartis Found Symp. 259:238-245; discussion 245-8, 285-8. Review. 
Welsh M, Mares J, Karlsson T, Lavergne C, Breant B, Claesson-Welsh L. 1994. Shb is a ubiquitously 
expressed Src homology 2 protein. Oncogene. 9:19-27.  
Welsh M, Songyang Z, Frantz JD, Trub T, Reedquist KA, Karlsson T, Miyazaki M, Cantley LC, Band 
H, Shoelson SE. 1998. Stimulation through the T cell receptor leads to interactions between SHB and 
several signaling proteins. Oncogene. 16:891-901. 
Weng AP, Aster JC. 2004. Multiple niches for Notch in cancer: context is everything. Curr Opin 
Genet Dev. 14:48-54. Review. 
Whiteman EL., Cho H.and Birnbaum MJ. 2002. Role of Akt/protein kinase B in metabolism. Trends 
Endocrinol. Metab. 13:444–451. 
Williams H., Macsween K., McAulay K., Higgins C., Harrison N., Swerdlow A., Britton 
K.,and Crawford D. 2004. Analysis of immune activation and clinical events in acute infectious 
mononucleosis. J Infect Dis. 190:63-71. 
Wilkie GM, Taylor C, Jones MM, Burns DM, Turner M, Kilpatrick D, Amlot PL, Crawford DH, 
Haque T. 2004. Establishment and characterization of a bank of cytotoxic T lymphocytes for 
immunotherapy of epstein-barr virus-associated diseases. 
J Immunother. 27:309-316.  
Wilson JB, Bell JL, Levine AJ. 1996. Expression of Epstein-Barr virus nuclear antigen-1 induces B 
cell neoplasia in transgenic mice. EMBO J. 15:3117-3126. 



 84

Whitman M, Kaplan DR, Schaffhausen B, Cantley L, Roberts TM. 1985. Association of 
phosphatidylinositol kinase activity with polyoma middle-T competent for transformation. Nature. 
315:239-42.  
Woisetschlaeger M, Strominger JL, Speck SH. 1989. Mutually exclusive use of viral promoters in 
Epstein-Barr virus latently infected lymphocytes. Proc Natl Acad Sci U S A. 86:6498-6502. 
Woisetschlaeger M, Yandava CN, Furmanski LA, Strominger JL, Speck SH. 1990. 
Promoter switching in Epstein-Barr virus during the initial stages of infection of B lymphocytes. Proc 
Natl Acad Sci U S A. 87:1725-1729. 
Wolf D, Witte V, Laffert B, Blume K, Stromer E, Trapp S, d'Aloja P, Schurmann A, Baur AS. 2001. 
HIV-1 Nef associated PAK and PI3-kinases stimulate Akt-independent Bad-phosphorylation to induce 
anti-apoptotic signals. Nat Med. 7:1217-1224.  
Wood,J.D., Yuan, J., Margolis, R.L., Colomer, V., Duan, K., Kushi, J., Kaminsky, Z., Kleiderlein, J.J., 
Sharp, A.H., and Ross, C.A.1998. Atrophin-1, the DRPLA gene product, interacts with two families of 
WW domain-containing proteins. Mol.Cell Neurosci. 11:149-160. 
Worthylake R, Opresko LK, Wiley HS. 1999. ErbB-2 amplification inhibits down-regulation and 
induces constitutive activation of both ErbB-2 and epidermal growth factor receptors.  J Biol Chem 
27:8865-8874. 
Wu DY, Kalpana GV, Goff SP, Schubach WH. 1996. Epstein-Barr virus nuclear protein 2 (EBNA2) 
binds to a component of the human SNF-SWI complex, hSNF5/Ini1. J Virol. 70:6020-6028. 
Wu H, Ceccarelli DF, Frappier L. 2000. The DNA segregation mechanism of Epstein-Barr virus 
nuclear antigen 1. EMBO Rep. 1:140-144.  
Xu L, Massague J. 2004. Nucleocytoplasmic shuttling of signal transducers. Nat Rev Mol Cell Biol. 
5:209-219. Review. 
Yang XH., He ZM., Xin BZ., Cao L. 2000. LMP1 of Epstein-Barr virus suppresses cellular senescence 
associated with the inhibition of p16INK4a expression. Oncogene 19:2002-2013. 
Yarden Y. 2001. Biology of HER2 and its importance in breast cancer. Oncology 61:1-13. 
Yasui T, Luftig M, Soni V, Kieff E. 2004. Latent infection membrane protein transmembrane FWLY 
is critical for intermolecular interaction, raft localization, and signaling. Proc Natl Acad Sci U S A. 
101:278-283.  
Yates JL, Guan N. 1991. Epstein-Barr virus-derived plasmids replicate only once per cell cycle and 
are not amplified after entry into cells. J Virol. 65:483-488. 
Yates JL, Warren N, Sugden B. 1985. Stable replication of plasmids derived from Epstein-Barr virus 
in various mammalian cells. Nature. 313:812-815. 
Yin Y, Manoury B, Fahraeus R.2003. Self-inhibition of synthesis and antigen presentation by Epstein-
Barr virus-encoded EBNA1. Science. 301:1371-1374.  
Yin H, Morioka H, Towle CA, Vidal M, Watanabe T, Weissbach L. 2001. Evidence that HAX-1 is an 
interleukin-1 alpha N-terminal binding protein. Cytokine. 15:122-137. 
Yokoyama A, Tanaka M, Matsuda G, Kato K, Kanamori M, Kawasaki H, Hirano H, Kitabayashi I, 
Ohki M, Hirai K, Kawaguchi Y. 2001. Identification of major phosphorylation sites of Epstein-Barr 
virus nuclear antigen leader protein (EBNA-LP): ability of EBNA-LP to induce latent membrane 
protein 1 cooperatively with EBNA-2 is regulated by phosphorylation. J Virol. 75:5119-5128. 
Young LS., Murray PG. 2003. Epstein-Barr virus and oncogenesis: from latent genes to tumours. 
Oncogene. 22:5108-5121. Review. 
Yu L., Loewenstein PM., Zhang Z., and Green M. 1995. In vitro interaction of the human 
immunodeficiency virus type 1 Tat transactivator and the general transcription factor TFIIB with the 
cellular protein TAP. J.Virol.69:3017-3023. 
Zalani S, Holley-Guthrie E, Kenney S. 1996. Epstein-Barr viral latency is disrupted by the immediate-
early BRLF1 protein through a cell-specific mechanism. Proc Natl Acad Sci U S A. 93:9194-9199. 
Zhang W., Trible RP., Samelson LE. 1998a. LAT palmitoylation: its essential role in membrane 
microdomain targeting and tyrosine phosphorylation during T cell activation. Immunity 9:239-246. 
Zhang W., Sloan-Lancaster J., Kitchen J., Trible RP., Samelson LE. 1998b. LAT: the ZAP-70 tyrosine 
kinase substrate that links T cell receptor to cellular activation. Cell, 92:83-92. 
Zhang D, Frappier L, Gibbs E, Hurwitz J, O'Donnell M.1998. Human RPA (hSSB) interacts with 
EBNA1, the latent origin binding protein of Epstein-Barr virus. Nucleic Acids Res. 26:631-637. 
Zhang, J., Chen, H., Weinmaster, G. & Hayward, S. D. 2001. Epstein–Barr virus BamHI-A rightward 
transcript-encoded RPMS protein interacts with the CBF1-associated corepressor CIR to negatively 
regulate the activity of EBNA2 and NotchIC. J Virol 75:2946–2956.  
Zhang X, Hu L, Fadeel B, Ernberg I. 2002. Apoptosis modulation of Epstein-Barr virus-encoded latent 
membrane protein 1 in the epithelial cell line HeLa is stimulus-dependent. Virology. 304:330-341. 



 85

Zhang B.; Spandau D.F.; Roman A. 2002. E5 protein of human papillomavirus type 16 protects human 
foreskin keratinocytes from UV B-irradiation-induced apoptosis. J. Virol. 76: 220–231. 
Zhao B., Marshall RD., and Sample CE. 1996. A conserved domain of the Epstein-Barr virus nuclear 
antigens 3A and 3C binds to a discrete domain of Jκ. J. Virol. 70:4228–4236. 
Zimber-Strobl U, Suentzenich KO, Laux G, Eick D, Cordier M, Calender A, Billaud M, Lenoir GM, 
Bornkamm GW. 1991. Epstein-Barr virus nuclear antigen 2 activates transcription of the terminal 
protein gene. J Virol. 65:415-423. 
Zimber-Strobl U, Kremmer E, Grasser F, Marschall G, Laux G, Bornkamm GW. 1993. The Epstein-
Barr virus nuclear antigen 2 interacts with an EBNA2 responsive cis-element of the terminal protein 1 
gene promoter. EMBO J. 12:167-175. 
Zimber-Strobl U, Strobl L, Hofelmayr H, Kempkes B, Staege MS, Laux G, Christoph B, Polack A, 
Bornkamm GW. 1999. EBNA2 and c-myc in B cell immortalization by Epstein-Barr virus and in the 
pathogenesis of Burkitt's lymphoma. Curr Top Microbiol Immunol. 246:315-20; discussion 321. 
Review. 
Zimber-Strobl U, Strobl LJ. 2001. EBNA2 and Notch signalling in Epstein-Barr virus mediated 
immortalization of B lymphocytes. Semin Cancer Biol. 11:423-34. Review. 
zur Hausen H, Schulte-Holthausen H, Klein G, Henle W, Henle G, Clifford P, Santesson L. 1970. 
EBV DNA in biopsies of Burkitt tumours and anaplastic carcinomas of the nasopharynx. Nature. 1970 
228:1056-1058. 
Zurita M, Merino C. 2003. The transcriptional complexity of the TFIIH complex. Trends Genet. 
19:578-84. Review. 
 
 
 


