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1.Introduction 

1. Introduction 

1.1 The family Herpesviridae 

Herpesviruses are highly disseminated in nature and most animal species have 

yielded at least one but frequently several herpesviruses. Members of the 

Herpesviridae share a common virion morphology and several significant biological 

properties. A typical herpes virion consists of a core containing a double-stranded 

linear viral DNA, an icosahedral capsid (100-110 nm in diameter) containing 162 

capsomers, the tegument which is surrounding the capsid, and an envelope in which 

viral glycoproteins are embedded (reviewed in Roizman & Pellett 2002). 

Biological properties: 

1. All herpesviruses encode a large array of enzymes involved in nucleic acid 

metabolism, DNA synthesis and processing of proteins. 

2. The synthesis of viral DNA and capsid assembly occurs in the nucleus. 

3. Production of infectious progeny virus is invariably accompanied by the destruction 

of the infected cell (lytic viral life cycle). 

4. Herpesviruses are able to establish a latent infection in their natural hosts. In 

latently infected cells, viral genomes are present as closed circular molecules 

(termed episomes), and only a small subset of viral genes are expressed (latent viral 

life cycle). Latent genomes retain the capacity to replicate upon reactivation. 

So far, eight herpesviruses have been isolated from humans (human herpesvirus 1-8 

[HHV-1 to -8]), and they have been categorized into three subfamilies according to 

their pathogenicity, host cells, replication characteristics and nucleotide sequence: 

• α-herpesvirinae have a wide host cell cell range, multiply efficiently, rapidly spread 

in culture, efficiently destroy the cells they infect productively and are capable of 

establishing latent infections primarily but not exclusively in sensory ganglia 

(Simplexvirus Herpes simplex virus I and II [HSV-I, HSV-II], and Varicellovirus 

Varizella zoster virus [VZV or HHV-3]) (see figure 1). 

• β-herpesvirinae show a more restricted host range and grow slowly in cell culture. 

Infected cells become enlarged and carrier cultures are readily established. The virus 
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latently infects secretory glands, lymphoreticular cells, kidneys and other tissues 

(Cytomegalovirus Cytomegalovirus [CMV or HHV-5], Roseolovirus HHV-6 and HHV-

7) (see figure 1). 

• γ-herpesvirinae replicate in lymphoid cells in vitro and in vivo, being either specific 

for T- or B-lymphocytes. Latent virus is frequently demonstrated in lymphoid tissue. 

This subfamily contains two genera: Lymphocryptovirus (Epstein-Barr virus [EBV or 

HHV-4]) and Rhadinovirus (Kaposi´s sarcoma-associated herpesvirus [KSHV or 

HHV-8]) (see figure 1). EBV and KSHV both infect epithelial cells in addition to 

lymphoid cells, and KSHV can be detected in myeloid cells (monocytes, 

macrophages), keratinocytes and endothelial cells in vivo. 

Human
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Figure 1: Phylogenetic tree of the family Herpesviridae (modified from (McGeoch,D.J. et al., 
2000)). 
The family Herpesviridae is classified into three subfamilies: Alpha-, Beta- and Gammaherpesvirinae. 
Subfamilies can further be divided into α1- α4, β1 and β2 and γ1 (Lymphocryptovirus) and γ2 
(Rhadinovirus). There are human herpesviruses in all three subfamilies: The Herpes simplex viruses 1 
and 2 (HSV1, HSV2) and the Varizella zoster virus (VZV) belong to the Alphaherpesvirinae, the 
Human Cytomegalovirus (HCMV) and the Human herpesviruses 6 and 7 (HHV 6, HHV 7) are 
members of the Betaherpesvirinae. The Epstein Barr virus (EBV) is the only member of the genus 
Lymphocryptovirus (γ1), whereas the Human herpesvirus 8 (HHV 8)/ Kaposi’s Sarcoma associated 
herpesvirus (KSHV) represents a Rhadinovirus (γ2). Members of the Rhadinoviruses are also found in 
mice (Murine gammaherpesvirus 4 (MHV 4) or MHV 68, see 1.2.2, marked with a blue box), primates 
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(rhesus rhadinovirus (RRV), herpesvirus saimiri (HVS) and herpesvirus ateles (HVA)) but also in 
Equidae (equine herpesvirus 2 (EHV 2) and ruminants (alcephaline herpesvirus 1(AHV 1)). 
The Rhadinoviruses comprise three lineages in primates: Rhadinoviruses in New World primates 
(marked with a black box), a member of which is HVS, and two lineages in old world primates (marked 
with a red box) designated RV 1 and RV 2. HHV 8/KSHV belongs to the RV 1 lineage, whereas RRV 
belongs to the RV 2 lineage. The green arrows mark the viruses investigated in this study. 

Herpesvirions vary in size from 120 to nearly 300 nm, and the viral DNA is variable 

concerning length (120-250 kb), base composition (31-75% total GC content) and 

copy number of terminal and internal reiterated sequences. Most herpesvirus genes 

contain a promoter/regulatory sequence spanning 50-200 bp upstream of a TATA 

box, a transcription initiation site 20-25 bp downstream of the TATA box, a 5´ 

nontranslated leader sequence of 30-300 bp, a single open rading frame (ORF), 10-

30 bp of 3´ nontranslated sequence and a canonical polyadenylation signal. 

However, exceptions for this genetic architecture exist. In addition, ORFs can be 

expressed that are situated entirely antisense to each other (Lagunoff & Roizman, 

1994), gene overlaps are common, and each herpesvirus encodes a handful of 

spliced genes and can encode noncoding RNAs (reviewed in Roizman & Pellett 

2002). 

Between 70 (smallest genome) and over 200 (largest genome) gene products are 

encoded by herpesviruses. Herpesvirus proteins frequently have multiple functions. 

In addition to viral proteins being involved in viral replication, 

establishment/maintenance of latency or reactivation from latency, an 

armamentarium of viral proteins is expressed to fend off the host cell defenses to 

infection (e.g. inhibition of apoptosis, blocking the activation of the interferon 

pathway). 

Herpesviruses encode at least one gene of obvious host origin. In some cases, the 

host-acquired genes retain a function similar to their cellular counterparts, in other 

cases they have altered functions. KSHV for example encodes several “captured” 

cellular genes such as the viral G-protein coupled receptor (vGPCR), which is 

constitutively active and capable of transforming cells, or viral cyclin (vcyc) which is 

homologous to cellular D-type cyclin (see 1.4). 
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1.2 The subfamily γ-Herpesvirinae 

Generally, the experimental host rage of members of the subfamily 

Gammherpesvirinae is limited to the family or order of the natural host. All members 

replicate in lymphoblastoid cells in vitro. Some members additionally cause lytic 

infections in some epithelial and fibroblastic cells. Gammaherpesviruses are usually 

either specific for T or B lymphocytes. Latent virus is regularly demonstrated in 

lympoid tissue. 

In the following sections the γ-herpesviruses KSHV, MHV-68, HVS, RRV and EBV 

will be briefly introduced with an emphasis on the two viruses KSHV and MHV-68. 

1.2.1 Kaposi’s sarcoma associated herpesvirus (KSHV) 

General introduction to KSHV 

Moritz Kaposi, a dermatologist in Vienna, described an idiopathic multiple pigmented 

sarcoma of the skin in 5 patients in 1872 which was named after its discoverer 

Kaposi’s Sarcoma (KS) twenty years later. In the 1970s people started to think 

seriously of an infectious agent for the disease. As a consequence of the spread of 

the HIV pandemic the incidence rate of KS rose and epidemiologic evidence for a 

sexually transmitted agent, at least in the western part of the world, became stronger. 

Eventually Chang et al. were able to detect herpesvirus-like DNA sequences in KS 

tissue obtained from AIDS patients in 1994 (Chang,Y. et al., 1994). This was the 

discovery of a new human herpesvirus: Kaposi’s sarcoma- associated herpesvirus 

(KSHV), also called human herpesvirus 8 (HHV-8). So far it is the only human 

member of the genus γ2-herpesvirus/ rhadinovirus. It is the causative agent of KS 

(Whitby,D. et al., 1995) but is also associated with two rare lymphoproliferative 

diseases in the AIDS setting: primary effusion lymphoma (PEL) (Cesarman,E. et al., 

1995) and the plasma cell variant of multicentric Castleman’s disease (MCD) 

(Soulier,J. et al., 1995). 

KSHV appears to be an ‘old’ human virus that has co-existed and co-evolved with 

humans since the origin of Homo sapiens. The seroepidemiological findings 

discussed in the following paragraphs suggest that this virus has become rare in 

many parts of the world, probably due to a change in living conditions. 
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Epidemiology of KSHV 

Initial efforts to establish the epidemiology of KSHV involved attempts to detect it by 

PCR in samples from many different tissues and diseases. These studies established 

that KSHV is found in all epidemiological forms of Kaposi’s sarcoma (Schulz,T.F., 

1999), in primary effusion lymphoma (Cesarman,E. et al., 1995), and in the plasma 

cell variant of Multicentric Castleman’s Disease (Soulier,J. et al., 1995), and that 

detection of KSHV in peripheral blood of HIV-infected homosexual men predicted 

their subsequent progression to Kaposi’s sarcoma (Whitby,D. et al., 1995). 

In 1996 first serological assays were established. They are based on the detection of 

antibodies to the latent nuclear antigen 1 (LANA-1) by immunofluorescence 

(Gao,S.J. et al., 1996; Kedes,D.H. et al., 1996), to a recombinant structural protein 

encoded by open reading frame (orf) 65 by ELISA or Western blot (Simpson,G.R. et 

al., 1996), or against undefined structural antigens by immunofluorescence 

(Lennette,E.T. et al., 1996). Two years later, the KSHV glycoprotein K8.1 was found 

to provide a diagnostic antigen with high sensitivity and specificity (Raab,M.S. et al., 

1998). These assays made it possible to study the distribution of KSHV among the 

different risk groups for HIV transmission that had long been noted to differ in their 

propensity to develop Kaposi sarcoma. These early studies found a strong 

correlation in the serological distribution of KSHV and the distribution of KS in the 

respective risk groups. Thus, in Western countries, KSHV seroprevalence rates 

ranged around 20–40% among homosexual men, but were very low, usually below 5-

10%, in HIV infected intravenous drug users, women, and patients with haemophilia. 

Given that the rate of AIDS KS among HIV infected homosexual men in Western 

countries in the 1980s was in a similar range, these initial cross-sectional studies 

suggested that most KSHV and HIV infected homosexual men would eventually 

develop KS. Later prospective cohort studies (Renwick,N. et al., 1998; Jacobson,L.P. 

et al., 2000) established this point more precisely and found that about half of all 

KSHV- and HIV-infected homosexual men would develop KS within 5–10 years, with 

a significant proportion of the remainder progressing to KS after that time. An 

interesting observation is the fact that the progression to KS was faster in individuals 

acquiring KSHV after HIV infection: 50% progressed to KS within 5 years vs 50% in 

10 years in the group with HIV after KSHV (Renwick,N. et al., 1998; Jacobson,L.P. et 

al., 2000). This may be the result of primary KSHV infection in an already 
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immunocompromised individual being more extensive and severe than in an 

immunocompetent person. Several case reports come to an agreement with this 

observation (Parravicini,C. et al., 1997; Oksenhendler,E. et al., 1998; Luppi,M. et al., 

2000) indicating the possibility of rapid progression to KS within weeks in KSHV 

seroconverters already being immunocompromised either as a result of HIV infection 

or transplantation. This potentially rapid progression to KS dramatically highlights the 

oncogenic potential of this virus. 

In contrast, KSHV infection in immunocompetent individuals in Europe is only rarely 

associated with disease. Several countries of the Mediterranean area, in particular 

Italy, Greece and Israel have higher KSHV seroprevalence rates in the general 

population and prevalence rates have been reported to reach 30% in Sicily and in the 

South of mainland Italy (Rezza,G. et al., 1998; Whitby,D. et al., 1998; Calabro,M.L. et 

al., 1998; Davidovici,B. et al., 2001). In Italy, regional seroprevalence rates vary 

widely and appear to correlate well with the population based incidence rates of KS 

reported by regional cancer registries (Rezza,G. et al., 1998; Whitby,D. et al., 1998; 

Calabro,M.L. et al., 1998), again illustrating the relationship between virus prevalence 

and cancer rates. However, in contrast to what is seen in immunocompromised, in 

particular HIV-infected, individuals, only a small proportion of KSHV-infected 

immunocompetent individuals develops classic KS, and, for example, classic KS 

incidence rates in Sicily (KSHV seroprevalence of about 30%) are reported to be 

around 3/100 000 population (Whitby,D. et al., 1998; Calabro,M.L. et al., 1998). 

Therefore, the probability for KSHV infected immunocompetent individuals to develop 

KS is around 1/10000 compared to the probability of 50% or higher in HIV positive 

individuals as mentioned before. 

In most parts of Africa KSHV seroprevalence rates are even higher than in the 

Mediterranean area with moderately high rates in Egypt (Andreoni,M. et al., 1999), a 

rate of approx. 50–60% in most of subsaharan Africa , and rates of 20-40% in South 

Africa (Schulz,T.F. et al., 2002). However, endemic KS, the HIV-negative variant of 

‘classic’ KS, appears to be more common in East Africa than in other parts of the 

continent. There are some data indicating that the male-to-female ratio in the 

incidence of KS in endemic populations ranges around 3:1 or even higher although 

the seroprevalence rates are identical for both sexes (Vitale,F. et al., 2001; 

Dedicoat,M. and Newton,R., 2003). 
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These observations strongly suggest cofactors, but whether they are of host genetic 

or environmental origin or whether other pathogens are involved in the onset and/or 

the progression of classic KS is, at least at the moment, matter of speculation. 

Transmission of KSHV 

In endemic countries, in Africa in particular but probably also in Italy, most KSHV 

transmission occurs in childhood. Seroprevalence in children generally begins to rise 

after the first year of life, suggesting horizontal transmission, perhaps among siblings, 

but also from mother to child (Andreoni,M. et al., 1999; Plancoulaine,S. et al., 2000; 

Davidovici,B. et al., 2001; Andreoni,M. et al., 2002; Dedicoat,M. et al., 2004). There 

is also evidence for sexual transmission of KSHV in endemic countries. In contrast, 

the spread of KSHV among homosexual men of Western countries is clearly linked to 

an active sexual life style. Several studies have documented that the risk of KSHV 

transmission rises with the number of sexual partners. Also, a number of behavioural 

risk factors such as ano-genital contact, oral-anal contact or oral-genital contact have 

been identified in different studies without a clear pattern to have emerged so far 

(Melbye,M. et al., 1998; Renwick,N. et al., 1998; O'Brien,T.R. et al., 1999; 

Dukers,N.H. et al., 2000; Jacobson,L.P. et al., 2000). It may be difficult to reliably 

separate the effect of individual sexual behaviours on KSHV transmission. The 

presence of infectious KSHV in saliva (Vieira,J. et al., 1997; Dukers,N.H. et al., 

2001), together with the identification of oral-genital contact as a risk factor 

(Dukers,N.H. et al., 2000), could suggest that saliva-mediated transmission may be 

important for the spread of KSHV among homosexual men. In contrast, in spite of 

earlier reports, KSHV is now thought to be rare in semen, or only to occur in semen 

in very low viral titres (Gupta,P. et al., 1996; Blackbourn,D.J. and Levy,J.A., 1997; 

Diamond,C. et al., 1997; Howard,M.R. et al., 1997; Belec,L. et al., 1998). 

Parenteral transmission of KSHV is controversial. In spite of a case report and a 

recent cohort study (Cannon,M.J. et al., 2001) indicating parenteral transmission 

through blood transfusion or between intravenous drug users, parenteral 

transmission was not seen in an Amsterdam drug user cohort (Renwick,N. et al., 

2002). In addition, the epidemiology of AIDS KS had always argued against the 

causative agent being parenterally transmissible. 
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Pathogenesis of KSHV infection 

KSHV has the capacity to manipulate the control of cellular proliferation via 

interference with the cell cycle regulatory system and to fend off the host immune 

response. Several aspects of biochemical and cell biological features of individual 

KSHV proteins will be addressed in the following sections. They involve cell entry, 

latent and lytic replication (see 1.3), regulation of the cell cycle (see 1.4), apoptosis, 

angiogenesis, B-cell proliferation, and manipulation of the host immune system. 

Several KSHV proteins, as for example LANA-1, vCyclin and vIRFs, play multiple 

roles in the manipulation of cellular functions. 

Cell entry of KSHV 

KSHV shows a wide tropism in vitro for cells of different host and tissue origin 

(Flore,O. et al., 1998; Renne,R. et al., 1998; Moses,A.V. et al., 1999; Cerimele,F. et 

al., 2001; Vieira,J. et al., 2001; Lagunoff,M. et al., 2002; Bechtel,J.T. et al., 2003), 

which may be due to its interaction with the ubiquitous host cell surface molecule 

heparan sulfate via viral glycoproteins gB and gK8.1 (Wang,F.Z. et al., 2001; 

Birkmann,A. et al., 2001; Akula,S.M. et al., 2001; Akula,S.M. et al., 2001). Further, 

the KSHV gB protein contains an RGD (arg-gly-asp) motif which specifically binds to 

α3β1 integrin which is also broadly expressed and has been detected on all cells 

susceptible to infection with KSHV (Akula,S.M. et al., 2002; Wang,F.Z. et al., 2003). 

Upon infection, the integrin-mediated activation of focal adhesion kinase (FAK) is 

induced, implicating a role for integrin not solely as a receptor for KSHV but also in 

the induction of signaling pathways inducing morphological changes and cytoskeletal 

rearrangements allowing entry of the virus (Naranatt,P.P. et al., 2003; Naranatt,P.P. 

et al., 2005). FAK phosphorylation appears to be induced by gB (Akula,S.M. et al., 

2002; Naranatt,P.P. et al., 2003). In early stages of cell entry, cellular 

phosphatidylinositol 3-kinase (PI3K) seems to play a role, and cellular kinases 

protein kinase C-ζ (PKC-ζ) and Erk (extracellular signal regulated kinase) are 

involved in later stages of entry (Naranatt,P.P. et al., 2003). Two reports described 

KSHV entry into epithelial 293-T cells (Inoue,N. et al., 2003) and fibroblasts 

(Akula,S.M. et al., 2003) to occur via endocytosis. However, in 293-T cells 

endocytosis of KSHV seems to be neither clathrin nor caveolae-dependent, whereas 

KSHV uses clathrin-mediated endocytosis for its entry into fibroblasts. The 

modulation of host cell gene expression after KSHV entry is diverse, with obvious 
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differences in endothelial versus B-cells (Glaunsinger,B. and Ganem,D., 2004a; 

Glaunsinger,B. and Ganem,D., 2004b; Naranatt,P.P. et al., 2004). 

KSHV and neoplastic diseases 

Kaposi´s sarcoma 

Kaposi´s sarcoma exclusively develops in KSHV-infected individuals. However, 

classic KS is a rare tumour in immunocompetent KSHV-infected individuals, while KS 

is much more common in immunosuppressed patients, e.g. HIV-infected patients 

(AIDS-KS) or transplant recipients. Interestingly, Aoki and Tosato showed that the 

HIV-1 Tat protein could directly promote KSHV transmission in cell culture thereby 

providing a possible explanation why AIDS-KS is more frequent and clinically more 

aggressive than KS in other immunodeficiency states (Aoki,Y. and Tosato,G., 2004). 

In Africa, endemic KS (i.e. the clinically severe form of KS in HIV negative 

individuals) is mainly found in East and Central Africa, in spite of a high KSHV 

prevalence in most sub-Saharan Africa (Dedicoat,M. and Newton,R., 2003). 

The natural reservoir for KSHV are endothelial cell-derived spindle cells which are 

the neoplastic components of the KS tumour (Boshoff,C. et al., 1995; Rainbow,L. et 

al., 1997). In these cells, four latent viral genes are expressed: ORF73/Lana-1, ORF 

K12/kaposin, ORF K13/vFLIP, ORF72/vcyclin (see figures 2, 3 and below). The 

major population of spindle cells harbours viral episomes, however, in some spindle 

cells KSHV is not strictly latent but undergoes lytic replication (Staskus,K.A. et al., 

1997; Parravicini,C. et al., 2000; Katano,H. et al., 2000). Whereas other human DNA 

tumour viruses are thought to use viral proteins expressed during latency to induce 

proliferation and tumourigenesis, it seems that KSHV lytic genes, which 

experimentally appear to have the potential to promote tumourigenesis, contribute to 

the development of KS (Grundhoff,A. and Ganem,D., 2004) (see below). 

Primary effusion lymphoma 

Primary effusion lymphoma is a rare lymphoma in AIDS patients, and the presence of 

KSHV is considered to be essential for the diagnosis of PEL. In PEL cells, the latent 

genes Lana-1, vFLIP, vcyclin and kaposin are expressed (Rainbow,L. et al., 1997; 

Katano,H. et al., 2000; Parravicini,C. et al., 2000)(see figure 3). Lytic gene 

expression has been detected in a small subset of cells: the viral interleukin 6 

homologue (vIL-6) was detected in 2-5% of tumour cells, whereas viral lytic proteins 
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(see below) K8/kbZIP, the viral membrane glycoprotein K8.1, the three viral 

interferon regulatory factors (vIRF) K9, K10, K11, a viral processivity factor 

ORF59/PF-8 and the minor capsid protein ORF65 were detected in less than 1% of 

PEL cells (Parravicini,C. et al., 2000; Katano,H. et al., 2000). 

Multicentric Castleman´s disease 

Compared to PEL and KS tissue, KSHV appears to adopt a less restrictive pattern of 

gene expression in MCD, jugded by the detection of a number of lytic genes in a 

significant number of cells (Katano,H. et al., 2000; Parravicini,C. et al., 2000). This 

could suggest that viral genes of the lytic cycle are frequently expressed in KSHV-

infected B-cells in MCD and that proteins of the lytic cycle, e.g. the IL-6 homologue, 

vIL-6, could play a role in its pathogenesis. 

Role of KSHV in B-cell proliferation and angiogenesis 

vIL-6 

The KSHV counterpart of the human cytokine IL-6, vIL-6, is able to support growth of 

IL-6-dependent B-cells in vitro (Moore,P.S. et al., 1996) and mediates STAT and 

mitogen-activated protein kinase (MAPK) signaling pathways (Molden,J. et al., 1997; 

Osborne,J. et al., 1999). vIL-6 has been reported to support PEL growth in culture, to 

promote growth of transformed cells in mice, and vIL-6-induced VEGF is essential for 

tumour growth and dissemination in PEL inoculated mice (Jones,K.D. et al., 1999; 

Aoki,Y. and Tosato,G., 1999; Aoki,Y. et al., 1999). In all KSHV-associated disorders, 

high levels of vascular endothelial growth factor (VEGF) and its receptor kinase insert 

domain containing receptor (KDR) which induces angiogenesis have been detected 

(Hayward,G.S., 2003). 

vGPCR 

The early lytic viral G protein-coupled receptor (vGPCR) is homologous to the human 

chemokine Interleukin 8 (IL-8) receptor, with the difference of being ligand-

independent and thereby constitutively active (Cesarman,E. et al., 1996; 

Arvanitakis,L. et al., 1997). Depending on the cell type, the vGPCR signals 

constitutively via multiple G protein subtypes. In endothelial cells for example, 

vGPCR signals via G protein subtype Gi and leads to increased cell survival 

(Couty,J.P. et al., 2001; Montaner,S. et al., 2001). In certain models, vGPCR 

activates the transcriptional potential of NF-κB and AP-1, signals via MAPKs, 
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activates PI3K-Akt and induces secretion of VEGF (Arvanitakis,L. et al., 1997; 

Bais,C. et al., 1998; Burger,M. et al., 1999; Sodhi,A. et al., 2000; Pati,S. et al., 2001; 

Montaner,S. et al., 2001; Schwarz,M. and Murphy,P.M., 2001; Couty,J.P. et al., 

2001; Smit,M.J. et al., 2002; Bais,C. et al., 2003). In PEL cells, expression of vGPCR 

from an inducible plasmid led to the induction of MAPKs Erk1/2 and p38, an increase 

of transcription of reporter genes under control of AP-1, NF-κB, CREB, NFAT and 

viral ORFs 50 and 57, and production of VEGF and vIL-6 (Cannon,M. et al., 2003; 

Cannon,M.L. and Cesarman,E., 2004). 

vGPCR was shown to transform murine fibroblasts (NIH 3T3 cells) and can cause 

vascular KS-like lesions in vGPCR-transgenic mice (Yang,T.Y. et al., 2000). 

Induction of proinflammatory cytokines and growth factors such as IL-2, IL-8, TNF-α, 

enhanced production of VEGF in the presence of vGPCR and the fact that only about 

10% of KS cells express vGPCR suggest that the angiogenic and tumourigenic 

activity of vGPCR is due to paracrine effects on surrounding cells (Shepard,L.W. et 

al., 2001). 

vMIP I, II, III 

The three chemokine homologues vMIP-I, -II, and –III, members of the macrophage 

inflammatory protein (MIP) family, are encoded by ORFs K6, K4 and K4.1 (figure 3), 

respectively, and seem to play a role in promoting leukocyte chemotaxis, eosinophil 

migration, angiogenesis (vMIP-I induced VEGF expression in PEL cell lines), 

inhibition of apoptosis and evasion of the immune response (Nicholas,J. et al., 1997; 

Boshoff,C. et al., 1997; Schulz,T.F., 2001; Liu,C. et al., 2001). 

Inhibition of apoptosis by KSHV 

Inhibition of apoptosis is a hallmark of tumour cells. One cellular defense mechanism 

against viral infection is the induction of apoptosis, and viruses have successfully 

evolved strategies to interfere with apoptotic pathways, allowing them to prolong the 

life of virus-infected cells and consequently the time for replication and virus spread. 

Two apoptotic pathways exist in mammalian cells: the extrinsic pathway in which 

death receptors such as TNFR1 (tumour necrosis factor receptor) or Fas recruit 

intracellular adaptor molecules such as FADD (Fas-associated death domain), 

TRADD (TNFR-associated death domain) or RIP (receptor interacting protein) via 

death domain interactions, which then subsequently associate with and activate the 
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upstream caspases (8 or 10) through death effector domain (DED) interactions 

leading to activation of the downstream caspases, and the intrinsic pathway in which 

mitochondria release caspase-activating enzymes (Teodoro,J.G. and Branton,P.E., 

1997). The observation that inhibition of NF-κB in PEL cell lines leads to apoptosis 

(Keller,S.A. et al., 2000) and that a number of KSHV proteins can induce the NF-κB 

pathway which is known to have an antiapoptotic effect, suggests that some KSHV 

proteins could contribute to the protection against apoptosis. KSHV proteins vFLIP, 

K7/survivin, vBcl-2, vIRF-1, -2 and -3 have been shown to inhibit apoptosis, thereby 

possibly contributing to tumourigenesis.  

vFLIP/orf K13 [viral FLICE (FADD-like IL-1-converting enzyme)-inhibitory protein] 

contains two DEDs as cellular cFLIP proteins. cFLIPs are antiapoptotic proteins that 

prevent the association of the upstream caspases 8 and 10 with the adaptor 

molecules through DED-DED interactions (Irmler,M. et al., 1997). vFLIP has been 

shown to block Fas-induced apoptosis and it has been postulated to act as a tumour 

progression factor by interfering with apoptotic signals induced by virus-specific T 

killer cells (Thome,M. et al., 1997; Djerbi,M. et al., 1999; Belanger,C. et al., 2001). 

vFLIP can modulate the NF-κB pathway, which may also play an antiapoptotic role, 

and physically interacts with signaling proteins such as TRAF-2, RIP and IκB kinase 

(IKK) (Chaudhary,P.M. et al., 1999; Liu,L. et al., 2002). Furthermore, vFLIP has been 

reported to induce cellular IL-6 expression via NF-κB and AP-1 pathways (An,J. et 

al., 2003). vFLIP is transcribed from a polycistronic transcript together with vCyclin 

and LANA-1 (Talbot,S.J. et al., 1999), and translation of vFLIP is regulated by an 

internal ribosome entry site (IRES) (Bieleski,L. and Talbot,S.J., 2001; Low,W. et al., 

2001; Bieleski,L. et al., 2004). 

K7/survivin is a glycoprotein related to human survivin (a member of the inhibitor-of-

apoptosis family) and seems to be an adaptor molecule bringing together Bcl-2 and 

effector caspases, allowing inhibition of the latter by Bcl-2 (Wang,H.W. et al., 2002). 

The viral homologue of human Bcl-2, vBcl-2/orf16, may inhibit apoptosis, but 

biochemical studies showed that the mechanisms of action of the two proteins differ 

(Sarid,R. et al., 1997; Cheng,E.H. et al., 1997). 

The initial immune response against viral infection is regulated by interferon 

regulatory factors (IRFs) which are a family of interferon-responsive transcription 
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factors that regulate by binding to interferon-stimulated response elements in the 

promoters of interferon-responsive genes. Hence, IRFs regulate expression of genes 

involved in e.g. pathogen response and cell proliferation. KSHV vIRF-1 (K9) and 

vIRF-2 (K11) inhibit interferon signaling and subsequently prevent induction of 

apoptosis (Gao,S.J. et al., 1997; Kirchhoff,S. et al., 2002). vIRF-1 and vIRF-3 (LANA-

2, K10.5) were shown to inhibit the activation of p53-dependent promoters (Rivas,C. 

et al., 2001; Seo,T. et al., 2001). 

Transforming and signaling KSHV proteins 

One of the latent KSHV gene products orf K12/kaposin gives rise to three proteins 

named kaposin A, B and C (Sadler,R. et al., 1999). Kaposin A, a type II membrane 

protein, can transform rodent fibroblasts to tumourigenicity and induces lymphocyte 

aggregation and adhesion (Muralidhar,S. et al., 1998; Kliche,S. et al., 2001). Kaposin 

A protein expression has been shown in PEL cells (Muralidhar,S. et al., 2000; 

Kliche,S. et al., 2001). Kaposin B can increase the expression of cytokines by 

blocking the degradation of cytokine messenger RNA involving the activation of the 

kinase MK2, a target of the p38 mitogen- activated protein kinase (MAPK) signalling 

pathway and a known inhibitor of RNA degradation (McCormick,C. and Ganem,D., 

2005). vIRF-1 can transform NIH 3T3 cells (Gao et al., 1997) and the vGPCR causes 

tumours in transgenic mice and excerts a number of signaling activities e.g. 

activation of MAPK and NF-κB pathways. The orf K15 encodes a membrane protein 

which is capable to induce cellular signalling cascades, e.g. the NF-κB transcription 

factor and the mitogen-activated protein kinases (MAPK) Erk and JNK 

(Brinkmann,M.M. et al., 2003). Lana-1 has been found to transform rodent cells when 

co-transfected with constitutively active H-Ras (Radkov,S.A. et al., 2000) and to 

prolong the life span of primary human umbilical vein endothelial cells upon 

transduction with LANA (Watanabe,T. et al., 2003). 

Immune evasion by KSHV 

Many viruses manage to fend off the host cell immune system. Especially 

herpesviruses that can establish long term infections are experts in outwitting the 

immune response. One escape mechanism realised by herpesviruses and also 

adenoviruses is to downregulate the number of major histocompatibility class (MHC) I 

proteins on the surface of the infected cells, hence antigens will not be presented 

efficiently and the cytotoxic T lymphocytes recognise the infected cell less efficiently. 
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In addition, herpesviruses express a very limited number of proteins during latency to 

minimize the immune response. KSHV expresses two type III transmembrane 

proteins, K3 and K5, that have been shown to downregulate MHC class I molecules 

(with different specificities concerning HLA allotypes) by enhancing their endocytosis 

and degradation rate (Coscoy,L. and Ganem,D., 2000; Ishido,S. et al., 2000; 

Lorenzo,M.E. et al., 2002; Sanchez,D.J. et al., 2002; Means,R.E. et al., 2002). The 

K5 protein also downregulates ICAM-1 (intracellular adhesion molecule) and B7-2, 

molecules that promote cell-cell contact to ensure efficient killing, and this results in 

the inhibition of NK-cell mediated cytotoxicity (Ishido,S. et al., 2000; Coscoy,L. and 

Ganem,D., 2001). K5 seems to act like a membrane bound E3 ubiquitin ligase, and 

influences trafficking of host cell membrane proteins by ubiquitination (Coscoy,L. and 

Ganem,D., 2001). Both K3 and K5 transcripts are expressed immediately after viral 

reactivation (Haque,M. et al., 2000; Rimessi,P. et al., 2001) and both proteins 

localise to the endoplasmatic reticulum (Coscoy,L. and Ganem,D., 2000). To adress 

the issue how KSHV suppresses the immune response during latency, Tomescu et 

al. analysed the expression of endothelial cell surface proteins after infection with 

KSHV and found MHC class I, ICAM-1 and PE-CAM (CD31) to be downregulated 

(Tomescu,C. et al., 2003). 

KSHV vIRF-1 and -2 (see above) can inhibit interferon signal transduction by direct 

binding to cellular IRFs, the CREB binding protein and other transcription factors 

(Burysek,L. et al., 1999; Seo,T. et al., 2000; Li,M. et al., 2000; Lin,R. et al., 2001). 

vMIP-I and –II can bind to chemokine receptors and act as chemoattractants for 

monocytes and Th2 cells, but not for Th1, NK or dendritic cells (Boshoff,C. et al., 

1997; Kledal,T.N. et al., 1997; Sozzani,S. et al., 1998; Endres,M.J. et al., 1999; 

Weber,K.S. et al., 2001).Finally, three transcripts generated by alternative splicing 

are derived from KSHV ORF4 (KCP) that shows homology to cellular complement 

control proteins. All three protein isoforms are able to inhibit the complement 

component of the innate immune system, pointing to a role in evading complement 

attack during viral replication or persistence (Spiller,O.B. et al., 2003). 

Details on the KSHV effect on cell cycle regulation and on KSHV genes involved in 

the replication of KSHV will be presented in sections 1.4 and 1.3, respectively. 
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Other γ2-herpesviruses are less well studied than KSHV. However, due to the degree 

of similarity between KSHV and other γ2-herpesviruses (figure 2) it is very likely (and 

has been demonstrated for some functions) that several KSHV functions are also 

encoded in genes of HVS, RRV and MHV-68. 
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Figure 2: A comparison of the genomic structure of the rhadinoviruses KSHV, HVS, RRV and 
MHV-68. 
Boxes indicate open reading frames (orfs) and the direction of transcription. Numbers refer to orfs 
identified so far. Genes marked with ‘K’ were first identified in KSHV; genes marked with ‘R’ are either 
unique to RRV and KSHV or have so far only been identified in RRV. The dark blue boxes indicate 
orfs that are also present in other herpesviruses, whereas the turquoise highlightened orfs are unique 
to the virus. For KSHV the red bordered boxes indicate the orfs coding for latent transcripts, namely 
LANA-1, vCyclin and vFLIP which are also present in HVS and RRV. In contrast, in the genome of 
MHV-68 only vCyclin and orf73 can be found (red bordered boxes). The alignment emphasizes the 
similarities of KSHV ((Russo,J.J. et al., 1996), U75698), HVS ((Albrecht,J.C. et al., 1992), X64346), 
RRV ((Searles,R.P. et al., 1999), AF083501) and MHV-68 ((Virgin,H.W. et al., 1997), U97553) 
(modified from Greensill and Schulz, 2000). 

1.2.2 Murine γ-herpesvirus 68 (MHV-68) 
More than 25 years ago, Blaskovic and coworkers performed field studies in 

Slovakia, seeking to identify vectors for flaviviruses, and identified five herpesviruses 

from two species of wild murid rhodents, and initially classified them as α-

herpesvirinae (Blaskovic,D. et al., 1980; Svobodova,J. et al., 1982). Murine 

herpesvirus 4 (MHV4) strains 60, 68 (referred to as MHV-68) and 72 were isolated 

from the bank vole (Clethrionomys glareolus), strains 76 and 78 from the wood 

mouse (Apodemus flavicollis) (Blaskovic,D. et al., 1980). One decade later, 

sequence similarity of MHV-68 with the γ-herpesviruses Epstein Barr Virus (EBV) 

and herpesvirus saimiri (HVS) was demonstrated (Efstathiou,S. et al., 1990). After 

the discovery of KSHV in 1994, further molecular studies revealed that MHV-68 

belongs to the genus Rhadinovirus (synonymously called γ2herpesvirus) (Virgin,H.W. 

et al., 1997; Nash,A.A. et al., 2001). 

As other members of the subfamily γ-herpesvirinae, the murine γ-herpesvirus 68 

(MHV-68) genome consists of a long unique region (LUR) flanked by variable 

numbers of G/C-rich terminal repeats (TR). The MHV-68 LUR is predicted to encode 

at least 73 orfs and has a size of 118kbp with a G/C content of 46% (Virgin,H.W. et 

al., 1997) (figure 2). One TR element consists of 1.2 kbp and has a G/C content of 

78% (Virgin,H.W. et al., 1997). 

Primary infection of mice with MHV-68 upon intranasal infection results in a 

productive infection of the lungs that lasts for about 10 days (Sunil-Chandra,N.P. et 

al., 1992). Productive infection is successfully antagonised by the host immune 

response in a CD8+ T-cell dependent manner around day 10 post infection, 

(Ehtisham,S. et al., 1993) but MHV-68 DNA can still be detected (Sunil-Chandra,N.P. 

et al., 1992; Usherwood,E.J. et al., 1996). The primary infection of the lung is 
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followed by a viremia that spreads the virus to the spleen where MHV-68 has been 

detected in latent form in dendritic cells, macrophages and B-lymphocytes (Sunil-

Chandra,N.P. et al., 1992; Usherwood,E.J. et al., 1996; Flano,E. et al., 2000). 

Interestingly, MHV-68 cannot establish splenic latency in B cell deficient mice 

(Usherwood,E.J. et al., 1996). However, in these B cell deficient mice MHV-68 DNA 

was detectable in the lung even after resolution of the primary infection, suggesting 

B-lymphocytes to be the most important, if not the only, lymphatic reservoir for MHV-

68 infection in vivo (Usherwood,E.J. et al., 1996). Non-lymphatic lung cells (of 

epithelial origin) have been demonstrated to harbour latent MHV-68 (Stewart,J.P. et 

al., 1998), which provides an explanation for MHV-68 persistence in B cell deficient 

mice as described above. 

The MHV-68 infection of mice has been discussed as a small animal model for 

gammaherpesviral pathogenesis allowing in vivo experiments. With the 

establishment of an MHV-68 bacterial artificial chromosome (BAC), the efficient 

generation of mutant viruses has become possible (Adler,H. et al., 2000). 

The majority of MHV-68 genes shows homology to known cellular or viral genes 

(Pepper,S.D. et al., 1996; Stewart,J.P. et al., 1996; Virgin,H.W. et al., 1997) (figure 

2). 

MHV-68 encodes a bcl-2 homolog (orf M11) and it seems likely that this vbcl-2 

resembles functions of the KSHV vbcl2. The KSHV vbcl-2 inhibits apoptosis similar to 

the cellular proto-oncogene bcl-2 but via a different mechanism (Sarid,R. et al., 1997; 

Cheng,E.H. et al., 1997). A recent study with an MHV-68 vbcl-2 knock-out virus 

revealed a contribution of vbcl-2 to the amplification of viral latency. This is in line 

with the picture that the inhibition of apoptosis prolongs survival of infected cells, 

thereby prolonging the window for virion production (de Lima,B.D. et al., 2005). 

The MHV-68 orf72/viral cyclin (vcyclin) is a cyclin D homolog and is required for an 

efficient reactivation from latency (van Dyk,L.F. et al., 2000; Hoge,A.T. et al., 2000; 

van Dyk,L.F. et al., 2003). It further seems likely that the vcyclin has functions in cell 

cycle regulation similar to the KSHV vcyclin (see 1.4). 

The γ2herpesviral orf74 genes encode viral G-protein coupled receptors (vGPCR), 

which show homology to the mammalian chemokine interleukin 8 (IL-8) receptor. 

Among other functions, the KSHV vGPCR activates the transcriptional potential of 
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NF-ĸB (Couty,J.P. et al., 2001). High levels of NF-ĸB have been shown to inhibit 

MHV-68 lytic replication (Brown,H.J. et al., 2003). Mutant MHV-68 viruses lacking the 

vGPCR showed the vGPCR to be essential for an efficient reactivation from latency 

(Lee,B.J. et al., 2003; Moorman,N.J. et al., 2003). Further, the KSHV and the MHV-

68 vGPCRs have the potential to transform cells (Arvanitakis,L. et al., 1997; Bais,C. 

et al., 1998; Wakeling,M.N. et al., 2001). Whereas the KSHV vGPCR exhibits both 

constitutive signalling and regulation by chemokines (Holst,P.J. et al., 2001), the 

MHV-68 vGPCR seems to depend on chemokine signals without exhibiting 

constitutive activity (Verzijl,D. et al., 2004). 

Deregulation of orf50/RTA, the major lytic switch gene of MHV-68, results in a virus 

with a severe latency deficit, which impairs host colonisation and subsequent wild 

type MHV-68 infection is substantially reduced, therefore an orf50 deregulated virus 

could potentially be used as a vaccine (May,J.S. et al., 2004; Rickabaugh,T.M. et al., 

2004; Boname,J.M. et al., 2004). The MHV-68 open reading frame 31 (orf31) 

encodes a protein which is conserved among beta- and gammaherpesviruses with 

no known mammalian homolog and is required for viral lytic replication (Jia,Q. et al., 

2004). 

Mutant MHV-68 viruses lacking orf73 expression are severely impaired in the 

establishment of latency (Fowler,P. et al., 2003; Moorman,N.J. et al., 2003) and can 

be used as a vaccine for wild type MHV-68 infection (Fowler,P. and Efstathiou,S., 

2004). The MHV-68 orf73 gene product will be discussed in more detail in section 

1.4. 

1.2.3 Herpesvirus saimiri (HVS) 
Herpesvirus saimiri (HVS) is considered the prototype γ2herpesvirus. Based on the 

pathogenic potential and sequence divergence at the left end of the long unique 

region (LUR), HVS strains have been classified into three subgroups A, B, C. The 

HVS strain A LUR encompasses ~113 kbp with a G+C content of ~34.5% flanked by 

different numbers of terminal repeat elements, each of them encompassing 1.4 kbp 

with a G+C content of ~70% (Albrecht,J.C. et al., 1992). Typical of Herpesviridae, the 

total genomic size depends on the varying number of terminal repeats. The total size 

of the HVS genome is approximately 140 kbp. HVS shares a significant degree of 

similarity with the closely related γ2herpesviruses KSHV, MHV-68 and RRV 

 18



 
1.Introduction 

(Albrecht,J.C. et al., 1992; Russo,J.J. et al., 1996; Neipel,F. et al., 1997; Virgin,H.W. 

et al., 1997; Searles,R.P. et al., 1999) (see figure 2). HVS infects its natural host, the 

New World primate squirrel monkey (Saimiri sqiureus), without causing any obvious 

pathological symptoms. This feature is reminiscent of other primate γ2herpesviruses. 

HVA (herpesvirus ateles) for example also does not cause symptoms of disease in its 

natural New World primate host spider monkeys (Ateles spp.) (Albrecht,J.C., 2000). 

However, HVS infection of other New World primates such as Saguineus spp. and 

Callithrix spp. usually results in fulminant T-cell lymphoproliferative disorders 

(Wallen,W.C. et al., 1975; Wright,J. et al., 1977). HVS is capable to transform certain 

simian and human T-lymphocytes to continuous growth in vitro and to establish life 

long persistence as non-integrated episomes in T-lymphocytes (Biesinger,B. et al., 

1992). Two HVS oncoproteins StpC (saimiri transforming protein C) and Tip (two in 

one), encoded at the left side of the HVS genome, are essential for transformation of 

T lymphocytes and pathogenicity in common marmosets (Duboise,S.M. et al., 1998). 

The T-lymphotropism of HVS is in contrast to the B-lymphotropism reported for 

KSHV, RRV and MHV-68. A cluster of genes, orf71, orf72, and orf73, is expressed 

as a polycistronic mRNA and localizes to the right end of the HVS genome 

(Ensser,A. et al., 1999) (see figure 2). 

It has been shown that both KSHV and HVS orf71 encode the antiapoptotic FLICE 

inhibitory protein (vFLIP) (Thome,M. et al., 1997). The HVS orf71 is not essential for 

viral replication, transformation, and pathogenicity (Glykofrydes,D. et al., 2000). The 

HVS orf72 encodes a viral cyclin homologous to cellular D type cyclins which is also 

not necessary for human T-lymphocyte transformation (Nicholas,J. et al., 1992; 

Ensser,A. et al., 2001). The HVS orf73 protein will be discussed in section 1.4 and 

originates from HVS strain A11. 

1.2.4 Rhesus rhadinovirus (RRV) 
The rhesus rhadinovirus (RRV) has recently been identified as a γ2herpesvirus that 

infects the Old World primate rhesus macaques (Macaca mulatta) (Desrosiers,R.C. 

et al., 1997). Independently, RRV was isolated from a simian immunodeficiency virus 

(SIV) infected rhesus macaque that developed a multicentric lymphoproliferative 

disorder (LPD) (Wong,S.W. et al., 1999). The former RRV isolate was sequenced 

and denominated RRV 26-95 (Alexander,L. et al., 2000), the latter was sequenced 
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and called RRV17577 (Searles,R.P. et al., 1999). RRV seems to be widespread in its 

natural host Macaca mulatta, with seroprevalence rates over 90 % in rhesus 

monkeys older than two years of age (Desrosiers,R.C. et al., 1997; Bergquam,E.P. et 

al., 1999). Little is known about the biology and course of RRV infection. Wong and 

coworkers infected naïve and simian immuno-deficiency virus (SIV)- infected 

monkeys with RRV and observed RRV-induced B-cell hyperplasia and chronic 

lymphadenopathy exclusively in the immunocompromised rhesus monkey 

(Wong,S.W. et al., 1999). The described clinical and pathological features are 

reminiscient of multicentric castleman’s disease (MCD) in KSHV infected individuals. 

B-lymphocytes are the major site for RRV latent persistence (Bergquam,E.P. et al., 

1999).  

The genome of RRV isolate 17577 encompasses a long unique region (LUR) of 

~131kbp (G+C content ~52%) with approximately 80 orfs (Searles,R.P. et al., 1999) 

(see figure 2). Comparing the genomes of RRV and KSHV reveals a closely related 

but not entirely colinear organisation (Alexander,L. et al., 2000) (see figure 2). All 

KSHV orfs have at least one RRV homolog except for K12 (Kaposin), K7 (survivin), 

encoding a protein involved in the regulation of apoptosis , and K3 and K5 

(modulators of immune recognition-1 and -2 (MIR-1 and MIR-2), 

respectively)(Alexander,L. et al., 2000). No data concerning the latent expression 

pattern of RRV are available. The orf73 gene product used in this study is introduced 

in section 1.4 and originates from RRV isolate 17577. 

1.2.5 Epstein Barr Virus (EBV) 
The Epstein Barr Virus (EBV), also called human herpesvirus 4 (HHV4), is the only 

known human member of the genus Lymphocryptovirus (γ1herpesvirus). Similar to 

KSHV, EBV is transmitted via saliva and transmission throughout a population starts 

in childhood (reviewed in Kieff and Rickinson, 2001). In contrast to KSHV, the vast 

majority of adults in the world is positive for EBV (~95%), whereas KSHV 

seroprevalence rates vary from below 5% to ~60%, depending on the population (see 

1.2.1). 

EBV is the ethiological agent of infectious mononucleosis, a self-limiting 

lymphoproliferative disorder. In addition, EBV is associated with several neoplastic 

disorders: Burkitt’s lymphoma (a malignant lymphoma of B cells), Hodgkin’s disease 
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and lymphoproliferative disorders in immunocompromised individuals (reviewed in 

Kieff and Rickinson, 2001). Further, EBV is regularly found in two epithelial disorders: 

oral hairy leukoplakia in AIDS patients and, mainly in Asia, nasopharyngeal 

carcinoma. However, in most cases primary EBV infection takes an unapparent 

clinical course. Following viral replication in epithelial cells of the pharynx, EBV 

establishes a latent infection in B cells. EBV has the ability to transform and 

immortalise primary B-cells in vitro. The resulting lymphoblastoid cell lines (LCLs) 

express a limited array of latent proteins, the Epstein-Barr nuclear antigens (EBNA-1, 

-2, -3A, -3B, -3C and –LP), the latent membrane proteins (LMP-1, -2A and -2B), and 

two small non-coding nuclear RNAs (EBER-1 and –2). 

 

KSHV has been detected in primary effusion lymphoma (PEL) cells in HIV and EBV 

negative individuals (Said,J.W. et al., 1996) and is considered to be the ethiological 

agent of PEL. However, in the majority of AIDS-associated PEL cases, cells are 

dually infected with KSHV and EBV (Horenstein,M.G. et al., 1997; Callahan,J. et al., 

1999). In dually infected PEL cell lines, KSHV and EBV persist as episomes in a 

latent state. As in other KSHV infected cells LANA-1 is consistently detected in dually 

infected PEL cells (Szekely,L. et al., 1998; Callahan,J. et al., 1999). Further, the EBV 

expression pattern was restricted in the presence of LANA-1 (Szekely,L. et al., 1998; 

Callahan,J. et al., 1999). LANA-1 has been shown to transactivate the major latent C 

promoter of EBV thereby potentially regulating the expression pattern of EBV in 

dually infected cells (Groves,A.K. et al., 2001; Viejo-Borbolla,A. et al., 2003). 

1.3 Replication of the γ-Herpesvirinae 

Replication of viral DNA as well as replication of DNA from simple organisms to 

complex vertebrate cells follows universal rules: (i) DNA is synthesised by template-

directed, stepwise incorporation of deoxynucleoside monophosphates (dNMPs) from 

deoxynucleoside triphosphate (dNTP) substrates into the 3’-OH end of the growing 

DNA molecule, (ii) each parental strand of a duplex DNA molecule is copied by base 

pairing in a semiconservative fashion, (iii) replication of DNA begins and ends at 

specific sites in the template, termed origins and termini, respectively and (iv) DNA 

synthesis is catalysed by DNA-dependent DNA polymerases, but many accessory 
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proteins are needed for initiation and elongation. DNA polymerases generally need to 

be directed to origins of replication. 

As briefly mentioned in section 1.1, γ-herpesviruses have two major replication states 

common to all herpesviruses: lytic and latent replication. The shift from latency to the 

lytic cycle is called reactivation. 

To enter the lytic cycle, herpesviruses manipulate the cell to produce an environment 

which is favourable to DNA replication. Usually, cells at G1/S phase or in S phase 

contain the components of the cellular replication machinery which then can be used 

by the virus to produce thousands of copies of viral DNA genomes. During the lytic 

cycle, DNA replication originates from origins of lytic replication. Finally, viral particles 

are produced and released, resulting in the death of the host cell (lysis). Viral genes 

are defined as latent genes on the one hand and immediate early, early and late lytic 

genes according to the time point of expression after reactivation on the other (figure 

3). 

In EBV, two proteins synergistically mediate activation of the lytic cycle, termed EBV-

RTA and ZTA. In contrast, reactivation of KSHV is solely dependent on ORF50/RTA, 

which functions as a transcriptional activator of the early and late lytic genes of KSHV 

(figure 3). Ectopic expression of RTA triggers the lytic cycle (Sun,R. et al., 1998) and 

dominant-negative ORF50 mutants were shown to inhibit reactivation in the KSHV 

positive PEL cell line BCBL-1 (Lukac,D.M. et al., 1998; Lukac,D.M. et al., 1999). RTA 

can activate its own promoter, lytic viral genes and cellular genes through binding to 

specific DNA sequences and by interacting with cellular transcription factors (Deng,H. 

et al., 2000; Gwack,Y. et al., 2001; Lukac,D.M. et al., 2001; Byun,H. et al., 2002; 

Liang,Y. et al., 2002; Gwack,Y. et al., 2002; Chang,P.J. et al., 2002; Deng,H. et al., 

2002; Wang,S.E. et al., 2003; Wang,S.E. et al., 2003). RTA also seems to be 

involved in promoting cell proliferation by suppressing p53-mediated apoptosis and 

by interacting with the transcription factor signal transducer and activator of 

transcription 3 (STAT3) (Gwack,Y. et al., 2002). Further, KSHV RTA recruits CBP 

(CREB binding protein), the SWI/SNF chromatin remodelling complex, and the 

TRAP/Mediator coactivator to viral promoters. This recruitment is essential for RTA-

dependent viral gene expression and provides a mechanism to regulate viral lytic 

reactivation (Gwack,Y. et al., 2003). The KSHV homologue of the EBV ZTA gene, 

termed K-bZIP (ORF K8 or RAP for replication associated protein), cannot reactivate 
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KSHV from latency on its own, but has been shown to be a coregulator of RTA 

(Izumiya,Y. et al., 2003). Further, KSHV K-bZIP upregulates both CCAAT/enhancer-

binding protein-α (C/EBPα) and p21CIP-1 expression (Wu,F.Y. et al., 2002; Wang,S.E. 

et al., 2003; Wang,S.E. et al., 2003), represses p53 transcriptional activity (Park,J. et 

al., 2000) and shows cell cycle regulatory effects (see 1.4). 
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Figure 3: Schematic linear KSHV genome map. 
The long unique region, which codes for more than 90 open reading frames (orfs), encompasses 140 
kb and is flanked by terminal repeat regions consisting of several 801 bp repeat subunits. The total 
length of the TR region of KSHV comprises 20-30kbp. Boxes I-IV’’ indicate conserved genes within the 
family of herpesviridae. Orfs are colour-coded to depict genes expressed during the latent or lytic viral 
life cycle. Orfs unique to KSHV are designated with the prefix ‘’K’’ (K1-K15). 

MHV-68 lytic replication is, similar to KSHV, highly dependent on the orf50/RTA 

gene. A functional RTA is (i) essential for viral lytic replication and (ii) activation of 

RTA induces the lytic cycle of MHV-68 (Wu,T.T. et al., 2000; Wu,T.T. et al., 2001; 

Pavlova,I.V. et al., 2003). Therefore, the MHV-68 orf50/RTA functionally resembles 

the KSHV orf50/RTA. Inhibiting the effect of wild type MHV-68 RTA by transient 

expression of dominant negative RTA mutant proteins efficiently blocked MHV-68 

from entering the lytic cycle (Wu,T.T. et al., 2001). Interestingly, the KSHV RTA 

protein can reactivate MHV-68 from latency, indicating a certain degree of 
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conservation in the lytic switch mechanism comparing MHV-68 and KSHV 

(Rickabaugh,T.M. et al., 2005). 

 

During herpesviral latent infections, the viral genome is stably maintained at low copy 

numbers, often for long periods, sometimes until the death of the host organism. 

Latency is defined by the presence of episomal, extrachromosomal viral DNA in the 

cell nucleus with a restricted pattern of gene expression and absence of virion 

production (Judde,J.G. et al., 2000). 

In the case of KSHV, five viral genes have been described to be expressed during 

KSHV latency (colour coded in red in figure 3): the latency-associated nuclear 

antigen 1 (Lana-1/orf73), the viral homologue of a D-type cyclin viral cyclin 

(vcyc/orf72), a homologue of the FLICE (Fas-associated death domain-like IL-1-

converting enzyme) apoptosis complex viral FLIP (viral FLICE inhibitory protein 

vFLIP/orf71, K13), a group of membrane-associated proteins called kaposin A, B and 

C (K12) and an interferon regulatory factor (IRF) homologue designated Lana-2 

(vIRF3/K10.5) (Rivas,C. et al., 2001; Jenner,R.G. et al., 2001). Among the proteins 

encoded by these five genes, only Lana-1 has been detected in all KSHV-infected 

cells (Rainbow,L. et al., 1997; Katano,H. et al., 2000). The LANA-2 protein has only 

been detected in infected B-cells in vivo and in vitro, suggesting a tissue-specific 

latency pattern for B-cells (Rivas,C. et al., 2001). 

During latency, replication of viral and cellular genomes can be coordinated. This 

pattern is characteristic of human B cells latently infected by Epstein-Barr virus 

and/or KSHV. 

Characteristic features of latently EBV infected cells include expression of only a 

small number of viral genes (reminiscient of other latent herpesviral infections, e.g. 

latent KSHV infection, see above), the presence of a finite number of viral genomes, 

and replication from a specialised origin of replication only once per cell cycle 

(Yates,J.L. and Guan,N., 1991). Because replication from this origin, which is not 

active in lytically infected cells, is responsible for maintenance of episomal viral 

genomes in latently infected cells, it is termed the origin of plasmid maintenance 

(OriP) (reviewed in Flint,R.J. et al.,2003). As shown in figure 4, the OriP of EBV, 

which is located to the unique region of the EBV genome, in total spans about 1.7 
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kbp, and is composed of a so called dyad symmetry (DS) element and a family of 

repeats (FR) (Yates,J. et al., 1984; Yates,J.L. et al., 2000). 

The EBV nuclear antigen 1 (EBNA-1), a latent EBV gene product with structural 

similarity to KSHV LANA-1 (Grundhoff,A. and Ganem,D., 2003), is the only viral 

protein required for replication from the EBV OriP (Lupton,S. and Levine,A.J., 1985; 

Yates,J.L. et al., 1985). The DS element encompasses 120 bp, contains four EBNA-1 

binding sites (figure 4) (Rawlins,D.R. et al., 1985) and is the functional replicator 

(Wysokenski,D.A. and Yates,J.L., 1989; Harrison,S. et al., 1994), i.e. it contains the 

cis-acting elements that lead DNA replication to initiate. Bidirectional DNA replication 

begins at the approximate location of the DS (Gahn,T.A. and Schildkraut,C.L., 1989). 

The other component of OriP is the FR, named for a 20-member family of 30-bp 

repeats in which each repeat contains an EBNA-1 binding site (Rawlins,D.R. et al., 

1985). The FR is essential to prevent the loss of plasmids from dividing host cells  

and EBNA-1 seems to fulfil this function by tethering plasmids to condensed human 

chromosomes as they segregate during mitosis (Su,W. et al., 1991; Marechal,V. et 

al., 1999). Interestingly, the exact spacing of 21 bp from centre to centre of two 

EBNA-1 binding sites in the DS is crucial for efficient binding of EBNA-1, which binds 

the DS as a dimer (Bashaw,J.M. and Yates,J.L., 2001). Recently, it has been 

demonstrated that eukaryotic replication initiation factors ORC (origin recognition 

complex) and MCM (minichromosome maintenance factors) bind to the DS during G1 

phase of the cell cycle, dissociate from it during S phase and are essential for 

replication from DS, which strongly suggests that they initiate replication at OriP in 

parallel to cellular replication (Schepers,A. et al., 2001; Dhar,S.K. et al., 2001; 

Chaudhuri,B. et al., 2001). The binding of EBNA-1 to the OriP is necessary for the 

recruitment of ORC (Julien,M.D. et al., 2004). Further, it has been shown that 

sequences between DS and FR are also important for replication and it has been 

suggested that they may be targets of factors involved in the origin recognition 

complex (Koons,M.D. et al., 2001). 
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Figure 4: Comparison of latent origins of replication of EBV and KSHV. 
(A) Genome structure and latent origin of KSHV. The origin of latent replication of KSHV is present in 
each copy of the terminal repeats. (B) Genome structure and latent origin of replication oriP of EBV. 
There is one oriP in the left genomic region of EBV. 
IR, internal repeat; DS, dyad symmetry; FR, family of repeats; HA, high-affinity binding site; LA, low-
affinity binding site; LBS1 and LBS2, LANA binding sites 1 and 2, respectively; RE, replication element 
(figure adapted from (Hu,J. and Renne,R., 2005)). 

In contrast to the γ1herpesvirus EBV, the γ2herpesvirus KSHV has evolved a latent 

origin of replication in the terminal repeat (TR) region (figure 4). Initial experiments by 

Ballestas and coworkers demonstrate that cosmids containing the left genomic 

region and TR sequence of KSHV replicate in the presence of KSHV LANA-1 

(Ballestas,M.E. et al., 1999). Meanwhile it has been well established that a single TR 

contains the latent origin of KSHV and that a plasmid containing a TR element is 

replicated in the presence of KSHV LANA-1 (Ballestas,M.E. and Kaye,K.M., 2001; 

Hu,J. et al., 2002; Garber,A.C. et al., 2002). Further, LANA-1 has been shown to 

preferentially interact with TR elements in the KSHV genome in vivo in PEL cells 

(Fejer,G. et al., 2003). LANA cooperatively binds to two sites in the TR, to LANA 

binding sites 1 and 2 (LBS1 and LBS2) (Garber,A.C. et al., 2002) (figure 4). LBS1 is 

bound with higher affinity than LBS2 (Garber,A.C. et al., 2002). The required cis 
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acting elements in the KSHV TR have been narrowed down to a region 

encompassing a total of 79 bp which contains the LBS1, LBS2 and a so called 

replication element (RE). All three elements are required for efficient replication and 

together constitute the minimal replicator of the KSHV latent origin (Hu,J. et al., 2002; 

Hu,J. and Renne,R., 2005). Interestingly, LANA-1 binds DNA as a dimer or possibly 

as a multimer, a feature reminiscient of other viral proteins that mediate replication, 

e.g the SV40 large T antigen, the papillomavirus E1/E2 proteins or the EBNA-1 

protein of EBV (Komatsu,T. et al., 2004). Dimerisation of LANA-1 occurs via its C-

terminal domain (Schwam,D.R. et al., 2000) (figure 7). Domains in the N-terminus of 

LANA-1 and in the C-terminus contribute to the ability of LANA to promote replication 

(Hu,J. et al., 2002; Komatsu,T. et al., 2004; Barbera,A.J. et al., 2004). LANA-1 binds 

to mitotic chromosomes and this binding is thought to happen via the binding to the 

chromatin binding protein MeCP2 via the N-terminus of LANA-1 (Krithivas,A. et al., 

2002) (figure 7). However, Hu and coworkers reported that the 233 aa C-terminal 

LANA-1 domain by itself partially supports replication (Hu,J. et al., 2002). 

Recent work shows that a number of LANA-1 associated proteins such as the 

chromatin binding protein (CBP), the double-bromodomain containing protein 

BRD2/RING3, and the origin recognition complex 2 protein (ORC2) bind to the latent 

origin of KSHV, and that the latent KSHV origin is enriched in hyperacetylated 

histones H3 and H4 relative to other regions of the latent KSHV genome 

(Stedman,W. et al., 2004). In addition, the minichromosome maintenance complex 

protein, MCM3, binds to TR elements in G1/S arrested cells, and the histone 

acetyltransferase HBO1 (histone acetyltransferase binding to ORC1) is present at the 

KSHV TR (Stedman,W. et al., 2004). Further, disrupting the expression of ORC2, 

MCM5 and HBO1 reduced LANA mediated replication of TR-containing plasmids, 

which indicates that cellular replication and origin licensing factors are required for 

KSHV latent cycle replication (Stedman,W. et al., 2004). 

Due to the number of repeat elements (~20-30) in the KSHV genome, KSHV has not 

one but many potential origins. How the use of the multiplicity of potential origins is 

regulated is not well understood to date. 

The HVS orf73 protein has been shown to bind to the HVS TR and mediates 

replication of HVS TR containing plasmids (Collins,C.M. et al., 2002; Collins,C.M. and 
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Medveczky,P.G., 2002; Verma,S.C. and Robertson,E.S., 2003). Therefore, the mode 

of latent replication of HVS might be similar to KSHV. 

1.4 Manipulation of the cell cycle by γ2-herpesviruses 

Introduction to the cell cycle 

Eukaryotic cells have evolved a complex network of regulatory proteins, known as 

the cell-cycle control system, that governs progression through the cell cycle . The 

core of this system is an ordered series of biochemical switches that control the main 

events of the cycle, including DNA replication and the segregation of the replicated 

chromosomes. The cell cycle control system plays a key role in regulating cell 

numbers in the tissues of the body. Malfunctions of the system can result in 

excessive cell divisions and cancer. 

Several viral pathogens have evolved mechanisms to manipulate the cell cycle, e.g. 

to allow efficient replication of viral genomes. 

The cell cycle can be divided into four major phases (figure 5 A). In the G1 (gap1) 

phase the cell fulfils multiple tissue specific, e.g. metabolic, functions that generally 

contribute to a physiological interplay of different cell types of a multi-cellular 

organism. In the late G1 phase the cell is preparing itself for the replication of its 

genome providing the necessary replication machinery which then in S (synthesis) 

phase synthesises a second copy of the genome. In G2 phase certain control 

mechanisms ensure that only cells with two complete copies of the genome are 

allowed to enter M (mitosis) phase in which cells divide. Cells with incomplete copies 

of the genome or other defects normally undergo apoptosis. Cell cycle transitions are 

regulated by an ordered interplay of cyclin dependent kinases (Cdks) and cyclins 

which form active complexes with kinase activity. Cdk/cyclin complexes 

phosphorylate other cell cycle regulatory proteins, for example the retinoblastoma 

protein (RB), which in turn controls cell cycle dependent transcription factors. 

Generally, Cdk levels are relatively constant throughout the cell cycle, whereas levels 

of cyclins, as indicated by their name, undergo cell cycle dependent changes. 

Regulatory mechanisms governing cyclin/cdk activity 

Cdk activity is regulated by multiple mechanisms, the primary mechanism being its 

binding to the cylin subunit. Cdks 4/6 exhibit specificity for D-type cyclins, Cdk2 for 
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cyclins A and E and Cdk1 for cyclinB. The substrate specificity of Cdk2 differs 

depending on its binding to cyclinE or cyclinA, implying that the cyclin subunit is likely 

to contribute to the substrate specificity of the cyclin/Cdk complex (Zarkowska,T. et 

al., 1997; Sarcevic,B. et al., 1997). 

A mechanism to regulate Cdk activity is phosphorylation which can either activate or 

repress Cdk activity, depending on the site of phosphorylation. This process is 

governed by Cdk activating kinases (CAKs) and Cdk activated phosphatases (KAPs) 

(Nigg,E.A., 1995; Russo,A.A. et al., 1996; Nigg,E.A., 1996; Endicott,J.A. et al., 1999). 

In addition, Cdk inhibitors (CKIs) negatively regulate Cdk activities. There are two 

major CKI families. Firstly, four members of the Ink4 family which are named 

according to their molecular masses p16Ink4a, p15Ink4b, p18Ink4c and p19Ink4d (referred 

to as p16, p15, p18 and p19) and their ability to inhibit Cdk4. These CKIs specifically 

bind and inhibit Cdk4 and Cdk6 but do not bind Cdk2 or Cdk1. Binding of Ink4 

inhibitors to Cdk4 or Cdk6 prevents Cdk interaction with D-type cyclins (Russo,A.A. 

et al., 1998; Jeffrey,P.D. et al., 2000). Secondly, three members of the Cip (Cyclin 

inhibitory protein)/Kip (Cdk inhibitory protein) family are desribed: p21Cip1, p27Kip1, 

p57Kip1 (referred to as p21, p27 and p57). P21 and p27 are potent inhibitors of cyclin 

D-, E- and A- and weak inhibitors of cyclinB-associated kinase activity (Harper,J.W. 

et al., 1993; Xiong,Y. et al., 1993; Gu,Y. et al., 1993; el Deiry,W.S. et al., 1993; 

Noda,A. et al., 1994). The Cip/Kip family inhibitors can bind isolated cyclin and Cdk 

subunits independently, although their binding affinity for cyclin/Cdk complexes is 

higher (Toyoshima,H. and Hunter,T., 1994; Harper,J.W. et al., 1995; Lin,J. et al., 

1996; Chen,J. et al., 1996). 

Another mechanism of regulating cyclin/Cdk activity is influencing 

nucleocytoplasmatic shuttling of cyclins since cyclin/Cdk targets are normally nuclear 

(Yang,J. and Kornbluth,S., 1999). The G1 and S phase cyclins (cyclinA and cyclinE) 

are expressed predominatly in the nucleus (Pines,J. and Hunter,T., 1991; 

Ohtsubo,M. et al., 1995), which is in line with their roles in DNA replication and S-

phase progression. In contrast, cyclinB is exclusively cytoplasmic during G1/S, 

followed by nuclear relocation upon entry of mitosis (Takizawa,C.G. and 

Morgan,D.O., 2000). 

A further mechanism to regulate Cyclin/Cdk activity is the regulation of protein 

stability. While Cdks are expressed constitutively and are relatively stable, cyclins are 
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subject to regulated degradation via the ubiquitin-proteasome system. Ubiquitination 

involves the covalent attachment of ubiquitin chains to lysine residues in the target 

protein, which promotes its recognition and degradation by the proteasome 

(Harper,J.W. et al., 2002). 

The retinoblastoma protein (RB) 

A prominent function of cyclinD/Cdk activity is the inactivation of the retinoblastoma 

(RB) tumour suppressor which is the major player at G1/S phase transition. RB 

constitutes, together with the related proteins p107 and p130, the family of ‘pocket’ 

proteins (Harbour,J.W. and Dean,D.C., 2000). Conserved domains of RB, p107 and 

p130 form a ‘pocket’-like structure that constitutes a protein-binding site. A well 

studied function of pocket proteins is the interaction with transcription factors of the 

E2F family. Two mechanisms of RB mediated repression of E2F-dependent 

transcription are established. Firstly, RB directly binds the transactivation domain of 

E2F, thereby preventing the recruitment of the transcription machinery (figure 5) 

(Helin,K. et al., 1993). Secondly, RB binding to E2F can actively repress transcription 

via the interaction with factors influencing chromatin structure. Examples are histone 

deacetylases (HDACs) (Kouzarides,T., 1999) or components of the SWI/SNF 

chromatin-remodelling complex (Dunaief,J.L. et al., 1994; Singh,P. et al., 1995; 

Zhang,H.S. et al., 2000). Together, these factors mediate tight assembly of chromatin 

in nucleosomes, thereby inhibiting access of the transcriptional apparatus. 

RB contains 16 potential Cdk phosphorylation sites which regulate the binding of 

distinct proteins (Knudsen,E.S. and Wang,J.Y., 1997). Complete RB phosphorylation 

relieves RB from E2F, thereby allowing transcription of E2F-dependent G1/S phase 

genes. Successive RB phosphorylation by cyclinD/Cdk complexes in early G1 and 

cyclinE/Cdk2 complexes later in G1 are necessary steps for RB 

hyperphosphorylation (Lundberg,A.S. and Weinberg,R.A., 1998), thereby allowing 

cells to enter S phase. During S phase RB hyperphosphorylation is maintained by 

cyclinA/Cdk2 complexes (Sherr,C.J., 1996). 

The E2F family of transcription factors 

The E2F family of transcription factors regulates the transcription of genes involved in 

cell cycle progression, nucleotide biosynthesis and DNA replication. Six E2F family 

members exist (E2F1-6) which heterodimerize with DP proteins (DP1 and DP2) in all 
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possible combinations (Trimarchi,J.M. and Lees,J.A., 2002). E2F4 and E2F5 in 

complex with p130 mediate the transcriptional repression of E2F-responsive genes in 

quiescent or differentiated cells (Trimarchi,J.M. and Lees,J.A., 2002). In contrast, 

E2F1, E2F2 and E2F3 are expressed specifically in dividing cells in which they 

interact with RB and p107. They potently activate transcription and cells lacking 

E2F1, E2F2 and E2F3 are unable to proliferate (Wu,L. et al., 2001), confirming their 

role in S-phase progression. 
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Figure 5: Schematic drawing of the cell cycle of eukaryotic cells. 
(A) Simplified scheme of the four stages of the cell cycle M (mitosis) phase, G1 (gap1) phase, S 
(synthesis) phase and G2 (gap2) phase. In each phase cell cycle progression is promoted by certain 
Cdk (cyclin dependent kinase)/cyclin complexes as depicted. G0 corresponds to a resting phase 
which can be reactivated to enter G1. 
(B) Simplified schematic representation of major events regulating G1/S progression and latent KSHV 
proteins involved in cell cycle regulation (modified from (Verschuren,E.W. et al., 2004)). Exit from G0 
is associated with a switch in pocket protein/E2F complexes and a loss of their binding to chromatin 
remodelling factors such as HDAC or SWI/SNF. Activation of cyclin D/Cdk complexes upon mitogenic 
signalling is counteracted by the activity of Ink4 Cdk inhibitors, whereas p21 and p27 may serve as 
assembly factors. CyclinD/Cdk complexes initiate phosphorylation of RB, which triggers transcription 
of cyclinE. RB phosphorylation is completed by cyclinE/Cdk2, releasing RB mediated repression of 
E2F dependent genes required for G1/S transition. In addition, cyclinA and cyclinE associated kinase 
activity can also directly trigger DNA replication. Negative feedback loops involving ubiquitin-
dependent degradation are symbolised by dashed lines. Further regulatory mechanisms exist. KSHV 
latent gene products involved in cell cycle regulation are colour coded in red, cellular pocket proteins 
in blue. 

Progression through G1/S phase 

Based on the previous information, a simplified scheme of G1/S transition can be 

drawn (figure 5 B). In quiescent cells the activity of p130/E2F4/E2F5 complexes 

suppresses the expression of cell cycle genes. Upon stimulation, e.g. by mitogens, 

cyclinD levels increase and cyclinD/Cdk activity rises. Additionally, the increases of 

Cip/Kip proteins promote nuclear cyclinD accumulation and increase cyclinD stability. 

In the nucleus, cyclinD/Cdk complexes initiate hyperphosphorylation of RB, which in 

turn upregulates cyclinE expression. CyclinE/Cdk2 complexes drive a positive 

feedback loop towards further phosphorylation of RB, even more amplified by 

degradation of p27 after cyclinE/Cdk2 phosphorylation. These signals together result 

in the transcriptional activation of genes, e.g. cyclinA and E2F itself. CyclinE, but not 

cyclinD, is required for G1/S progression in cells lacking RB function (Ohtsubo,M. et 

al., 1995). Further, the cyclinE overexpression is sufficient to overcome growth arrest 

induced by a phosphorylation-resistant RB mutant (Lukas,J. et al., 1997). From these 

observations one can conclude that the main target of cyclinD/Cdk is RB, whereas 

cyclinE/Cdk2 complexes target additional S-phase regulatory proteins. Indeed both 

cyclinE and cyclinA directly activate DNA replication by triggering the phosphorylation 

of DNA replication proteins such as Cdc6 (Bell,S.P. and Dutta,A., 2002). 

Cell cycle regulation by γ2-herpesviruses 

The four γ2-herpesviruses KSHV, MHV-68, HVS and RRV encode a cellular D type 

cyclin homolog, the so called viral cyclin (vcyclin or vcyc), in open reading frame 72 

(orf72) (Albrecht,J.C. et al., 1992; Russo,J.J. et al., 1996; Cesarman,E. et al., 1996; 

Virgin,H.W. et al., 1997; Searles,R.P. et al., 1999). The MHV-68 vcyclin is considered 
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to be a an inducer of cell cycle progression and to be an oncogene (van Dyk,L.F. et 

al., 1999). Further, it seems to play a role as regulator of reactivation from latency 

(Hoge,A.T. et al., 2000; van Dyk,L.F. et al., 2000). KSHV vcyclin is the best studied γ-

herpesviral vcyclin. Like its cellular homolog, the KSHV vcyclin mediates 

phosphorylation and thereby inactivation of the retinoblastoma protein (Rb) through 

association with the cyclin dependent kinase 6 (Cdk6) (Swanton,C. et al., 1997; 

Ellis,M. et al., 1999) (figure 5 B). Interestingly, lymphoid cell lines express relatively 

high levels of Cdk6 and cyclinD/Cdk6 activity is relatively high in such cells 

(Meyerson,M. and Harlow,E., 1994). Cdk6 expression is also detectable in KS 

lesions (Ojala,P.M. et al., 1999). Vcyc might therefore play a role in carcinogenesis, 

since it can promote the progression of resting cells into the S phase (Swanton,C. et 

al., 1997; Ellis,M. et al., 1999; Lundquist,A. et al., 2003). This might occur by vcyclin 

mediated inactivation of STAT 3, thereby preventing growth-suppressive effects 

(Lundquist,A. et al., 2003) or by the vcyclin induced activation of the cyclinA 

promoter, a regulator of S phase entry and transition (Duro,D. et al., 1999). 

Besides the latent vcyc, LANA 1, also expressed during latency, is able to promote 

entry into S-phase (Fujimuro,M. et al., 2003). Fujimuro and coworkers identified 

LANA to interact with GSK3β, which leads to an accumulation of β-catenin in the 

nucleus of the LANA expressing cell. β-catenin acts on a variety of cell cycle 

regulatory promoters which possibly mediate the LANA 1 induced dysregulation of 

the cell cycle. In addition, LANA 1 is known to interact with RB and to activate E2F 

dependent promoters (Radkov,S.A. et al., 2000)(figure 5 B). Further, LANA 1 binds to 

p53 thereby exhibiting antiapoptotic signals (Friborg,J., Jr. et al., 1999)(figure 5 B). 

The orf73 protein of HVS has recently been shown to bind to RB and and p53 and 

influences both pathways (Borah,S. et al., 2004). The orf73 proteins of RRV and 

MHV-68 have so far not been characterised with respect to an impact on the cell 

cycle. 

A third latent KSHV gene product with a link to cell cycle regulation is LANA 2 

(vIRF3/K10.5). It has been shown to inhibit apoptosis by its interaction with the 

proapoptotic p53 protein (Rivas,C. et al., 2001) (figure 5 B). Since LANA 2 was so far 

only detected in KSHV infected B-cells (Rivas,C. et al., 2001), it seems likely that 

LANA 2 is not of general importance for KSHV infection in all cell types, but may 

contribute to the cell type specific latency pattern of KSHV in B-cells. 
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Two lytic KSHV genes have so far been linked to cell cycle regulation: vIRF1 and K-

bZIP (figure 3). vIRF1 (orf K9) can negatively regulate p53, thereby inhibiting p53 

dependent promoters (Seo,T. et al., 2001). K-bZIP (orf K8), a homologue of the 

Epstein-Barr virus transcription factor BZLF1 (Zta), plays a role in cell cycle 

regulation. K-bZIP can block cells in G1 phase of the cell cycle by a p21CIP-1-

mediated mechanism (Wu,F.Y. et al., 2002). K-bZIP mediates this cell cycle block at 

both the transcriptional and posttranslational levels by binding to CCAAT/enhancer-

binding protein α (C/EBPα) and p21CIP-1 (Wu,F.Y. et al., 2003). K-bZIP physically 

associates with cyclin-Cdk2 in the natural environment of KSHV infected cells and 

downmodulates its kinase activity (Izumiya,Y. et al., 2003). K-bZIP alone is sufficient 

to inhibit Cdk2 activity. The result of these associations is a prolonged G1 phase, 

accompanied by the induction of p21 and p27 in a KSHV infected B-cell line 

(Izumiya,Y. et al., 2003). Thus, in addition to the transcription and genome replication 

functions mentioned above, K-bZIP is involved in cell cycle regulation during the lytic 

phase of the KSHV life cycle. 

1.5 Orf73 encoded proteins of the γ2-herpesviruses 

The γ2-herpesviruses KSHV, HVS, RRV and MHV-68 all encode homologous 

proteins in their open reading frame 73 (orf73). The orf73 genes of KSHV, HVS, RRV 

and MHV-68 investigated in this study code for proteins that consist of 1162 aa, 407 

aa, 448 aa and 314 aa, respectively (figure 6 A). The four orf73 proteins show 

similarity mainly in their C-termini. The region corresponding to the aa 1025-1145 of 

KSHV LANA-1 (latency-associated nuclear antigen 1) is similar or identical to the 

respective regions of the other orf73 proteins in 43 of 120 residues (36% similarity) 

(figure 6 B). Only considering the region corresponding to LANA aa 1100-1145, the 

degree of sequence similarity is even higher with 22 of 46 residues (48%). Such a 

degree of sequence similarity is indicative of conserved biological functions. The 

orf73 proteins are introduced in detail in the following sections. 
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                                     -------------------------------      
KSHV     931  TVEEPIILHG SSSEDEMEVD YPVVSTHEQI ASSPPGDNTP DDDPQPGPSR  981 
HVS      223  EAEEAEEEAE EAEEEEEEAG PSAQRLPHYK VVGQKPSTKP GGVPQLCLKM  272 
RRV      228  TQQAVSHTDH PTGPSRPGPP FPGHTSHSYT VGGWGPPTRA GGVPCLRLRC  277 
MHV-68    58  QGTQTPNPPS PPVPPSSPTL PSSPVPPSSP VHEPPSPSPP PAPPSPDVDV  107 
                                     .         .      . .    *           
 
              ------------------------------------------------------      
KSHV     982  EYRYVLRTSP PHRPGVRMRR VPVTHPKKP- ----HPRYQQ PPVPYRQIDD 1026 
HVS      273  QHR--HRSRL PKGKQ----- ---------- ---------- ------SHDK  289 
RRV      278  TSHNSHEDEA PERQQEQEGE ERQQQPARPP RPPRPPRYPI PIPYPSSEEE  327 
MHV-68   108  EGLDVGETDD PGPPP----- ---------- ----PKRYSR YQKPHNPSDP  138 
                    .    *                                        :      
 
              ------------------------------------------------------      
KSHV    1027  CPAKARPQHI FYRRFLG—-K DGRRDPKCQW KFAVIFWGND PYGLKKLSQA 1074 
HVS      290  IPQKCQARHQ FFAKEA---P SVFSLTPRKW RHVVYFWG-P TSALYRLSKA  335 
RRV      328  VPRKYRPQRR FYRQVLG--P RIDPPRPGPW CHGVIFCNSD PYSLYRLARC  375 
MHV-68   139  LPKKYQGMRR HLQVTAPRLF DPEGHPPTHF KSAVMFSSTH PYTLNKLHKC  188 
               * * :  :  .                   :    * * .   .  * :* :.     
 
              ------------------------------------------------------      
KSHV    1075  FQFGGVKAGP VSCLPHPG-P DQSPITYCVY VYCQNKDTSK KVQMARLAWE 1123 
HVS      336  LLFPGAVASG LQTFPKGP-R AVGPWIYFIC VYCRTRRIAK EIITAQKKYE  384 
RRV      376  LQFPGIRASS VRVLPDAP-G SPVIPAFCIT VFCQSRGTAK AVKKARRRWE  424 
MHV-68   189  IQSKHVLSTP VSCLPLVPGT TQQCVTYYLL SFVEDKKQAK KLKRVVLAYC  238 
              :      :   :  :*            : :   : . :  :*  :  .   :      
 
              ----------------

3 8 

KSHV    1124  ASHPLAGNLQ SSIVK
HVS      385  KLYPRSAKLQ ASLGK
RRV      425  RHHPSAPHFQ ASIVR
MHV-68   239  EKYHSS—-VE GTIVK
                :  :  .: .:: :
 
 
KSHV          ---------- -----
HVS           ---------- -----
RRV           ---------- -----
MHV-68   287  ASLDAGAEQG ATGSP
                           

 

L114
L112

--------                                    
FKKPL PLTQPGENQG PGDSPQEMT- ---------- 1162 
FSKSL PIE------- ---------- ----------  407 
MDRGL PIQH------ ---------- ----------  448 
AKPYF PLPEPPTEPP TDPEQPSTST QASGTQHGPT  286 
 .  : *:                                   

----- --------       Identical       (*) n=11 
----- --------       High similarity (:) n=24 
----- --------       Low similarity  (.) n=14 
GSSPG QQGQGSQT  314 
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Figure 6: (A) Schematic representation, (B) sequence alignment of orf73 proteins of KSHV, 
HVS, RRV and MHV-68. 
(A) The KSHV orf73 protein (LANA-1) is the longest γ-herpesviral orf73 protein (1162aa). The orf73 
proteins of KSHV, HVS (407aa), RRV (448aa) and MHV-68 (314aa) show a significant degree of 
sequence similarity in their C-terminal domains. Notably, only KSHV and HVS orf73 proteins have 
acidic internal repeat regions. 
(B) Amino acid sequence alignment of the C-terminal domains of the orf73 proteins of KSHV, HVS, 
RRV and MHV-68 (Clustal X (1.8)). The sequences of the C-terminal domains of HVS, RRV and MHV-
68 show sequence homology to the C-terminal region of LANA-1 of KSHV. 11 out of 231 residues are 
identical (*,red), 24 residues show high similarity (:, green, for example I to V), and 14 residues low 
similarity (., blue, for example E to S), giving a total of 49 out of 233 similar residues (21%). 
Considering the region aa 1025-1145 in KSHV LANA-1 there are 43 out of 120 similar or identical 
residues (36%). Focusing to aa 1100-1145 in KSHV LANA-1 there are 22 out of 46 similar or identical 
residues (48%). 

1.5.1 The KSHV latency-associated nuclear antigen 1 (LANA-1) 
One of the KSHV latent gene products is the latency-associated nuclear antigen 1 

(LANA-1 or short LANA) encoded by the KSHV open reading frame 73 (orf73) 

(Rainbow,L. et al., 1997; Kellam,P. et al., 1997; Kedes,D.H. et al., 1997). LANA 1 is 

transcribed as a polycistronic transcript together with orf72/vcyclin and orfK13/vFLIP 

(Dittmer,D. et al., 1998). LANA-1 is a protein expressed in the tumour cells of 

Kaposi’s Sarcoma (KS), Primary Effusion Lymphoma (PEL) and Multicentric 

Castleman’s Disease (MCD) and is ubiquitously expressed in the vast majority if not 

all infected cells (Gao,S.J. et al., 1996; Kedes,D.H. et al., 1996; Gao,S.J. et al., 1996; 

Rainbow,L. et al., 1997; Dupin,N. et al., 1999). LANA-1 is today considered to be a 

marker of KSHV infection and is therefore used as a target in serological assays 

(Olsen,S.J. et al., 2000). 

Based on primary sequence, LANA can be divided into three domains: a conserved 

proline- and serine-rich N-terminal region, a central region which is variable in length 

and composed of several acidic repeats including a putative leucine zipper motif, and 

a conserved C-terminal domain containing a proline-rich region and a region rich in 

charged and hydrophobic amino acids (Russo,J.J. et al., 1996) (figure 7). Due to the 

variability in length of the acidic internal repeat region, LANA-1 proteins have been 

identified with differences in length from 982 aa to 1162 aa. The LANA-1 protein 

investigated in this study originates from the PEL cell line BC-1 and encompasses 

1162 aa (Russo,J.J. et al., 1996). 

In the nuclei of KSHV infected PEL and KS spindle (tumour) cells, LANA is located to 

subnuclear bodies (Kedes,D.H. et al., 1996; Gao,S.J. et al., 1996; Rainbow,L. et al., 

1997). LANA attaches to interphase chromatin as well as to mitotic chromosomes 
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(Piolot,T. et al., 2001; Viejo-Borbolla,A. et al., 2003). The N-terminal 15 aa of LANA 

as well as the C-terminal region encompassing aa 1128-1143 are essential for the 

interaction with chromatin (Piolot,T. et al., 2001; Viejo-Borbolla,A. et al., 2003). As 

potential cellular proteins involved in chromatin binding, Krithivas and coworkers 

identified two DNA interacting proteins, the methyl CpG binding protein MeCP2 and 

the 43 kDa protein DEK. The MeCP2-interacting domain of LANA was mapped to the 

previously described chromatin binding site in the N-terminus of LANA, while the 

DEK-interacting domain mapped to the C-terminus of LANA, suggesting that LANA is 

tethered to chromosomes through two independent chromatin binding domains that 

interact with different protein partners (Krithivas,A. et al., 2002). Further, LANA has 

been shown to bind to histone H1 (Cotter,M.A. and Robertson,E.S., 1999). Our group 

identified the interaction of LANA with BRD2/RING3, a member of the BET/fsh family 

of nuclear, chromatin associated proteins (Platt,G.M. et al., 1999) (see 1.6). LANA is 

phosphorylated in the presence of RING3 (Platt,G.M. et al., 1999), but the functional 

implications of this phosphorylation are not well understood. Further, RING3 

expression is higher in KSHV infected PEL cells compared to KSHV negative B cells 

and LANA and RING3 both colocalise on heterochromatin (Mattsson,K. et al., 2002). 

Both the C-terminus and the N-terminus of LANA contain a nuclear localisation signal 

(NLS) (Schwam,D.R. et al., 2000; Piolot,T. et al., 2001). Isolated LANA N- and C-

terminal regions localise to the nucleus, but only the C-terminus accumulates as 

nuclear speckles characteristic of the intact protein (Schwam,D.R. et al., 2000). 

The C-terminus of LANA is responsible for the formation of stable LANA homodimers 

or possibly multimers in vitro (Schwam,D.R. et al., 2000) (figure 7). 

LANA interacts with multiple cellular proteins, among them the proapoptotic protein 

p53 and the tumour suppressor retinoblastoma protein (RB) (Friborg,J., Jr. et al., 

1999; Radkov,S.A. et al., 2000) (figure 7). p53 is a potent transcriptional regulator 

whose induction leads either to cell-cycle arrest or apoptosis. LANA was shown to 

interact with p53 thereby inhibiting the ability of p53 to act as transcriptional activator. 

The inhibition of p53 by LANA protects against cell death (Friborg,J., Jr. et al., 1999). 

Radkov and coworkers demonstrated that LANA interacts with RB both in vivo in PEL 

cells and in vitro, thereby activating E2F-dependent promoters, for example the 

cyclinE promoter (Radkov,S.A. et al., 2000). In addition, LANA is able to transform rat 

embryonic fibroblasts to continuous growth in cooperation with the cellular oncogene 
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Harvey rat sarcoma viral oncogene homolog (Hras) (Radkov,S.A. et al., 2000). In 

vitro, the binding site for RB was mapped to LANA aa 735-990 (Radkov,S.A. et al., 

2000) (figure 7). Meanwhile, it has been demonstrated by cDNA array based 

methods that LANA induces several RB/E2F dependent genes and genes dependent 

on p53 signaling (An,F.Q. et al., 2004). In addition, LANA-1 promotes S-phase entry 

possibly by its interaction with the kinase GSK-3β (Fujimuro,M. et al., 2003) (see 1.4). 

LANA positively regulates its own promoter (Krithivas,A. et al., 2000; Jeong,J. et al., 

2001; Renne,R. et al., 2001; Jeong,J.H. et al., 2004) and activates and/ or represses 

several heterologous cellular and viral promoters. LANA can activate or repress the 

Epstein Barr virus latent promoters Cp under different conditions (Krithivas,A. et al., 

2000; Groves,A.K. et al., 2001; Viejo-Borbolla,A. et al., 2003). Further, LANA acts as 

a strong transcriptional repressor when tethered to constitutively active promoters via 

a heterologous DNA-binding domain. Domains in both the N- and C-termini mediate 

this repression (Schwam,D.R. et al., 2000). LANA interacts with the activating 

transcription factor 4 (ATF4)/cAMP response element-binding protein (CREB) 2 (a 

member of the ATF/CREB family of transcription factors) and represses the 

transcriptional activation activity of ATF4/CREB2 (Lim,C. et al., 2000). In addition, 

expression from the human immunodeficiency virus (HIV) long terminal repeat (LTR) 

and from NF-kappaB-dependent reporter genes was reduced by LANA expression 

(Renne,R. et al., 2001). These data might suggest that one function of LANA is to 

suppress the expression of viral lytic genes or cellular genes involved in the antiviral 

response (Schwam,D.R. et al., 2000). 
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Figure 7: Functionally important sites in the KSHV LANA protein. 
Schematic representation of selected LANA functions and interaction partners (see 1.5.1). 

However, LANA can also act as transcriptional activator. Lana-1 has been shown to 

induce expression of cellular IL-6, which is a growth factor for KSHV-associated 

disease (Screpanti,I. et al., 1996; Asou,H. et al., 1998), via interaction with the 

transcription factor c-jun, a member of the AP-1 (activator protein 1) family (An,J. et 

al., 2002; An,J. et al., 2004). Further, LANA can activate transcription from synthetic 

promoters (Renne,R. et al., 2001) and positively regulates the latent EBV promoters 

LMP1 and Cp (Groves,A.K. et al., 2001; Viejo-Borbolla,A. et al., 2003). LANA also 

activates RB/E2F and p53 dependent genes as mentioned above (Friborg,J., Jr. et 

al., 1999; Radkov,S.A. et al., 2000; An,F.Q. et al., 2004). Furthermore, LANA 

represses transcriptional activity of a single 801bp KSHV terminal repeat (TR) 

element by binding to the TR (Garber,A.C. et al., 2001). 

In summary, LANA is a promiscuous transcriptionally active protein that both 

activates and represses viral as well as cellular promoters. 
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LANA-1 has multiple functions vital to viral latency. Lana-1 is required for the 

persistence of the viral episome. By binding to mitotic chromosomes on the one hand 

and binding of LANA-1 to KSHV TR elements on the other, LANA-1 tethers viral 

episomal DNA to mitotic chromosomes, thereby ensuring segregation of viral 

genomes to dividing daughter cells (Ballestas,M.E. et al., 1999; Garber,A.C. et al., 

2002; Viejo-Borbolla,A. et al., 2003) (figure 7). In the TR, LANA binds via its C-

terminus to LANA binding sites 1/2 (LBS 1 and LBS 2) which are present in each TR 

subunit (Garber,A.C. et al., 2002) (figure 4). LANA-1 is essential for the replication of 

latent episomes (Ballestas,M.E. et al., 1999; Ballestas,M.E. and Kaye,K.M., 2001; 

Hu,J. et al., 2002; Garber,A.C. et al., 2002) (see 1.3). 

1.5.2 The MHV-68 orf73 protein 
The MHV-68 orf73 codes for a protein of 314 aa and is the shortest γ-herpesviral 

orf73 protein (Virgin,H.W. et al., 1997; Nash,A.A. et al., 2001) (figure 6). In the region 

encompassing aa 79-259 the MHV-68 orf73 protein is similar in sequence to the 

orf73 proteins of KSHV, HVS and RRV (figure 6). In contrast to the other homologs, 

the MHV-68 orf73 protein has an additional C-terminal tail of unknown function. 

The MHV-68 orf73 gene has been identified as an immediate-early lytic transcript by 

some groups (Rochford,R. et al., 2001; Ebrahimi,B. et al., 2003). Others, based on 

cDNA gene arrays, suggest the orf73 transcript to be latently expressed in MHV-68 

infected S11 B-cells (Martinez-Guzman,D. et al., 2003). However, it can not be 

absolutely excluded that some of the latent S11 cells undergo lytic reactivation. MHV-

68 orf73 knock-out viruses, however, exhibit severe deficits in the establishment of 

splenic latency (Fowler,P. et al., 2003; Moorman,N.J. et al., 2003) and can be used 

as a vaccine for wild type MHV-68 infection (Fowler,P. and Efstathiou,S., 2004). 

Molecularly, the MHV-68 orf73 protein has only poorly been characterised. 

1.5.3 The HVS orf73 protein 
The HVS strain A11 orf73 encodes a protein consisting of 407 aa and an apparent 

molecular mass of about 70 kDa and is, besides LANA, the only orf73 homolog with 

an internal repeat region (Albrecht,J.C. et al., 1992; Hall,K.T. et al., 2000) (figure 6). 

The HVS orf73 is transcribed as a polycistronic message together with orf71 and 

orf72 similar to the KSHV orf73 transcript (Hall,K.T. et al., 2000). In an HVS 

transduced cell line, where the virus persists as circular episome, orf71-73 
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transcription was detected by northern blotting, which might suggest the orf73 to be a 

latent gene (Hall,K.T. et al., 2000). 

Similar to KSHV LANA, the HVS orf73 protein interacts with host-cell mitotic 

chromosomes and dimerises or oligomerises via its C-terminus (Calderwood,M.A. et 

al., 2004). The HVS orf73 protein is a nuclear protein and has been demonstrated to 

contain two nuclear localisation signals in its N-terminus, whereas the C-terminus is 

required for its localisation to subnuclear structures, a feature reminiscient of KSHV 

LANA (Hall,K.T. et al., 2000; Schafer,A. et al., 2003). 

Further, the HVS orf73 protein tethers the viral genome to metaphase chromosomes 

and binds to sequences in the HVS terminal repeats, again paralleling observations 

made with KSHV LANA (Verma,S.C. and Robertson,E.S., 2003). Interestingly, the 

HVS orf73 protein mediates the replication of HVS TR-containing plasmids in dividing 

cells (Collins,C.M. et al., 2002; Collins,C.M. and Medveczky,P.G., 2002; Verma,S.C. 

and Robertson,E.S., 2003). 

Further, the HVS orf73 protein can regulate several promoters of lytic as well as of 

latent HVS genes and negatively regulates the activity of the orf50/regulator of 

transcriptional activation (RTA) promoter thereby inhibiting lytic virus replication 

(Schafer,A. et al., 2003). As KSHV orf50/RTA, HVS orf50/RTA has been shown to be 

an important gene in the reactivation of HVS from latent to lytic replication 

(Nicholas,J. et al., 1991). In addition to regulating the orf50 promoter, HVS orf73 is 

known to activate its own promoter as well as heterologous viral promoters (Hall,K.T. 

et al., 2002). 

Recently, Borah and coworkers have shown the HVS orf73 protein to interact with 

the retinoblastoma protein (RB) and positively regulate transcription of an E2F-

responsive element (Borah,S. et al., 2004). Further, the HVS orf73 protein interacts 

with the proapoptotic p53 protein and negatively regulates p53 activated transcription 

(Borah,S. et al., 2004). 

1.5.4 The RRV orf73 protein 
The RRV orf73 (RRV isolate 17577) codes for a protein with 448 aa (Searles,R.P. et 

al., 1999) and exhibits sequence similarity to KSHV LANA and the orf73 proteins of 

MHV-68 and HVS in its C-terminal region (figure 6). The predicted molecular mass is 

50 kDa. In transfected cells the RRV orf73 protein localises to the nucleus and shows 
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a diffuse distribution pattern (E.Kati, unpublished data). Currently, no further data are 

available concerning the RRV orf73. 

1.6 Cellular BET/fsh proteins 

BET (bromodomain and ET domain) proteins are a class of novel transcriptional 

regulators. Members have been identified in plants, fungi and animals and most likely 

exist in all multi-cellular eukaryotes. Genetic, biochemical and molecular approaches 

have implicated BET proteins in functions like cell cycle control, meiosis and 

homeosis. The presence of one bromodomain (in plants) or two bromodomains (in 

animals/yeast) in the N-terminal part and the presence of an extra terminal (ET) 

domain in the C-terminal region are characteristic for BET proteins (Florence,B. and 

Faller,D.V., 2001) (see figure 8). Initially identified members of the BET family were 

the mammalian RING3 (really interesting new gene3) protein (Beck,S. et al., 1992) 

(see 1.5.1), Drosophila female sterile homeotic (fsh) (Haynes,S.R. et al., 1989) and 

the yeast Bdf1 protein (Lygerou,Z. et al., 1994) (see 1.5.2). All three proteins have 

been shown to modulate transcription of several promoters (Lygerou,Z. et al., 1994; 

Denis,G.V. et al., 2000; Sinha,A. et al., 2004), suggesting BET proteins to be 

transcription factors that might act via sequence-independent mechanisms 

(Florence,B. and Faller,D.V., 2001). One possible mode of action could be the 

modulation of chromatin structure. 
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Figure 8: Schematic representation of the four mammalian BET/fsh proteins in comparison 
with FshL from Drosophila and Bdf1 from yeast. 

 

The bromodomain, a chromatin targeting module 

Bromodomains are conserved sequence elements identified in several protein 

families (Haynes,S.R. et al., 1992; Jeanmougin,F. et al., 1997) and represent 

chromatin targeting modules (Winston,F. and Allis,C.D., 1999). One example is the 

transcription factor TAFII250 containing two bromodomains, a member of the TFIID 

familiy of transcription factors (Mizzen,C.A. et al., 1996). 

The bromodomain is a ~110 amino acid motif that binds acetylated lysine groups. 

Acetyllysines are present either in transcription factors such as HIV Tat (Mujtaba,S. 

et al., 2002; Dorr,A. et al., 2002) or cellular p53 (Mujtaba,S. et al., 2004), or in 

nucleasomal histones (Owen,D.J. et al., 2000; Jacobson,R.H. et al., 2000; 

Matangkasombut,O. and Buratowski,S., 2003). 

Notably, bromodomains are present in histone acetyl transferases (HATs), e.g 

TAFII250 (Mizzen,C.A. et al., 1996), Gcn5 (Kuo,M.H. et al., 1996) or CBP/p300 

(Bannister,A.J. and Kouzarides,T., 1996; Ogryzko,V.V. et al., 1996). Bromodomains 

can also be found in acidic transcriptional activators such as the Sacharomyces 

cerevisiae Spt7 protein (Gansheroff,L.J. et al., 1995), which together with Gcn5 
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participates in the SAGA (Spt/Ada/GCN5/acetyltransferase) complex, a complex 

involved in nucleosome remodelling (Syntichaki,P. et al., 2000). Further, 

bromodomain containing proteins of the helicase superfamily such as Drosophila Snf 

are part of the drosophila chromatin remodeling complex brahma, the drosophila 

homolog of the yeast cromatin remodeling complex SWI/SNF (Tamkun,J.W. et al., 

1992; Elfring,L.K. et al., 1998). 

In addition, besides affecting chromatinisation, acetylation might also have an impact 

on later events in transcription. The transcription factor TAFII250 for example, a 

member of the TFIID familiy of transcription factors, contains two bromodomains and 

has acetylase activity and thereby promotes transcriptional initiation (Mizzen,C.A. et 

al., 1996). As Florence and Faller hypothesised, BET proteins could be involved in 

opening chromatin and/or transcriptional initiation by binding to acetylated histones 

(Florence,B. and Faller,D.V., 2001). Acetylated histones have meanwhile been 

demonstrated to be substrates for BET proteins (Pamblanco,M. et al., 2001; Dey,A. 

et al., 2003; Kanno,T. et al., 2004). 

Bromodomain crystal structures have been solved for the CREB Binding Protein 

(CBP) (Mujtaba,S. et al., 2004), TAFII250 (Jacobson,R.H. et al., 2000), Gcn5 

(Hudson,B.P. et al., 2000; Owen,D.J. et al., 2000) and p/CAF (Dhalluin,C. et al., 

1999). 

Notably, it has been published that two viral proteins can interact with BET proteins 

so far: firstly, our group found the KSHV LANA-1 protein to interact with BRD2/RING3 

by yeast-two-hybrid screening (Platt,G.M. et al., 1999). Secondly, Peter Howley’s 

group identified the E2 protein of the bovine papillomavirus 1 (BPV 1) to interact with 

BRD4/MCAP using tandem affinity purification (TAP) (You,J. et al., 2004). Taking 

these observations, it seems likely that papillomaviruses and γ-herpesviruses have 

evolved mechanisms to manipulate BET protein function with regard to 

transcriptional regulation and/or to profit from an interaction with chromatin-bound 

BET proteins in other ways. 

The ET (extra-terminal) domain, a protein-protein interaction domain 

The ET domains of the four mammalian BET proteins encompass 64 aa and are 

highly conserved with an amino acid identity of about 90 %. The ET domain of 

BRD2/RING3 has been identified to be a site of protein-protein interaction with the 
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KSHV LANA-1 protein by our group (Platt,G.M. et al., 1999) and has been suspected 

to be the site of interaction with E2F transcription factors (Denis,G.V. et al., 2000). 

For the yeast protein Bdf1 the C-terminus including the ET domain was found to 

interact with cellular TFIID (Matangkasombut,O. et al., 2000). TFIID is a basal 

transcription factor consisting of the TATA-binding protein (TBP) and TBP-associated 

factors (TAFs). In contrast to Florence and Faller who designated the entire C-

terminus of BET proteins starting with the ET domain as ‘ET’, we prefer (and use 

throughout this study) a nomenclature where only the highly conserved 64 aa region 

is called ET which would correspond to the term ‘NET’ (N-terminal part of ‘ET’) used 

by Faller and Florence (Florence,B. and Faller,D.V., 2001). 

1.6.1 Mammalian BET/fsh proteins 
The BET family of proteins is a relatively small group of unique bromodomain-

containing proteins with four members in human and mouse. The genes are 

designated BRD2/RING3, BRD3/ORFX, BRD4/HUNK/MCAP and BRD6/BRDT. As 

mentioned, all four proteins have two bromodomains in the N-terminal region of the 

respective protein and an ET domain in the C-terminal region (see figure 8). 

BRD2/RING3 encodes a protein of 801 aa, BRD3/ORFX of 726 aa and BRD6/BRDT 

of 947 aa. BRD4 codes for two alternatively spliced variants: one denominated 

BRD4/HUNK with a length of 2169bp (722 aa) and the other BRD4/MCAP with 

4203bp (1401 aa) (see figure 9). 

All four mammalian BET proteins might be involved in some aspects of oncogenesis: 

BRD2/RING3 showed elevated kinase activity in leukemic lymphoblasts of the B 

lineage (Denis,G.V. and Green,M.R., 1996), and BRD4 appears to play a role in cell 

cycle regulation and was found to be chromosomally translocated in certain 

carcinomas (Dey,A. et al., 2000; French,C.A. et al., 2001; French,C.A. et al., 2003). 

Preliminary data suggest an overexpression of BRD6/BRDT in certain cancers 

(Scanlan,M.J. et al., 2000) and a possible involvement of BRD3/ORFX in DNA 

damage response (Levenson,V.V. et al., 1999). With the exception of BRD6/BRDT 

which seems to be mainly expressed in testis tissues (Jones,M.H. et al., 1997; 

Shang,E. et al., 2004), the other BET proteins BRD2, BRD3 and BRD4 have been 

found to be ubiquitously expressed in many different tissues (Rhee,K. et al., 1998; 

Dey,A. et al., 2000; Trousdale,R.K. and Wolgemuth,D.J., 2004; Shang,E. et al., 

2004). 
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Might BET protein functions be partially redundant? Some data indicate unique, 

differentiation stage-specific expression patterns for the mammalian BET proteins in 

reproductive tissues (Shang,E. et al., 2004) arguing in favour of distinct functions. 

Other authors clearly demonstrate yeast bdf1 and bdf2 to be at least partially 

redundant, as a bdf1 bdf2 double-mutantion is lethal, but mutating either bdf1 or bdf2 

is not (Chua,P. and Roeder,G.S., 1995). To date, the question of redundancy 

between BET proteins cannot be finally answered. 

BRD2/RING3 

BRD2/RING3 was first described in the early 1990s (Beck,S. et al., 1992) and the 

human BRD2 gene is located on the short arm of chromosome 6 (6p21.3) 

(Thorpe,K.L. et al., 1996). BRD2 is known to be highly expressed in both male and 

female reproductive tissues (Rhee,K. et al., 1998; Trousdale,R.K. and 

Wolgemuth,D.J., 2004), in established leukemic cell lines and in lymphocytes from 

patients with leukaemia (Denis,G.V. and Green,M.R., 1996). BRD2 protein localises 

to the nuclei of proliferating cells and also of cells that undergo apoptosis 

(Crowley,T.E. et al., 2002). In contrast, BRD2 protein has been shown to be 

cytoplasmic in resting neuronal cells (Crowley,T. et al., 2004). Together, these data 

are in line with a role for BRD2 during development. Kanno et al. were recently able, 

using fluorescence resonance energy transfer, to demonstrate a selective interaction 

of BRD2 protein with acetylated lysine 12 on Histone H4 (Kanno,T. et al., 2004). 

Further, BRD2 protein has been shown to activate cell cycle regulatory promoters 

probably via an interaction with transcription factors of the E2F family (Denis,G.V. et 

al., 2000). Lymphocyte specific overexpression of BRD2 in a Eµ-BRD2 transgenic 

mouse resulted in the development of B cell lymphoma and leukaemia 

(Greenwald,R.J. et al., 2004). 

Our group identified the BRD2 protein to interact with KSHV LANA-1 by yeast-two-

hybrid assay (Platt,G.M. et al., 1999). Further, KSHV LANA-1 was shown to be 

phosphorylated in the presence of BRD2 protein (Platt,G.M. et al., 1999). Whether 

BRD2 is itself a kinase or recruits another cellular kinase is still controversial. 

Whereas Denis et al. originally purified the BRD2 protein as a nuclear kinase with 

mitogen-stimulated autophosphorylation activity (Denis,G.V. and Green,M.R., 1996; 

Ostrowski,J. et al., 1998), our group identified BRD2-associated kinase activity which 

most likely reflects the activity of an associated kinase and not of BRD2 itself 
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(Platt,G.M. et al., 1999), Rhee and coworkers did not identify any kinase activity 

associated with the BRD2 protein (Rhee,K. et al., 1998). BRD2/RING3 is the only 

human BET protein with an identified ATP-binding site (Denis,G.V. and Green,M.R., 

1996). 

BRD4/HUNK and BRD4/MCAP 

The human BRD4 gene is located on chromosome 19 (19p13.1) and codes for two 

putative transcripts: firstly, BRD4/HUNK encompassing 11 exons and secondly, 

BRD4/MCAP (mitotic chromosome associated proteins) encompassing 19 exons, out 

of which the first 10 exons are identical to BRD4/HUNK (see figure 9). For the MCAP 

transcript an alternative splice site and an alternative exon 11 (11’) is used, removing 

the last 5 amino acids near the C-terminus of HUNK (see figure 9). In different mouse 

tissues, BRD4 transcripts were found to be ubiquitously expressed (Shang,E. et al., 

2004). Most functional studies performed so far have characterised the murine 

BRD4/MCAP. Targeted mutagenesis of the murine BRD4 gene has revealed that it is 

an essential gene for normal cell proliferation since BRD4 deficient mouse embryos 

die shortly after implantation and are compromised in their ability to maintain an inner 

cell mass in vitro (Houzelstein,D. et al., 2002). Further, the murine BRD4/MCAP has 

been shown to bind to mitotic chromosomes, mainly in euchromatic regions by 

binding to di- or tetraacetylated Histone H4 and diacetylated H3 (Dey,A. et al., 2003). 

exon
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bp 1

STOP
bp 2169

1 23 4 5 6 7 8 9 10 11

BRD4/HUNK
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STOP
bp 4203

1 23 4 5 6 7 8 9 10 11‘
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Figure 9: Exon-intron structure of the human BRD4 gene. 
The human BRD4 gene codes for two putative transcripts. The shorter variant BRD4/HUNK consists 
of eleven exons and encompasses an open reading frame (orf) of 2169 bp which codes for a protein 
of 722 aa. BRD4/MCAP consists of 19 exons out of which exons 1-10 are identical to BRD4/HUNK. 
BRD4/MCAP uses an alternative exon 11 (11’). Exons 11’-19 are unique to the longer splice variant 
BRD4/MCAP. The BRD4/MCAP transcript encompasses an orf of 4203 bp coding for a protein of 
1401 aa. 
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Ectopic overexpression of murine BRD4/MCAP in cell lines inhibited cell cycle 

progression from G1 to S phase, whereas the injection of BRD4 specific antibodies 

blocked cells in G2 to M phase (Dey,A. et al., 2000; Maruyama,T. et al., 2002; Dey,A. 

et al., 2003). Two studies point at a possible role for BRD4 in different types of 

carcinomas (French,C.A. et al., 2001; French,C.A. et al., 2003). Recently, Farina et 

al. provided evidence that BRD4 may be linked to the GTPase-dependent mitogenic 

signaling pathway, as they found BRD4 to interact with the signal-induced 

proliferation associated protein 1 (SPA-1), which is a Rap GTPase activating protein 

(GAP) (Farina,A. et al., 2004). 

BRD4/MCAP has been found to interact with the E2 proteins of bovine papillomavirus 

1 (BPV 1) and human papillomavirus 16 (HPV 16) thereby tethering papillomaviral 

genomes to chromosomes in dividing cells (You,J. et al., 2004). BRD4 therefore 

represents the long sought cellular factor responsible for the chromatin binding 

function of E2. 

BRD3/ORFX 

The BRD3 gene has been mapped to the long arm of chromosomes 9 (9q34). In 

contrast to BRD6/BRDT, BRD3 has been found, similar to BRD2/RING3, to be 

expressed ubiquitously in human adult as well as fetal tissues (Thorpe,K.L. et al., 

1997). Further, Thorpe et al. suggest that BRD2 and BRD3 might have arisen from 

an ancient duplication in a common ancestral chromosome. 

BRD6/BRDT 

The BRD6 gene is located on the short arm of chromosome 1 (1p). BRD6/BRDT (for 

bromodomain, testis specific) was given its name due to its expression mainly in 

testis tissue in the normal adult human (Jones,M.H. et al., 1997; Shang,E. et al., 

2004). However, it seems to be expressed in some cancer tissues. Scanlan and 

coworkers detected BRDT transcripts by RT-PCR in 12 of 47 cases of non-small cell 

lung cancer and single cases of both squamous cell carcinoma of the head and neck 

(1/12) and esophagus (1/12) but not in melanoma or in cancers of the colon, breast, 

kidney and bladder (Scanlan,M.J. et al., 2000). 
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1.6.2 BET/fsh proteins in Drosophila and Yeast 

Drosophila female sterile homeotic (fsh) 

The first member Fsh of the BET protein family was identified almost 20 years ago 

(Digan,M.E. et al., 1986). The female sterile homeotic (fsh) gene of Drosophila 

melanogaster encodes multiple BET isoforms. The two reported forms are FshS 

(short) and FshL (long) (Haynes,S.R. et al., 1989). FshS is roughly equivalent to 

yeast Bdf1 and RING3 with regard to length, whereas FshL encompasses an 

additional ~1000 aa. The FshS sequence is entirely contained in FshL, exept that 

FshL uses an alternative splice site that removes 4 aa near the FshS C-terminus. 

This splicing pattern is highly reminiscient of the mammalian BRD4 gene. Similar to 

BRD2/RING3, both Fsh isoforms have a predicted ATP-binding site and might have 

intrinsic kinase activity (Florence,B. and Faller,D.V., 2001). 

The first fsh mutations were detected in a genetic screen for the detection of female 

sterility (Gans,M. et al., 1975; Gans,M. et al., 1980). Interestingly, null mutations 

cause embryonic lethality, whereas several point mutations in Fsh have been clearly 

linked to defects in oogenesis, meiotic defects or developmental defects in 

Drosophila progeny (Gans,M. et al., 1980; Digan,M.E. et al., 1986; Florence,B. and 

McGinnis,W., 1998). 

Yeast Bdf 1 and Bdf 2 

Yeast contains two BET-encoding genes: bdf1 and bdf2. Some genetic studies point 

at Bdf1 and Bdf2 proteins to play a role as general transcription factors (Lygerou,Z. et 

al., 1994; Matangkasombut,O. et al., 2000). Mutant cells lacking bdf1 show defects in 

snRNA transcription and in sugar metabolism (Chua,P. and Roeder,G.S., 1995). 

Further, bdf1 mutant cells exhibit temperature-sensitive lethality and defective 

meiosis (Chua,P. and Roeder,G.S., 1995). In contrast, bdf2 mutant cells show no 

obvious phenotypes, whereas a bdf1 bdf2 double mutation is lethal, indicating a 

certain degree of redundancy of Bdf2 to Bdf1 for some, but not all functions (Chua,P. 

and Roeder,G.S., 1995). Metangkasombut et al. provide evidence for Bdf1 and Bdf2 

to be either associated with another, yet unidentified kinase or to be kinases 

themselves (Matangkasombut,O. et al., 2000). This phenotype is reminiscient of the 

mammalian BET protein BRD2/RING3 as mentioned above. Further, the authors 

demonstrate an interaction of both Bdf1 and Bdf2 with Taf67, a protein of the yeast 
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family of transcription factors TFIID, thereby explaining the role of Bdf1 and Bdf2 as 

factors involved in transcriptional regulation (Matangkasombut,O. et al., 2000). 

 50



 
1.Introduction 

1.7 Objectives 

The latency-associated nuclear antigen 1 (LANA-1) of KSHV, encoded by orf73, has 

multiple functions vital to viral latency. One drawback is the fact that the majority of 

data concerning LANA function are generated in vitro. MHV-68 infection of its natural 

mouse host could potentially provide a suitable animal model to study γ2herpesviral 

orf73 functional biology in vivo. We therefore asked whether the MHV-68 orf73 

protein resembles KSHV LANA functions and included two further orf73 homologs of 

RRV and HVS to broaden our view of possible similarities and differences of orf73 

proteins of different members of the γ2herpesviruses. The first major question 

addressed in this work therefore is: Can the MHV-68 orf73 protein provide a suitable 

model to study KSHV LANA functional biology in vivo? 

When we started our work on the interaction of KSHV LANA with cellular BET/fsh 

proteins, little was known about BET/fsh proteins. Based on the observation made in 

our group that LANA interacts with and is phosphorylated by the BET/fsh protein 

BRD2/RING3 (Platt,G.M. et al., 1999), initial interaction experiments with the orf73 

homologs of other γ2herpesviruses pointed at a conservation of this orf73 protein/ 

BRD2 interaction (K.Nathan, unpublished). Since data on BET/fsh proteins mainly 

from Drosophila and yeast suggested a role in diverse processes such as meiosis, 

embryonic development and transcriptional regulation, and due to the high degree of 

conservation of BET/fsh proteins from yeast to higher eukaryotes, we hypothesised 

that γ2herpesviruses have evolved strategies to manipulate cellular BET/fsh proteins 

and to profit from an interaction with them. To test this hypothesis, we decided to first 

characterise the orf73/BET interactions biochemically in vitro, and additionally in cells 

coexpressing orf73 and BET proteins. With this knowledge we then addressed the 

question of possible functional implications of the orf73/BET interaction. We mainly 

focused on the mammalian BET/fsh proteins BRD2/RING3 and BRD4/HUNK and 

asked: What could be the role of cellular BRD2 and BRD4 proteins in the function of 

orf73 proteins of KSHV and related viruses? 
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2. Material and Methods 

2.1 Reagents and Chemicals 

Chemicals were purchased from the following companies: Amersham, AppliChem, Biomol, 
BioRad, Boehringer Mannheim, Difco, Eurogentech, Fluka, Gibco, ICN, Invitrogene, Life 
Technologies, Merck, Molecular probes, New England Biolabs, Pierce, Promega, Riedel-
deHaën, Roche, Roth, Santa Cruz, Seromed, Serva, Sigma and Stratagene. 
Consumables came from Amersham, Beckman, Biozym, Costar, Eppendorf, Falcon, Gilson, 
Greiner, Kodak, Macherey-Nagel, Pharmacia, Robbins, Qiagen, Sarstedt, 
Schleicher&Schuell and Whatman. 
Restriction enzymes were purchased from Amersham, New England Biolabs and Life 
Technologies. Oligonucleotides were purchased from MWG Biotech. 
SiRNA was purchased from Dharmacon. 

2.1.1 Antibodies 
α-c-myc 9E10: 
Biomol, mouse monoclonal, protein A purified IgG1, used in a 1:1000 dilution. 
Immunogen: human pp62 c-myc (408-432) peptide. Targets the c-myc epitope 
EQKLISEEDL. 

α-Flag M2: 
Sigma, mouse monoclonal, purified IgG1, used in a 1:2000 dilution for immunoblotting. 
Recognizes the Flag epitope sequence DYKDDDDK. 

α-HA antibody, clone12CA5: 
Roche, mouse monoclonal, IgG2bκ, used in a 1:4000 dilution for immunoblotting. Recognizes 
the HA peptide sequence YPYDVPDYA derived from the human influenza hemagglutinin 
protein. 

α-HA antibody, clone 3F10 : 
Roche, rat monoclonal, IgG1, used in a 1:4000 dilution for immunoblotting and in a 1:200 
dilution for IFA. Recognizes the HA peptide sequence YPYDVPDYA derived from the human 
influenza hemagglutinin protein. 

α-BrdU antibody, clone BU-1: 
Upstate, mouse monoclonal antibody, IgG2a, recognizes 5-Bromo-2-deoxyuridine, used in a 
1:3 dilution for immunocytochemical detection of BrdU in BrdU incorporation assays. 

α-GFP antibody, clone JL-8: 
BD Biosciences, mouse monoclonal antibody, IgG2a, raised against Aequorea victoria green 
fluorescent protein (GFP), recognizes native and denatured forms of wildtype or recombinant 
N- or C-terminal fusion proteins of GFP, EGFP, EBFP, EYFP, ECFP. Used for 
immunoprecipitations and in a 1:5000 dilution for immunoblotting. 

 52



 
2.Material and Methods 

α-his antibody, tetra his 
Qiagen, mouse monoclonal, IgG1, used in a 1:2000 dilution for immunoblotting. Recognizes 
recombinant 6*his tagged proteins. 

α-RB antibody 
Roche, mouse monoclonal, IgG1, used in a 1:1000 dilution for immunoblotting. Recognizes 
recombinant and endogenous retinoblastoma proteins (RB). 

Human serum from KSHV seropositive patients: 
Sera from different patients from a South African study were used for immunoblotting in a 
1:300 dilution for the detection of KSHV LANA. 

α-RING3 antiserum: 
Rabbit polyclonal antiserum (R29, 1999). Purified recombinant GST-RING3 protein was used 
to immunize rabbits, dilution for immunoblotting 1:5000. Used for the detection of 
BRD2/RING3 or GST in immunoblotting. Crossreactivity with BRD4/ HUNK. 

α-LANA antiserum : 
Rabbit polyclonal antiserum (R992, 1999), a purified recombinant GST-LANA protein was 
used to immunize rabbits, dilution for immunoblotting 1:1000, for IFA 1:500. 

2.1.2 small inhibitory RNA (siRNA) 
BRD4 siRNA duplex1 (BRD4 siRNA1): 
siGENOME duplex (1), D-004937-01, BRD4, purchased from Dharmacon, targets orf 
position bp 1351-1369 (exon 7) in the BRD4 transcript (figure 10), this duplex was inefficient 
in BRD4 gene kock down and hence was not used for experiments. 

BRD4 siRNA duplex2 (BRD4 siRNA2): 
siGENOME duplex (2), D-004937-02, BRD4, purchased from Dharmacon, targets orf 
position bp 276-294 (exon 1+2) in the BRD4 transcript (figure 10). 

BRD4 siRNA duplex3 (BRD4 siRNA3): 
siGENOME duplex (3), D-004937-03, BRD4, purchased from Dharmacon, targets orf 
position bp 482-500 (exon 3) in the BRD4 transcript (figure 10). 

BRD4 siRNA duplex4 (BRD4 siRNA4): 
siGENOME duplex (4), D-004937-04, BRD4, purchased from Dharmacon, targets orf 
position bp 32-50 (exon 1) in BRD4 transcript (figure 10). 
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Figure 10: The four different BRD4 specific siRNA duplexes used in this study (see text 2.1.2 
for further details). 

 

K15 siRNA (conrol siRNA 1): 
Targets the exon 8 of the K15 transcript of KSHV, no cellular target, purchased from 
Dharmacon, sense sequence: CAACCACCUUGGCAAUAAUdTdT, antisense sequence: 
AUUAUUGCCAAGGUGGUUGdTdT. 

GFP siRNA (control siRNA 2): 
Targets GFP, no cellular target, purchased from Dharmacon, sense sequence: 
GGCUACGUCCAGGAGCGCACCdTdT, antisense sequence: 
GGUGCGCUCCUGGACGUAGCCdTdT. 

2.2 Vectors and Primers 

If not otherwise indicated, all vectors listed code for resistance to Ampicillin. 

2.2.1 Eukaryotic expression vectors 

pcDNA3: 
T7 and SP6 promoter for in vitro transcription, CMV promoter for expression in mammalian 
cells. Bovine growth hormone polyadenylation signal. Ampr and Neomycinr. Invitrogen. 

pcDNA3.1(+): 
Derived from pcDNA3, with differences in the MCS and lack of the SP6 promoter. Ampr and 
Neomycinr. Invitrogen. 

pcDNA3.1(-): 
Derived from pcDNA3, with differences in the MCS and lack of the SP6 promoter. Ampr and 
Neomycinr. MCS is in the opposite orientation compared to pcDNA3.1(+). Invitrogen. 

pEGFP-N2: 
N-terminal enhanced fluorescent protein (EGFP) vector suitable for generation of GFP fusion 
proteins for expression and localisation studies or expression of GFP in mammalian cells. 
Gene of interest to be inserted into the MCS and expressed as a fusion to the N-terminus of 
EGFP. CMV promoter, Kanr, Neor. Clontech. 
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pEGFP-C1: 
C-terminal enhanced fluorescent protein (EGFP) vector suitable for generation of GFP fusion 
proteins for expression and localisation studies or expression of GFP in mammalian cells. 
Gene of interest to be inserted into the MCS and expressed as a fusion to the C-terminus of 
EGFP. CMV promoter, Kanr, Neor. Clontech. 

pVR1255 HA: 
Empty vector used for cloning MHV-68 C-terminal deletion construct coding for a double HA-
tag at the C-terminus of the resulting recombinant protein. MHV-68 orf73 full length pVR1255 
HA (see below) was BamH1/Not1 digested to remove the insert. Subsequently, a ~100bp 
PCR fragment just representing 2 HA- tags (primers: 73HA Not1 F and 73HA BH1 R, 
template: MHV-68 orf73 full length pVR1255 HA) were Not1/BamH1 cloned into the vector 
backbone. This vector served as basis for in frame Not1 introduction of PCR fragments 
coding for MHV-68 orf73 deletion mutants. Kanr. 

RRV73myc: 
Full length RRV (isolate 17577) orf73 (1347bp) cloned into pcDNA3 9E10 leading to the 
expression of an N-terminally myc epitope- tagged orf73 protein. (provided by R. Searles). 

HVS73myc: 
Full length HVS (strain A11) orf73 (1224bp) cloned into pcDNA3 9E10 leading to the 
expression of an N-terminally myc epitope- tagged orf73 protein. (provided by A. 
Whitehouse, Leeds). 

MHV-68 orf73 expression constructs (figure 11): 

MHV-68 orf73 full length pVR1255 HA (MHV-68 orf73): 
Cloned from cDNA of murid herpesvirus 4 strain 68 infected cells using primers ORF73 
START and ORF73 STOP. Not1, BamH1 cloned into pVR1255. Represents the entire orf73 
(942bp) with a double HA tag at the C-terminus. Protein expression is under the control of a 
CMV promoter/enhancer element, Kanr. All MHV-68 orf73 mutant constructs for eukaryotic 
expression were based on PCR reactions with this plasmid as template (provided by 
J.Stewart). 

MHV-68 orf73 ∆262-314 pVR1255 HA (MHV-68 orf73 ∆262-314): 
Codes for aa1-261 of MHV-68 orf73 with a C-terminal double HA-tag. Fragment was PCR-
amplified using primers ORF73 START NOT1 and R261 NOT1 and Not1 inserted into 
pVR1255HA. Kanr. 

MHV-68 orf73 ∆253-314 pVR1255 HA (MHV-68 orf73 ∆253-314): 
Codes for aa1-252 of MHV-68 orf73 with a C-terminal double HA-tag. Fragment was PCR-
amplified using primers ORF73 START NOT1 and R252 NOT1 and Not1 inserted into 
pVR1255HA. Kanr. 
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MHV-68 orf73 ∆237-314 pVR1255 HA (MHV-68 orf73 ∆237-314): 
Codes for aa 1-236 of MHV-68 orf73 with a C-terminal double HA-tag. Fragment was PCR-
amplified using primers ORF73 START NOT1 and R236 NOT1 and Not1 inserted into 
pVR1255HA. Kanr. 

MHV-68 orf73 ∆225-314 pVR1255 HA (MHV-68 orf73 ∆225-314): 
Codes for aa 1-224 of MHV-68 orf73 with a C-terminal double HA-tag. Fragment was PCR-
amplified using primers ORF73 START NOT1 and R224 NOT1 and Not1 inserted into 
pVR1255HA. Kanr. 

MHV-68 orf73 full length expression constructs with mutations in the aa226-231 
QAKKLK region: 
These constructs were all generated by PCR reactions using a site- directed- mutagenesis 
kit from Stratagene and the indicated primers and templates. 

MHV-68 orf73 K228A pVR1255 HA (MHV-68 orf73 K228A): 
Lysine 228 was mutated to alanine using primers MHV K 228 A F/R with MHV-68 orf73 as 
template. 

MHV-68 orf73 228 4A 231 pVR1255 HA (MHV-68 orf73 228 4A 231): 
KKLK (aa 228-231) was mutated to AAAA using primers MHV 228 4A 231 F/R with MHV-68 
orf73 K228A as template. 

MHV-68 orf73 225 7A 231 pVR1255 HA (MHV-68 orf73 225 7A 231): 
KQAKKLK (aa225-231) was mutated to seven alanines using primers MHV 225 7A 231 F/R 
and MHV-68 orf73 228 4A 231 as template. 

MHV-68 orf73 226DAADLE231  pVR1255 HA (MHV-68 orf73 226DAADLE231): 
The basic region QAKKLK (aa226-231) was mutated to DAADLE using primers MHV 226 
DAADLE 231 F/R with MHV-68 orf73 K228A as template. 

MHV-68 orf73 225 5A 229 pVR1255 HA (MHV-68 orf73 225 5A 229): 
KQAKK (aa 225-229) was mutated to five alanines using primers MHV 225 5A 229 F/R with 
MHV-68 orf73 K228A as template. 

MHV-68 orf73 226 4A 229 pVR1255 HA (MHV-68 orf73 226 4A 229): 
QAKK (aa 226-229) was mutated to four alanines using primers MHV 226 4A 229 F/R with 
MHV-68 orf73 K228A as template. 
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Figure 11: Expression constructs of MHV-68 orf73 and MHV-68 orf73 mutants for eukaryotic 
and prokaryotic expression used in this study. See text (2.2.1 and 2.2.3) for further details. 

 

KSHV LANA expression constructs (figure 12): 

GSLANA: 
Expression construct of full length KSHV orf73 derived from BC-1 cells, a PEL cell line stably 
infected with KSHV, with a 6xhis-tag at the N-terminus of the protein. pcDNA3 backbone 
(Viejo-Borbolla,A. et al., 2003). 

LANA ∆1161-1162 (L30): 
Derived from GSLANA, C-terminal truncation mutant (Viejo-Borbolla,A. et al., 2003). 

LANA ∆1144-1162 (L29): 
Derived from GSLANA, C-terminal truncation mutant (Viejo-Borbolla,A. et al., 2003). 

LANA ∆1140-1162 (L28C): 
Derived from GSLANA, C-terminal truncation mutant (generated by A.Viejo-Borbolla). 
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LANA ∆1134-1162 (L28B): 
Derived from GSLANA, C-terminal truncation mutant (generated by A.Viejo-Borbolla). 

LANA ∆1129-1162 (L28): 
Derived from GSLANA, C-terminal truncation mutant (Viejo-Borbolla,A. et al., 2003). 

LANA ∆1108-1162 (L27): 
Derived from GSLANA, C-terminal truncation mutant (Viejo-Borbolla,A. et al., 2003). 

LANA ∆1056-1162 (L26): 
Derived from GSLANA, C-terminal truncation mutant (Viejo-Borbolla,A. et al., 2003). 

LANA ∆1007-1162 (L25): 
Derived from GSLANA, C-terminal truncation mutant (Viejo-Borbolla,A. et al., 2003). 

KSHV-LANA 
constructs in 
pcDNA3
(eucaryotic
expression)

GST-LANA
construct in  pGEX-1
(procaryotic expression)

GST-LANAC
hisGST

N C
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LANA ∆1144-1162 (L29) 
LANA ∆1140-1162 (L28C) 
LANA ∆1134-1162 (L28B) 
LANA ∆1129-1162 (L28)
LANA ∆1108-1162 (L27) 
LANA ∆1056-1162 (L26) 

LANA aa 2-1162 (GSLANA)

LANA ∆1007-1162 (L25) 

 

Figure 12: KSHV LANA C-terminal deletion constructs and the GST-LANAC construct used in 
this study. See text (2.2.1 and 2.2.3) for further details. 

 

BET/fsh- protein expression constructs (figure 13): 

BRD2/RING3 full length (aa2-801) pcDNA3 9E10: 
Expression construct for full length human BRD2/RING3 with an N-terminal myc epitope tag. 
Cloned from cDNA of HEK 293 cells by nested PCR. BamH1/Xho1 insertion into pcDNA3 
9E10 (generated by R.König). 

BRD2/RING3 aa439-801 pcDNA3 9E10: 
Expression construct for RING3 fragment starting downstream of bromodomain 2 at aa 439 
with N-terminal myc epitope tag. Generated by PCR from BRD2/RING3 full length (aa2-801) 
pcDNA3 9E10 using primers R3aa439 BamF and R3sibR and BamH1/Xho1 insertion into 
pcDNA3 9E10. 
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BRD2/RING3 aa640-801 pcDNA3 9E10: 
Expression construct for RING3 fragment starting at the N-terminus of the ET domain at 
aa640 with N-terminal myc epitope tag. Generated by PCR from BRD2/RING3 full length 
(aa2-801) pcDNA3 9E10 using primers R3NET BamF and R3sibR and BamH1/Xho1 
insertion into pcDNA3 9E10. 

BRD2/RING3 full length (aa2-801) EGFPC1: 
Codes for full length RING3 fused with its N-terminus to EGFP, generated by PCR from the 
template BRD2/RING3 full length (aa2-801) pcDNA3 9E10 with primers RING3 GFPC1 FOR 
and RING3 GFPC1 REV and Bgl2/ Sma1 insertion into EGFPC1. 

BRD2/RING3 aa640-801 EGFPC1: 
Codes for RING3 initiating at the N-terminus of the ET domain fused with its N-terminus to 
EGFP, generated by PCR from the template BRD2/RING3 full length (aa2-801) pcDNA3 
9E10 with primers RING3 NETF and GS23 and Bgl2/EcoR1 insertion into EGFPC1. 

BRD2/RING3 full length (aa2-801) EGFPN2: 
Codes for full length BRD2/RING3 fused with its C-terminus to EGFP, generated by PCR 
from the template BRD2/RING3 full length (aa2-801) pcDNA3 9E10 with primers RING3 
GFPN2 FOR and RING3 GFPN2 REV and Xho1/ Sma1 insertion into EGFPN2. 

BRD3/ORFX aa569-726 EGFPC1: 
Codes for ORFX fragment beginning at the N-terminus of the ET domain fused with its N-
terminus to EGFP, generated by PCR from the template GST-ORFX with primers ORFX 
NETF and ORFX R and Bgl2/EcoR1 insertion into EGFPC1. 

BRD4/HUNK full length (aa2-722) pcDNA3 9E10: 
Expression construct for full length human HUNK with an N-terminal myc epitope tag. 
Generated from cDNA of Raji cells by nested PCR using primers: HUNKY FOR B and 
HUNKY REV X for the second round PCR and subsequent BamH1/Xho1 insertion into 
pcDNA3 9E10 (see also chapter 3.2.1). 

BRD4/HUNK aa444-722 pcDNA3 9E10: 
Expression construct for HUNK initiating downstream of bromodomain 2 at aa 444 with N-
terminal myc epitope tag. Generated by PCR from BRD4/HUNK full length (aa2-722) 
pcDNA3 9E10 using primers HUNKNET BamF and HUNKY REV X and BamH1/Xho1 
insertion into pcDNA3 9E10. 

BRD4/HUNK aa608-722 pcDNA3 9E10: 
Expression construct for HUNK initiating at the N-terminus of the ET domain at aa608 with N-
terminal myc epitope tag. Generated by PCR from BRD4/HUNK full length (aa2-722) 
pcDNA3 9E10 using primers HUNKaa444 BamF and HUNKY REV X and BamH1/Xho1 
insertion into pcDNA3 9E10. 
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BRD4/HUNK full length (aa2-722) EGFPC1: 
Codes for full length HUNK fused with its N-terminus to EGFP, generated by PCR from the 
template BRD4/HUNK full length (aa2-722) pcDNA3 9E10 with primers HUNK GFPC1 FOR 
and HUNK GFPC1 REV and Bgl2/ Sma1 insertion into EGFPC1. 

BRD4/HUNK aa608-722 EGFPC1: 
Codes for HUNK initiating at the N-terminus of the ET domain fused with its N-terminus to 
EGFP, generated by PCR from the template BRD4/HUNK full length (aa2-722) pcDNA3 
9E10 with primers HUNK NETF and HUNK R and Bgl2/Sal1 insertion into EGFPC1. 

BRD4/HUNK full length (aa2-722) EGFPN2: 
Codes for full length BRD4/HUNK fused with its C-terminus to EGFP, generated by PCR 
from the template BRD4/HUNK full length (aa2-722) pcDNA3 9E10 with primers HUNK 
GFPN2 FOR and HUNK GFPN2 REV and Xho1/Sma1 insertion into EGFPN2. 

BET- protein
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expression)

BET- protein
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9E10
(eucaryotic
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HUNK aa608-722 
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GST-HUNK (aa607-722) 

GST-RING3 B (aa601-801)
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ORFX aa569-726

ETBR1 BR2

 
Figure 13: Expression constructs of BET proteins BRD2/RING3, BRD4/HUNK and BRD3/ORFX 
used in this study. BR1/BR2 (bromodomain 1/2) depicted in green. The ET (extra terminal) domains 
depicted in red encompass 64 aa: aa 640-703 in BRD2/RING3, aa608-671 in BRD4/HUNK and aa 
569-633 in BRD3/ORFX. See text (2.2.1 and 2.2.3) for further details. 
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2.2.2 Reporter vectors 

pGL2basic: 
Luciferase reporter vector (Promega). Lacks eukaryotic promoter and enhancer sequences. 
Expression of luciferase activity depends on insertion and orientation of a functional promoter 
upstream of the luciferase coding region. 

pGL3basic: 
Luciferase reporter vector (Promega). Lacks eukaryotic promoter and enhancer sequences. 
Expression of luciferase activity depends on insertion and orientation of a functional promoter 
upstream of the luciferase coding region. Similar to pGL2basic. Compared to pGL2basic 
higher luciferase expression is obtained due to a lack of an SV40 small T-intron downstream 
of the luciferase gene. 

MHV 1.2kbTR: 
MHV-68 ~1.2kb TR region (~one Pst1 fragment) in pGL3basic. This vector was cloned on 
the basis of pPST1.2 (pPST1.2 provided by J.Stewart, backbone pUC13) which contains the 
1162 bp Pst1 MHV 68 genomic region bp117641 to bp118803 (gene bank accession number 
AF105037). pPST1,2 was digested Hind3/Sma1 and the fragment cloned into pGL3basic. 
This resulted in the 1119bp MHV 68 genomic region bp117684 to bp118803 upstream of the 
luciferase gene of pGL3basic. The 1119 bp fragment is oriented towards the left hand side of 
the MHV-68 long unique region. 

cyclinD1 promoter (mouse): 
Murine cyclinD1 promoter region encompassing 7.9 kbp upstream of the luciferase gene in 
pGL2b. Provided by M. Eilers (Muller,H. et al., 1994). 

cyclinD2 promoter (mouse): 
Murine cyclinD2 promoter region encompassing 2.3 kbp upstream of the luciferase gene in 
pGL2b. Provided by M. Eilers (Bouchard,C. et al., 1999). 

cyclinE promoter (human): 
Human cyclinE promoter region upstream of the luciferase gene in pGL2b. Provided by R. 
Weinberg (Geng,Y. et al., 1996). 

EBV Cp2.0: 
The construct encompasses 2.0 kb of the Epstein Barr Virus (EBV) C promoter upstream of 
the transcriptional start site which contains the EBNA-2 (Epstein Barr Nuclear Antigen 2) 
response element but lacking the EBV origin of replication upstream of the luciferase gene in 
pGL2b (constructed by K.Nathan in our group). 
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Mercury Pathway Profiling Vectors (Clontech): 
The following Mercury Pathway Profiling Vectors are a family of luciferase reporter vectors 
containing a specific response element upstream of the TAL promoter (TATA-like promoter) 
of herpes simplex virus thymidine kinase (HSV-TK) with the exception of pTAL (which serves 
as negative control). The specific response element together with the TAL promoter regulate 
transcription of the reporter gene luciferase. 

pTAL: 
Negative control vector containing the TAL promoter upstream of the luciferase gene. 

pAP1: 
Contains one activator protein 1 (AP1) responsive element upstream of the TAL promoter in 
pTAL. 

pCRE: 
Contains a cAMP responsive element (CRE) upstream of the TAL promoter in pTAL. 

pE2F: 
Contains an E2F DNA binding element upstream of the TAL promoter in pTAL. 

pISRE: 
Contains an interferon-stimulated response element (ISRE) upstream of the TAL promoter in 
pTAL. 

pSRE: 
Contains a serum-response element (SRE) upstream of the TAL promoter in pTAL. 

2.2.3 Prokaryotic expression vectors 

pGEM-T easy: 
System for cloning of PCR products with single 3´ thymidine overhangs at the insertion site 
(Promega). Contains T7 and SP6 RNA polymerase initiation sites flanking a multiple cloning 
region within the coding region of β–galactosidase. 

pGEX-1, pGEX-2T: 
GST fusion vectors (Amersham Pharmacia). Contain a tac promoter for chemically inducible 
expression (IPTG) and an internal lacIq gene. Contain a thrombin cleavage site at the link 
between GST (glutathione S transferase) and the fusion partner that may lead under certain 
conditions to the expression of the fusion protein and GST alone. 

GST-LANAC: 
GST fused to the C-terminal domain of KSHV LANA aa 951-1162 (636bp, 212aa) in pGEX-1 
(Platt,G.M. et al., 1999). 
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GST-RRV orf73: 
GST fused to the C-terminal domain of RRV orf73 (474bp,158aa). PCR performed using 
primers RRV73for and RRV73 rev and pspv.73 orf73 (Wong,S.W. et al., 1999) as template. 
Subsequent BamH1/EcoR1 insertion into pGEX-1 (generated by K.Nathan). 

GST-HVS orf73: 
GST fused to the C-terminal domain of HVS orf73 (435bp,145aa). PCR performed using 
primers HVSC73.FOR and HVSC73.REV. Subsequent BamH1/EcoR1 insertion into pGEX-1 
(generated by K.Nathan). 

GST-MHV-68 orf73 fusion proteins (figure 11): 
All MHV-68 orf73 constructs are based on PCR reactions using MHV-68 orf73 full length 
pVR1255 HA (MHV-68 orf73) as template and the indicated primers. All PCR products were 
BamH1/ EcoR1 cloned into pGEX-2T. The resulting recombinant proteins are GST- fusion 
proteins with GST fused to the N-terminus of the orf73 fragment. 

GST-MHV-68 orf73 (aa166-314): 
C-terminal domain of MHV-68 orf73 (aa 166-314) cloned into pGEX-2T leading to expression 
of a GST fusion protein (generated by K. Nathan). 

GST-MHV-68 orf73 ∆262-314 (aa166-261): 
GST fused to aa166-261 of MHV-68 orf73, primers: MHV F166 and MHV R261. 

GST-MHV-68 orf73 ∆257-314 (aa166-256): 
GST fused to aa166-256 of MHV-68 orf73, primers: MHV F166 and MHV R256. 

GST-MHV-68 orf73 ∆253-314 (aa166-252): 
GST fused to aa166-252 of MHV-68 orf73, primers: MHV F166 and MHV R252. 

GST-MHV-68 orf73 ∆247-314 (aa166-248): 
GST fused to aa166-247 of MHV-68 orf73, primers: MHV F166 and MHV R247. 

GST-MHV-68 orf73 ∆242-314 (aa166-241): 
GST fused to aa166-241 of MHV-68 orf73, primers: MHV F166 and MHV R241. 

GST-MHV-68 orf73 ∆212-314 (aa166-211): 
GST fused to aa166-211 of MHV-68 orf73, primers: MHV F166 and MHV R211. 

GST-MHV-68 orf73 aa2-314: 
GST fused to aa2-314 of MHV-68 orf73, primers: MHV F2 and MHV R314. 

GST-MHV-68 orf73 aa2-174: 
GST fused to aa166-174 of MHV-68 orf73, primers: MHV F2 and MHV R174. 
 
 

 63



 
2.Material and Methods 

GST-BET/fsh fusion proteins (figure 13): 
All GST-BET/fsh constructs are in the pGEX-1 backbone. 

GST-RING3 B: 
GST fused to aa 601-801 of RING3 (Platt,G.M. et al., 1999). 

GST-RING3 C: 
GST fused to aa 539-801 of RING3 (Platt,G.M. et al., 1999). 

GST-RING3 D: 
GST fused to aa 639-801 of RING3 (Platt,G.M. et al., 1999). 

GST-RING3 E: 
GST fused to aa 539-634 of RING3 (Platt,G.M. et al., 1999). 

GST-RING3 F: 
GST fused to aa 687-801 of RING3 (Platt,G.M. et al., 1999). 

GST-RING3 G: 
GST fused to aa 741-801 of RING3 (Platt,G.M. et al., 1999). 

GST-HUNK: 
GST fused to the C-terminus of HUNK (aa 607-722). RT-PCR performed on HeLa cell RNA 
using primers HUNK F and HUNK R (generated by K. Nathan). 

GST-ORFX: 
GST fused to the C-terminus of ORFX (aa 569-726). PCR on a leukocyte cDNA library using 
primers ORFX F and ORFX R (generated by K. Nathan). 

2.2.4 TR containing plasmids 

KSHV TR in pBLUESRIPT: 
Contains one Not1 802bp TR fragment of KSHV in pBLUESRIPT. 

pPST1.2 (MHV-68 1.2kb TR:) 
Contains one Pst1 1162bp fragment of MHV-68 corresponding to the genomic region 
bp117641 to bp118803 (provided by J.Stewart, Liverpool). 
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2.2.5 Primers 
Table 1 summarises the primers being used for reverse transcriptase reactions and PCR. 
Name 5´-3´ sequence 
MHV 73 BAC F AGAGGATCCACCATGGACTACAAGGACGACGACGACAGGCCCACATCCCCACCG

MHV 73 BAC R AGACTCGAGGATGTCTGAGACCCTTGTC 

MHV F 2 ACAGGATCCCCCACATCCCCACCGACTAC 

MHV F 166 GAGGGATCCACACATTTTAAGTCAGCTG 

MHV R 174 TGTGAATTCTTAAAACATAACAGCTGACTTAAAATG 

MHV R 211 TGTGAATTCCTGTTGTGTTGTGCCTG 

MHV R 241 GCTGAATTCGTATTTTTCACAGTAGGCCAAG 

MHV R 247 GACGAATTCTTAACCTTCTACGCTGCTGTG 

MHV R 252 ATAGAATTCTTATGCCTTGACTATAGTACC 

MHV R 256 TGGGAATTCTTAAAAATAAGGCTTTGCCTTGAC 

MHV R 261 CTCGAATTCGGGCTCTGGTAAGGGAA 

MHV R 314 AGAGAATTCTTATGTCTGAGACCCTTGTC 

MHV F HA aa2 
ATGCGGCCGCCGCCGCCACCATGTACCCATACGACGTCCCAGACTACGCTTACC

CATACGACGTCCCAGACTACGCTTACCCATACGACGTCCCAGACTACGCTCCCA

CATCCCCACCGACTAC 

MHV F HA aa166 
ATGCGGCCGCCGCCGCCACCATGTACCCATACGACGTCCCAGACTACGCTTACC

CATACGACGTCCCAGACTACGCTTACCCATACGACGTCCCAGACTACGCTACAC

ATTTTAAGTCAGCTG 

MHV R 174 BAMH1 TGTGGATCCTTAAAACATAACAGCTGACTTAAAATG 

MHV R 211 BAMH1 TGTGGATCCTTACTGTTGTGTTGTGCCTG 

MHV R 241 BAMH1 TGTGGATCCTTAGTATTTTTCACAGTAGGCCAAG 

MHV R 247 BAMH1 TGTGGATCCTTAACCTTCTACGCTGCTGTG 

MHV R 252 BAMH1 TGTGGATCCTTATGCCTTGACTATAGTACC 

MHV R 256 BAMH1 TGTGGATCCTTAAAAATAAGGCTTTGCCTTGAC 

MHV R 261 BAMH1 TGTGGATCCTTAGGGCTCTGGTAAGGGAA 

MHV R 314 BAMH1 TGTGGATCCTTATGTCTGAGACCCTTGTC 

73HA BH1 R AGAAGTAGATCTGGATCCTTAAGC 

73HA Not1 F ATGCGGCCGCGGGTCTCAGACATACCC 

ORF73 Start Not1 ATGCGGCCGCCGCCGCCACCATG 

R261 Not1 ATGCGGCCGCGGGGCTCTGGTAAGGGA 

R252 Not1 ATGCGGCCGCGTGCCTTGACTATAGTACCTTC 

R236 Not1 ATGCGGCCGCGGGCCAAGACAACCCTTTTTAG 

R224 Not1 ATGCGGCCGCGCTTGTCTTCAACAAATGAAAG 

MHV K 228 A F GACAAGAAACAGGCCGCAAAACTAAAAAGGGTTGTCTTGGCC 

MHV K 228 A R GGCCAAGACAACCCTTTTTAGTTTTGCGGCCTGTTTCTTGTC 

MHV 228 4A 231 F GAAGACAAGAAACAGGCCGCAGCAGCAGCAAGGGTTGTCTTGGCC 

MHV 228 4A 231 R GGCCAAGACAACCCTTGCTGCTGCTGCGGCCTGTTTCTTGTCTTC 

MHV 225 7A 231 F GTTGAAGACAAGGCAGCGGCAGCAGCAGCAGCAAGGGTTGTCTTG 

MHV 225 7A 231 R CAAGACAACCCTTGCTGCTGCTGCTGCCGCTGCCTTGTCTTCAAC 

MHV 226 DAADLE 231 F GTTGAAGACAAGAAAGACGCCGCAGACCTAGAAAGGGTTGTCTTG 

MHV 226 DAADLE 231 R CAAGACAACCCTTTCTAGGTCTGCGGCGTCTTTCTTGTCTTCAAC 

MHV 225 5A 229 F GTTGAAGACAAGGCAGCGGCCGCAGCACTAAAAAGGGTTGTCTTG 

MHV 225 5A 229 R CAAGACAACCCTTTTTAGTGCTGCGGCCGCTGCCTTGTCTTCAAC 

 65



 
2.Material and Methods 

MHV 226 4A 229 F GTTGAAGACAAGAAAGCGGCCGCAGCACTAAAAAGGGTTGTCTTG 

MHV 226 4A 229 R CAAGACAACCCTTTTTAGTGCTGCGGCCGCTTTCTTGTCTTCAAC 

HUNK BAC F 
AGAGGATCCATTATGGAGCAGAAGCTGATCTCCGAGGAGGACCTG 

TCTGCGGAGAGCGGC 

HUNK BAC R AGACTCGAGGCAGGACCTGTTTCGG 

HUNKY FOR B AGAGGATCCTCTGCGGAGAGCGGC 

HUNKY REV X AGACTCGAGTTAGGCAGGACCTGTTTC 

HUNK F GAGGGATCCGTGCAAGCCTATGTCCTAT 

HUNK R GAGGAATTCTTAGGCAGGACCTGTTCC 

HUNKY F NEST CCTGGTGAAGAATGTGATGG 

HUNKY R NEST GGAATCTGGAACTGAAGACC 

HUNK C F N CCACGTATGAGTCGGAGGAAGAG 

HUNK C F CAGCTCAGCTTGGACATCAACAAG 

HUNK GFPN2 FOR AGACTCGAGATGTCTGCGGAGAGCGGCCCTG 

HUNK GFPN2 REV AGACCCGGGGGCAGGACCTGTTTCGGAG 

HUNK GFPC1 FOR ACTAGATCTTCTGCGGAGAGCGGCCCTG 

HUNK GFPC1 REV AGACCCGGGTTAGGCAGGACCTGTTTCGG 

HUNK NET F TAGAGATCTAAGCCTATGTCCTATGAGG 

HUNKaa444 BamF AGAGGATCCCGCAAGCTCCAGGATG 

HUNKNET BamF AGAGGATCCAAGCCTATGTCCTATGAG 

RING3 GFPN2 FOR AGACTCGAGATGCTGCAAAACGTGACTCCCCAC 

RING3 GFPN2 REV AGACCCGGGGCCTGAGTCTGAATCACTG 

RING3 GFPC1 FOR ACTAGATCTCTGCAAAACGTGACTCCCCAC 

RING3 GFPC1 REV AGACCCGGGATTAGCCTGAGTCTGAATCACTG 

RING NET F AGAAGATCTAGGCCCATGAGTTACGATG 

GS 23 CTCGAATCCTTAGCCTGAGTCTGAATCACT 

R3aa439 BamF AGAGGATCCCGAAAGCTACAGGATGTATTTG 

R3NET BamF AGAGGATCCAGGCCCATGAGTTACGATG 

ORFX NET F AGAAGATCTGGCCTGCCCATGAGC 

ORFX F GAGGGATCCGGGCCTGCCCATGAGCTAC 

ORFX R GAGGAATTCTCATTCTGAGTCACTGCT 

MCAPCNESTF CCAAGTCATCCAGCGACAG 

MCAPYRNEST AAATCAAAGTCAGAAGCCACC 

MCAPC GCTCGGGAGAAAGAGGAGC 

MCAPYREVX AGACTCGAGTCAGAAAAGATTTTCTTCAAA 

MCAP R GGTGCGCTCAGAAAAGATTTTCTTC 

MCAP R RT GGAAAGTCAATGTTTTGCCAG 

RRV73for GAGGGATCCACCGGCGCGCCCCCCG 

RRV73rev GAGGGATTCTTAGTGCTGAATTGGCAGTC 

HVSC73.FOR GCGGATCCAGGAGGAGTACCACAATTG 

HVSC73.REV CGAATTCTCATTCTATGGGCAAGC 

Table 1: Primers used for RT-PCR and PCR. The primer sequences are shown in 5´ to 3´ 
direction. Underlined nucleotides code for mutated amino acids compared to the templates. 
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2.2.6 Recombinant baculoviruses 

BRD2/Ring3 baculovirus: 
Recombinant baculovirus for the expression of BRD2/RING3 (2,262 bp, aa 49-801), C-
terminally 6xhis tagged, generated by reverse transcription-PCR with HEK 293 cell RNA 
(Platt,G.M. et al., 1999). 

Retinoblastoma (RB) baculovirus: 
Recombinant baculovirus for the expression of the full length retinoblastoma protein (RB) (aa 
1-928) (provided by S.Mittnacht). 

MHV-68 orf73 baculovirus: 
Recombinant baculovirus for the expression of full length MHV-68 orf73 (aa 2-314) protein 
with an N-terminal flag-epitope tag and a C-terminal 6xhis tag. The protein expression is 
under the control of the strong baculoviral polyhedrin promoter. Generated from pENTR1A 
MHV-68 orf73 wt by in vitro recombination with BaculoDirect C-Term Linear DNA (see 2.3.5). 
pENTR1A MHV-68 orf73 wt was generated by a PCR reaction with the template MHV-68 
orf73 full length pVR1255 HA (MHV-68 orf73) and primers MHV 73 BACF and MHV 73 
BACR. 

BRD4/HUNK baculovirus: 
Recombinant baculovirus for the expression of full length BRD4/HUNK (aa 2-722) protein 
with an N-terminal myc-epitope tag and a C-terminal 6xhis tag. The protein expression is 
under the control of the strong baculoviral polyhedrin promoter. Generated from pENTR1A 
BRD4/HUNK by in vitro recombination with BaculoDirect C-Term Linear DNA (see 2.3.5). 
pENTR1A BRD4/HUNK was generated by a PCR reaction with the template BRD4/HUNK 
full length (aa2-722) pcDNA3 9E10 and primers HUNK BAC F and HUNK BAC R. 

2.3 Eukaryotic cell culture methods 

2.3.1 General components for cell culture 
DMEM (Gibco)     +0.11 g/l Sodiumpyruvate, with Pyridoxine 
MEM (Biochrom)     +Eagle´s BSS, NEAA, L-Glutamine, 2.2 g/l  
       NaHCO3

RPMI 1640 (Gibco)    + L-Glutamine 
RPMI 1640 (Cytogen)    + Glutamine, Hepes 
Grace´s Insect medium (Gibco)  + L-amino acids 
Penicillin, Streptomycin (Cytogen ) 10.000 U/ml, 10 mg/ml 
L-Glutamine (Cytogen)    200 mM 
Pyruvate (Gibco)     100 mM 
β-mercaptoethanol (Gibco)   50 mM 
Trypsin/EDTA (Cytogen)   0,05/0,02% in PBS 
FCS (Gibco)     heat-inactivated for 30 min at 56°C 
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G418 (Sigma)     67 mg/ml stock 
 
PBS (1x)      137 mM NaCl 
       2.7 mM KCl 
       6.6 mM Na2HPO4x 2H2O 
       1.5 mM KH2PO4

2.3.2 Eukaryotic cell lines 

Adherent cell lines: 

HEK 293: 
Human embryonic kidney epithelial cell line transformed with the IE region of Adenovirus 
Type 5 (Ad 5) (ACC 305 from the German Collection of Microorganisms and Cell Cultures). 

HEK 293-T: 
The HEK 293-T cell line is a highly transfectable derivative of the 293 cell line, into which the 
temperature sensitive gene for SV40 T-antigen was inserted. Expresses the SV40 T antigen. 
(ATCC CRL-11268). 

Cos7: 
Kidney fibroblasts, isolated from the African green monkey (Cercopithecus aethiops). SV40 
transformed, expresses the SV40 T antigen (ATCC CRL-1651). Derived from the CV-1 cell 
line (ATCC CCL-70) by transformation with an origin defective mutant of SV40 which codes 
for wildtype T antigen. 

Insect cells SF9: 
Cells isolated from Spodoptera frugiperda (ATCC CRL-1711). 

PEL cell lines: 

BCBL-1: 
Body cavity lymphoma cell line, established in vitro from a malignant effusion. KSHV+, EBV- 
(Renne,R. et al., 1996). 

BCP-1: 
Established from peripheral-blood mononuclear cells of a HIV seronegative patient with PEL 
who previously had KS. KSHV+, EBV-, HIV- (Boshoff,C. et al., 1998). 

CroAP-5: 
Human B-cell lymphoma cells, established in 1998 from the pleural effusion of a 35-year-old 
HIV+ man with PEL and a sarcoma. KSHV+, EBV+, HIV- (ACC 215) (Carbone,A. et al., 1998). 

Jsc-1: 
Established from the ascites fluid of a HIV+ patient. Low level of EBV latent gene expression. 
Lytic and latent KSHV gene expression. Produces more infectious virus than BCP-1 (see 
above) upon induction with TPA (Cannon,J.S. et al., 2000). 
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B-cell lines: 

Raji: 
B-lymphocytes established from a Burkitt´s lymphoma. KSHV-, EBV+ (ATCC CCL-86). 

2.3.3 Cell culture conditions 
All cell culture media contained Penicillin (50 U /ml), Streptomycin (50 µg/ml) and glutamine 
(300 µg/ml). 

 
Cos7, 293, 293-T, HeLa, 3T3:  DMEM with 10% (v/v) FCS 
B-cells, PEL cells:    RPMI 1640 with 10% (v/v) FCS 
BCP-1 and CroAP-5 cells:   RPMI 1640 with 20% (v/v) FCS 
SF9 insect cells:     Grace´s insect medium with 10% (v/v) FCS 

 
Cells were kept in humified air with 5% CO2 at 37°C. Insect cells were cultured at 27°C and 
split at 100% confluency. All other cell lines were split at 80% confluency. 

2.3.4 Cryoconservation 
For conservation, cells were resuspended in 1 ml of the appropriate cell culture medium with 
20% FCS and 10 % DMSO, transferred in a cryo tube and frozen in a polystyrene box at -
20°C. After 4 h, the cells were transferred to -80°C for 24 h and subsequently stored in liquid 
nitrogen. PEL cell lines were frozen in FCS containing 10% DMSO. For recovery, cells were 
thawn for 10 min at 37°C, washed with 10 ml medium and transferred to a tissue culture 
flask. 

2.3.5 Generation of recombinant baculoviruses and the baculoviral expression 
system 
Generation of recombinant baculoviruses: Both MHV-68 orf73 and BRD4/HUNK recombinant 
baculoviruses were generated for the expression of epitope-tagged full length proteins using 
the BaculoDirect baculovirus expression system (Invitrogen) following the manufacturer’s 
instructions. Briefly, so called entry vectors containing the MHV-68 orf73 gene or the 
BRD4/HUNK gene were generated (see 2.5.6). These entry vectors contain recombination 
sites for the in vitro recombination with linear baculoviral DNA. After recombination, the DNA 
was transfected into SF9 insect cells to allow replication of the recombinant baculoviral DNA 
and the production of recombinant baculoviral progeny. After several rounds of infection, high 
titres of infectious baculovirus was present in the supernatants. 
 
Production of infectious baculoviral supernantants and baculoviral expression system: For 
production of baculoviral supernatants, insect cells cultured in suspension at 27°C were 
infected at a cell density of 1.5 x 106 cells/ml with baculoviral supernatants containing 
infectious baculovirus directly added to the cells (1:20 dilution). When a cytopathic effect was 
observed (usually three days post infection), the medium was collected, cleared from cells by 
centrifugation at 3.000 x g and stored at 4°C. Cell pellets were washed in cold PBS and 

 69



 
2.Material and Methods 

stored at -80°C or lysed directly as described in 2.6.1 and used for GST pull down assays 
(2.6.8) or for peptide arrays (2.6.6) either as raw lysates or after purification (2.6.7) of the 
protein. 

2.3.6 Transient transfection of plasmid DNA 
HEK 293, HEK 293-T, HeLa, NIH 3T3, and cos7 cells were transfected using the Fugene 6 
transfection reagent (Roche) according to the manufacturer´s instructions. Fugene 6 is a 
lipid-based transfection reagent, and usually a transfection efficiency of ~40% was reached. 
The DNA:Fugene6 ratio was kept constant at 1µg:3µl throughout all experiments. Usually, 
cells were plated one day prior transfection and were 50% confluent at the day of 
transfection. For reporter assays using the SRE- reporter plasmid, the medium was replaced 
with fresh medium containing 1% FCS prior addition of the DNA-Fugene 6 mix. 
Total amounts of transfected DNA were adjusted using either salmon testis DNA (Sigma) or 
empty vector DNA depending on the experiment. 

2.3.7 Transient transfection of small inhibitory RNA (siRNA) 
HEK 293 were transfected with different siRNA duplexes (see 2.1.2) using Lipofectamin2000 
(Invitrogen) following the manufacturer’s instructions with the exception of the ratio 
siRNA:transfection reagent. Transfection was performed in medium without antibiotics. 
Amounts are given for one well of a 6-well plate. 100 or 160 pmol of siRNA depending on the 
experiment were mixed with 250 µl of serum free OPTI-MEM medium (mixture A), in parallel 
4 or 6 µl Lipofectamin2000 were mixed with 250 µl of serum free OPTI-MEM medium 
(mixture B), respectively.  Mixtures A and B were fused, gently mixed, incubated at room 
temperature for 20 min and added to the wells dropwise. The medium was changed 6 h post 
transfection. SiRNA transfections generally were performed 6 h prior transfection of 
expression plasmids or of an expression plasmid/ TR-containing plasmid mixture in viral 
replication assays (2.6.11). 

2.4 Prokaryotic culture methods 

2.4.1 Culture media and growth conditions 
LB-medium: 
1% (w/v)  Trypton (Becton Dickinson) 
0.5% (w/v)  Yeast extract (Difco) 
1% (w/v)  NaCl 
pH 7.0 with NaOH 
 
Agar-plates: 
LB-Medium with 1.5% (w/v) Bacto-Agar (Becton Dickinson) 
 
Overnight cultures were usually grown in LB medium at 37°C and 220 rpm. The medium was 
inoculated with bacteria kept on agar plates at 4°C or from cryoconserved cultures (2.4.3). 
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The medium/agar plates, depending on the properties of the plasmid being introduced, were 
supplemented with a final concentration of one or several of the following: 
   Ampicillin    100 µg/ml 
   Kanamycin    25 µg/ml 
   Chloramphenicol   20 µg/ml 
   IPTG     0.5 mM 
   X-Gal     100 mM 

2.4.2 Bacterial strains 
E. coli TG-2: 
E.coli TG-2 were transformed with all except for the plasmids of the pGEX family. supE 
hsd∆5 thi ∆(lac-proAB) ∆(srl-recA)306:Tn10(tetr)F´[traD36 proAB+ lacIq lacZ∆M15]. 

E. coli M15: 
E.coli M15 were transformed with expression vectors of the pGEX family and used for 
expression of recombinant GST fusion proteins. Cells contain pRep4, a plasmid encoding the 
lac repressor in trans, to ensure tightly regulated expression. pRep4 codes for KanR. 

2.4.3 Cryoconservation of bacteria 
500 µl of overnight culture were added to 500 µl of glycerol (87%) in a cryo tube and stored 
at -80°C. 

2.4.4 Preparation of competent cells and transformation 
Competent bacteria were prepared using the rubidium chloride method. An overnight culture 
was diluted 1:100 in LB medium and grown at 37°C and 200 rpm to an OD600 between 0.6 
and 0.8. From now on, all steps were performed at 4°C and buffers were ice cold. Cells were 
kept on ice for 15 min, centrifuged at 1.000 x g for 10 min and cell pellets were resuspended 
gently and thoroughly in 20 ml RF1 buffer per 50 ml of starting culture. After a 15 min 
incubation on ice, cells were centrifuged as above, resuspended in 2 ml RF2 per 50 ml of 
starting culture and aliquoted à 200 µl. After 15 min incubation on ice, cells were competent 
and were used for transformation or stored at -80°C. 
For each transformation, 200 µl of competent bacteria were mixed with DNA (e.g. 100 ng 
plasmid DNA) in a 1.5 ml tube, incubated on ice for 1 h and subsequently heat shocked for 
45 sec at 42°C and put on ice for 5 min. After addition of 800 µl LB medium prewarmed to 
42°C and an incubation period of 45 min at 37°C and 200 rpm, 100 µl of cell suspension was 
plated onto LB agar plates containing the appropiate antibiotic for selection. Plates were 
incubated overnight at 37°C. 

 
RF1:  100 mM RbCl2    RF2:  10 mM MOPS 
  30 mM K acetate      75 mM CaCl2
  10 mM CaCl2      10 mM RbCl2
  50 mM MnCl2
  15 % (v/v) glycerol     15% (v/v) glycerol 
  pH 5.8 with acetic acid     pH 6.5 with KOH 
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2.5 Molecular biological methods 

2.5.1 Isolation of plasmid DNA 
Plasmid DNA was isolated with the QIAprep Spin Miniprep Kit from Qiagen or with the 
Nucleobond AX Maxiprep Kit from Machery & Nagel according to the manufacturer´s 
instructions. 

2.5.2 Enzymatic modification of DNA 
Digestion of DNA with specific restriction endonucleases, dephosphorylation with alkaline 
phosphatase and ligations were performed with enzymes and the suitable provided buffers 
from Roche, Boehringer Mannheim, New England Biolabs or Life Sciences according to the 
manufacturer´s instructions. 

2.5.3 Amplification of DNA 
Standard PCR reactions were carried out in a final volume of 50 µl with the following 
components: 200 ng of template DNA, two specific primers (5 pmoles each), 250 µM of each 
dNTP, 3 mM MgCl2, 1x polymerase buffer, 5 U Taq/Pfu polymerase and H2O in a 0.2 ml PCR 
tube. DNA fragments were amplified with the appropriate oligonucleotide primers listed in 
table 2 in a Perkin Elmer GeneAmp PCR System 2400 thermocycler. The length of 
denaturation, annealing and elongation were dependent on the characteristics of the DNA 
template (e.g. genomic DNA or plasmid DNA, GC-content of the fragment), the primers (the 
optimal annealing temperature was usually investigated experimentally starting with a value 
calculated according to the formula 4x (G/C) + 2x (A/T) - 5) and the length of the amplified 
PCR product. 

2.5.4 Preparation of RNA and RT-PCR 
Total RNA was prepared with the RNeasy Mini Kit from Qiagen according to the 
manufacturer´s instructions. DNase digestion was carried out during the RNA purification 
step using the RNase-free DNase set from Qiagen. To ensure purity and RNA concentration, 
it was analysed spectrometrically and an aliquot was run on a 1% agarosegel. 
For reverse transcription reactions, the Expand reverse transcriptase from Roche was used. 
Expand reverse transcriptase is a RNA directed DNA polymerase and is a genetically 
engineered version of the moloney murine leucaemia virus reverse transcriptase. This 
enzyme synthesizes a complementary cDNA strand (cDNA) with mRNA or single-strand 
DNA as substrate in the presence of an oligo (dT) or a specific primer. 
First-strand cDNA synthesis: 1-1.5 µg of total RNA and 10 picomoles specific reverse primer 
were pipetted in a 0.2 ml PCR tube and filled up with H2O to give a final volume of 11.5 µl. 
RNA and primer were denatured at 65°C for 10 min in a thermocycler, immediately cooled on 
ice and the following components were added to give a final volume of 20 µl: 1 x Expand 
buffer, 10 mM DTT, 2.5 mM dNTPs, 20 Units RNase Inhibitor and 50 Units Expand reverse 
transcriptase. The tubes were incubated at 42°C for 1 h in a thermocycler and stored at -
20°C. 
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For the subsequent PCR, 6-10 µl of synthesised cDNA were mixed with two specific primers 
(10 pmoles each), 200 µM dNTPs, 1x polymerase buffer, 3 mM MgCl2, 5 U of Taq/Pfu 
polymerase and filled up with H2O to a final volume of 50 µl. Cycling conditions were 
determined experimentally. 

2.5.5 Electrophoresis of DNA and extraction from agarose gels 
DNA loading buffer (5x) was added to plasmid DNA or DNA fragments and the DNA was 
separated electrophoretically with 0.4-2 % agarosegels in TAE running buffer. DNA-
fragments were purified with the QIAquick Gel Extraction Kit from Qiagen according to the 
manufacturer´s instructions. 
Molecular weight marker: 1 kb plus DNA ladder (Invitrogen) 
 
DNA-loading buffer (5x):    TAE buffer (1x): 
100 mM Tris-HCl, pH 7.4    40 mM Tris-acetate 
10 mM EDTA, pH 8.0     1 mM EDTA 
45% (v/v) Glycerol 
Orange G 

2.5.6 DNA sequencing 
All fragments, which were amplified by PCR and subsequently cloned into vectors for pro- or 
eukaryotic expression, were fully sequenced with the ABI Prism dRhodamine terminator 
cycle sequencing ready reaction kit (Applied Biosystems). Per sequencing reaction, 500 ng 
of plasmid DNA were added to 4 µl terminator ready reaction mix and 1.6 pmole specific 
primer and filled up with H2O to give a final volume of 10 µl. Thermal cycling was performed 
with the following parameters, with the annealing temperature depending on the specific 
sequencing primer: 96°C for 10 sec, 56°C (variable) for 10 sec, 60°C for 4 min, for 25 cycles. 
Afterwards, excess of dye terminators was removed by ethanol precipitation as follows: 
10 µl of the PCR-product was added to 37 µl precipitation mix (70% EtOH, 0.5 mM MgCl2) in 
a 1.5 ml high yield nucleic acid recovery tube (Robbins), vortexed and incubated for 15 min 
at RT. After centrifugation (14.000 x g, 15 min) the supernatant was removed and the pellet 
was dried at 95°C for 1 min. The sample pellet was resuspended in 6 µl of template 
suppression reagent, heated for 2 min at 95°C, cooled on ice, centrifuged and transferred to 
a 0.5 ml sequencing sample tube (Applied Biosystems). Sequencing was carried out with the 
ABI Prism 310 Genetic Analyzer. 

2.5.7 Phenol- chloroform extraction of circular DNA 
The extraction of circular DNA molecules from cell lysates was part of the viral replication 
assay (2.6.11). Equal volumes of phenol: chloroform: isoamylalcohol (P:C:IAA ration of 
25:24:1; pH8.0) was added to the cell lysates and mixed. Mixtures were spun for 2 min at top 
speed in a table top centrifuge. Top aqueous layers containing plasmid DNA were 
transferred to clean tubes and mixed with equal amounts of P:C:IAA and proceeded as 
mentioned above. This was repeated until no protein precipitate was visible at the interphase 
(but at least three times). NaAcetate solution (pH 5.2) was added to the supernatants to a 
final concentration of 0.3M. 2.5 volumes of ethanol (100%) were added and samples were 
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incubated at –20°C for at least 30 min to precipitate DNA. Samples were centifuged at 4°C 
and top speed in a table top centrifuge for 20 min. Supernatants were removed, and the 
remaining precipitates were washed once with 500 µl of Ethanol (70%) prechilled to -20°C. 
Samples were centrifuged for 5 min, supernatants removed and the pellets air dried in a 
heating block at 50 °C. Pellets could then be resuspended in H2O containing RNAseA (100 
µg/ml). 

2.5.8 Southern Blotting 
Agarose gels of appropriate concentration were run to achieve separation of DNA. Photos 
were made with a ruler positioned next to each gel under UV light to be able to determine 
fragment sizes. Subsequently, the gels were incubated with 4 gel volumes of 0.2 N HCl for 
15 min to ease the transfer of fragments. HCl solution was removed and the gels incubated 
with 4 gel volumes of denaturing buffer for 20 min. This step was repeated once. The gels 
were now placed on two layers of Whatman 3MM paper wetted in denaturing buffer. A nylon 
membrane (Amersham HybondN-Plus) was wetted in H2O first, then in denaturing solution 
and placed on top of each gel. The nylon membrane was covered with two layers of 
Whatman 3MM paper wetted in denaturing solution and finally a stack of paper towels was 
placed on top. Blotting was performed overnight. The next day the membranes were 
incubated with neutralisation buffer for 5 min. Subsequently, DNA was UV crosslinked to the 
nylon membrane using a Stratalinker (Stratagene) and an energy of 3000 Joule. 
DNA on the membranes was detected with DNA probes labelled using the AlkPhosDirect 
labelling kit (Amersham) following the manufacturers instructions. Blots were scanned, saved 
as 8bit greyscale files in tiff format. Subsequently, quantification of signals (band intensities) 
was performed using the ImageJ quantification software (available at 
http://rsb.info.nih.gov/ij/). 
Denaturing buffer:  0.5 M NaOH 
     1.5 M NaCl 
 
Neutralisation buffer:  50 mM Na2HPO4 (stock 1M, pH 6.7) 

2.6 Biochemical and cell biology methods 

2.6.1 Preparation of cell lysates 
Cells were washed once with PBS and lysed on ice with lysis buffers (see below) for 10 min. 
Lysates were cleared from cell debris by centrifugation at 14.000 x g for 10 min at 4°C. 
For the analysis of proteins of cell lines or transiently transfected cells, the following lysis 
buffers containing protease inhibitors were used for different applications: 
 
1% NP40 Lysis Buffer:  50 mM Tris-HCl pH 7.4 
     150 mM NaCl 
     0.5 mM EDTA 
     1%  NP40 
 
 

 74



 
2.Material and Methods 

TBS:     20 mM Tris-HCl pH 7.4 
     150 mM NaCl 
     1 mM  EDTA 
 
TBS-T:    TBS and 1% Triton X-100 
 
1% NP40 Lysis Buffer:  50 mM Tris-HCl pH 8.0 
(for SF9 insect cells only) 1% NP40 
 
Lysis Buffer:   10mM Tris 
(for replication assay)  10mM EDTA 
     0.6%  SDS 
 
Protease inhibitors:  1 mM  phenylmethylsulfonyl fluoride (PMSF) 
     50 µM  leupeptin 
     100 U/ml aprotinin 
     200 µM benzamidine 
     1 µM  pepstatin A (in DMSO) 

2.6.2 SDS-polyacrylamide gelelectrophoresis (SDS-PAGE) 
For detection of proteins by immunoblot, cleared cell lysates were boiled for three minutes 
prior to SDS-PAGE. Cell lysates were diluted with 5x protein loading buffer and 5-20 µl were 
loaded per lane depending on the application. According to the molecular weight of the 
protein of interest, the separation gel contained 8-10% and the stacking gel 4% 
polyacrylamide. Gels were run at 25 mA each in a Hoefer mighty small electrophoresis 
chamber (Amersham). 
 
Protein loading buffer (5x):     Protein loading buffer (1x): 
300 mM  Tris-HCl, pH 6.8    50 mM  Tris-HCl, pH 6.8 
50 % (v/v)  glycerol     10% (v/v)  glycerol 
10% (w/v)  SDS      2% (w/v)  SDS 
0.1% (w/v)  BPB      0.05% (w/v) BPB 
300 mM  β-Mercaptoethanol   100 mM  DTT 

Electrophoresis buffer: 
25 mM Tris-Base 
250 mM glycine 
0.1% (w/v) SDS 
pH 8.3 
 
Molecular weight standard: 10- 200 kDa, prestained (Biorad) 
 
For detection of proteins after SDS-PAGE, gels were blotted (see 2.6.3) or stained. For 
staining, gels were washed once in H2O, stained for 1 h in Coomassie Brilliant blue staining 
solution (Biorad) and destained with H2O for 1 h. For storage, gels were put on Whatman 
paper and dried for 1 h at 80°C. 
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In order to estimate the protein concentration of purified proteins expressed in insect cells, 
different amounts of BSA protein were run in parallel with SDS-PAGE and the colour 
intensities of the purified protein and the known amount of BSA protein were compared. 

2.6.3 Immunoblotting 
After separation by SDS-PAGE, the protein gel, Whatman filter paper, porous pads and a 
nitrocellulose membrane (Hybond ECL, Amersham) were soaked in blotting buffer. The gel 
and membrane were sandwiched between Whatman 3MM paper, two porous pads and two 
plastic supports and immersed in a blotting tank containing blotting buffer. The membrane 
was placed toward the anode. 
The protein transfer to nitrocellulose membranes took place in ice cold blotting buffer at 350 
mA for 1 h or 250 mA for 1.5 h in a Mini Trans Blot Cell (Biorad). Saturation of the protein 
binding surface of the membranes (blocking) was carried out at RT for 1 h in blocking buffer 
or overnight at 4°C. Subsequently, proteins of interest were visualized with specific primary 
antibodies and a secondary antibody recognizing the primary antibody and being covalently 
coupled to the enzyme horseradish peroxidase (HRP). When HRP converts a substrate 
containing cumaric acid, luminol and H2O2, a fluorescent signal is emitted which can be 
detected by light sensitive film. The primary antibodies with the according dilutions used for 
immunostaining of immunoblots are listed in 2.1.1. Blots were probed for 1 h at RT with the 
primary antibody diluted in blocking buffer (see 2.1.1), followed by three washing steps (10 
min each) with PBS-T. Subsequently, membranes were incubated with the HRP-coupled 
secondary antibodies (DAKO) in blocking buffer for 45 min at RT followed by two washes 
with PBS-T and one with PBS. For detection, a standard enhanced chemiluminescence 
(ECL) reaction kit (Perkin Elmer) was used. The signal was visualised by exposing the 
membranes for different time intervals (2 sec–30 min) to Hyperfilm ECL (Amersham). If 
quantification was needed, blots were scanned and saved as 8bit greyscale files in tiff 
format. Subsequently, quantification of signals (band intensities) was performed using the 
ImageJ quantification software (available at http://rsb.info.nih.gov/ij/). 
In order to reprobe Western blots, nitrocellulose membranes were stripped for 30 min at 
50°C in stripping buffer. Afterwards, the membranes were washed several times in PBS-T 
and blocked for 1 h at RT or at 4°C overnight in blocking buffer. 
 
Blotting buffer:  25 mM Tris base 
    250 mM glycine (pH 8.3) 
    20% (v/v) Methanol 
Blocking buffer:  PBS-T 
    5% (w/v) nonfat dried milk 
PBS-T:   PBS 
    0.1% (v/v) Tween 20 
Stripping buffer:  PBS 
    4% SDS 
    180 mM β-mercaptoethanol 
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2.6.4 Luciferase Reporter Assay 
A commonly used method to examine effects of a certain protein on transcription factors or 
promoters is to clone the regions of interest (e.g. promoter regions, transcription factor 
binding sites) upstream of a reporter gene (e.g. firefly luciferase), whose expression and 
activity will be regulated by the upstream region. Increased transcription of the luciferase 
cDNA correlates with an increased luciferase activity in the cell lysate (Nordeen,S.K., 1988). 
In order to check expression of the transfected proteins, immunoblots were performed with 
the cell lysates. 
 
To assay promoter activity, HEK 293-T or different cell lines as indicated were transiently co-
transfected with 50 ng of luciferase reporter plasmid (see 2.2.2) and the indicated amounts of 
expression constructs or empty vector, as mentioned in the figure legends, per well of a 6 
well plate. Unless indicated differently, 48 h post-transfection, cells were washed once with 
cold PBS and incubated for 10 min on ice with 300 µl 1x Reporter Lysis Buffer (Promega) per 
well of a 6 well plate and transferred into a 1.5 ml tube. Lysates were cleared by 
centrifugation for 1 min at 14.000 x g and the supernatants were transferred to new tubes. 
Lysates were assayed immediately for luciferase activity in a luminometer (Berthold Lumat 
LB9501) or stored at -20°C. For measurement of luciferase activity, 20 µl of cleared lysate 
were added to 100 µl luciferase assay buffer and light emission was measured for a time 
period of 10 seconds. Activities were calculated as fold induction compared to mock (=empty 
expression vector) transfected controls unless defined differently in the figure legends. 
For assays with the serum response element (SRE) reporter plasmid cells were incubated 
with medium containing 1% FCS to downregulate serum-activated signaling pathways. 
 
Luciferase Assay Buffer:  40 mM Tricine pH 7.8 
      10 mM MgSO4 

      0.5 mM EDTA 
      0.5 mM ATP 
      10 mM DTT 
      0.5 mM Coenzyme A 
      0.5 mM D-Luciferin 

2.6.5 Immunofluorescence and fluorescence microscopy 
HeLa cells were plated for transient transfection onto 20x20 mm glass coverslips in six well 
plates. 48 h after transfection, cells were washed once with PBS and fixed for 20 min at RT 
with 3% paraformaldehyde (PFA) in PBS. Cells were washed three times with PBS, 
permeabilised with 0.2% Triton X100 in PBS for 10 min, residual PFA was inactivated with 
100mM Glycin in H2O for 10 min. Subsequently, cells were incubated with 10% FCS in PBS 
for 10 min to block unspecific protein binding sites. 
The primary antibodies were diluted in 2% FCS in PBS and incubated with the cells for 1 h at 
37°C in a humid chamber (100 µl per cover slip). Afterwards, cells were washed three times 
with PBS and incubated with the secondary antibodies (see below) diluted in 2% FCS in PBS 
for 45 min at 37°C in a humid chamber, subsequently washed three times with PBS. Finally, 
the DNA was stained with Hoechst 33258 in PBS (1 µg/ml, 10 min, RT) and cells were 
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washed three times with PBS. PBS was removed by a short washing step in distilled water 
and the cover slips were mounted in 30 µl Mowiol containing 25 mg/ml DABCO. 
 
Blocking solution: 10% (v/v) FCS in PBS 
3% (w/v) Paraformaldehyde in PBS with 0.1 mM CaCl2 and 0.1 mM MgCl2, pH 7.4 
0.1-0.2% (v/v) Triton X-100 in PBS 
Mowiol 4-88 (Calbiochem), DABCO (Sigma) 25 mg/ml, Hoechst 33258 (1 mg/ml stock) 
Secondary antibodies: donkey α-mouse IgG Cy3 (1:200), donkey α-rat IgG Cy3 (1:200), 
(both Dianova Immunotech GmbH), rabbit α-human TRITC (1:50), goat α-mouse FITC (1:50) 
(both DAKO). 

2.6.6 Peptide array 
In order to characterize the linear epitope or epitopes responsible for direct interaction of 
BRD2/RING3 or pRB with the MHV-68 orf73 protein, two peptide arrays were performed: one 
with RING3, the other with pRB. Therefore, MHV-68 orf73 peptides were chemically 
synthesized on Whatman filter paper with the SPOT-technique by Ronald Frank at the GBF 
in Braunschweig (Frank,R., 2002). The entire MHV-68 orf73 was represented as peptides of 
15 aa in length each of them shifted by three amino acids. Thereby each peptide was 
identical with the peptide before in twelve out of 15 residues. 
Each of the following steps was carried out with 10 ml of solution on a rocking platform at RT, 
and all washing steps lasted 10 min. 
To test and quantify background binding potentially caused by the first and secondary 
antibodies the following procedure was performed before the actual protein incubation: 
The dried peptide filter was moistened with EtOH, washed 3 times with TBS and blocked 
overnight with Genosys blocking buffer at 4°C. The following day, the filter was washed once 
with TBS-T and incubated with the first antibody (αRING3 polyclonal rabbit antiserum diluted 
1:100 or α-pRB mouse monoclonal antibody 1:400, Roche) diluted in Genosys blocking 
buffer for two hours, washed three times in T-TBS and incubated with the secondary 
antibody conjugated with the enzyme alkaline phosphatase (AP) (goat α-rabbit AP, Harlan 
Serolab or rabbit α-mouse AP, Dako). The AP conjugates were diluted 1:500 in Genosys 
blocking buffer and incubated with the filter for 90 min. Afterwards, the filter was washed 
twice with TBS-T, PBS and CBS each. Then, the staining solution was added to the filter and 
incubated for a maximum of 30 min under slow agitation. After washing with PBS, the 
background staining was documented by scanning the filter (HP Scanjet 5370C) and 
quantified with the Phoretix array 1.0 quantification software. The quantification resulted in a 
series of dimension- less values, representing gray values of each peptide. These values 
were later used for subtraction from the values obtained from the actual protein- peptide 
interaction experiment. 
If the first and secondary antibodies caused significant background staining, the filter was 
stripped as follows (all steps carried out with 15 ml of solution): The filter was washed twice 
with H2O, once with DMF, then with DMF in a sonication bath at RT until the staining 
vanished completely, three times with buffer A (with 5 min on a rocking platform and 5 min in 
the sonication bath at 40°C), three times with buffer B and three times with EtOH. 
After stripping, the blocking step was repeated as described above followed by a washing 
step with TBS-T and incubation with SF9- expressed and purified RING3 protein at a 
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concentration of 1µg RING3 protein per ml Genosys blocking buffer for 3.5 h or SF9 raw 
lysate from pRB expressing cells. Afterwards, the filter was washed three times with TBS-T 
and incubated with the respective primary and secondary antibodies and stained as 
described above. For long term storage, the filter was stripped, dried, sealed in plastic foil 
and kept at -20°C. 
 
Peptide TBS: 50 mM Tris-HCl pH 7.0 
   137 mM NaCl 
   2.7 mM KCl 
 
Peptide TBS-T: peptide TBS pH 7.0 for washing, pH 8.0 for blocking 
   0.05% Tween 20 
 
Peptide PBS: 137 mM NaCl    CBS:  137 mM NaCl 
   2.7 mM KCl      2.7 mM KCl 
   8 mM  Na2HPO4x2H2O    50 mM Citric 
             acid-1-hydrate 
   1.5 mM KH2PO4

   pH 7.0 with HCl      pH 7.0 with NaOH 
 
Buffer A:        Buffer B: 
   8 M Urea       10% (v/v) acetic acid 
   1% (w/v) SDS      50% (v/v) EtOH 
   pH 7.0 with acetic acid     40% H2O 
   0.5% (v/v) β-mercaptoethanol 
 
Genosys blocking buffer:     Staining solution for AP conjugates: 
   20% (v/v) Genosys buffer (Sigma)   5 mM MgCl2
   5% (w/v) Saccharose     2.4 mg BCIP 
   in TBS-T pH 8.0      3 mg Methyl- 
   pH 7.0       thiazoletetrazolin 
           CBS ad 10 ml 

2.6.7 Purification of his-tagged proteins from insect cell lysates 
For the peptide array (2.6.6), purified RING3 protein expressed in SF9 insect cells upon 
infection with a RING3 baculovirus was used. Infected insect cells were pelleted and lysed in 
insect cell lysis buffer (2.3.5 and 2.6.1). The protocol applies for ~1.5x108 cells (~200 ml of 
suspension culture). 
The cell pellet was resuspended and lysed in 20 ml of lysis buffer in 50 ml tubes. Sonication 
for 6*10 sec with 30 sec breaks on ice with 25% power was performed. Subsequently lysates 
were centrifuged for 20 min at 4°C in a 60Ti rotor in a Beckman ultracentrifuge at 15000rpm 
to clear the lysates from debris. The supernatant was incubated with 500 µl Ni-NTA 
sepharose beads for 3 h rolling at 4°C in a 50 ml tube. Lysate and beads were packed into a 
plastic column, and the beads were subsequently washed with 20 ml of wash buffer 1 
followed by 20 ml of wash buffer 2. Bound protein was eluted with 5x1ml elution buffer and 
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fractions E1-E5 were collected separately. Protein contents were estimated by SDS-PAGE 
and Coomassie staining with BSA standards and additionally by Bradford assay. 
 
Lysis buffer:   50 mM Tris pH 8.0 
     1%  NP40 
     protease inhibitors (see 2.6.1) 
 
Wash buffer 1:   50 mM Tris pH 8.0 
     500 mM NaCl 
 
Wash buffer 2:   wash buffer 1 
     5 mM imidazole 
 
Elution buffer:   50 mM Tris pH 8.0 
     100 mM NaCl 
     250 mM imidazole 
     0.1%  NP40 
     10 %  Glycerol 
     0.06% β-mercaptoethanol 
     protease inhibitors (see 2.6.1) 

2.6.8 Pulldown assay with GST fusion proteins 
For GST-pulldown experiments, M15 E. coli cultures transformed with the GST-fusion 
expression plasmids or GST alone were grown at 37°C in LB medium plus ampicillin, 
induced at OD600 of 0.3-0.4 with 1 mM IPTG and grown for 3-6 h at 30°C. Cells were 
harvested by centrifugation (1.000 x g, 30 min, 4°C) and the pellet was resuspended in 1000 
µl PBS (containing protease inhibitors) per 10 ml of culture and an OD600 of 2.5. After 
sonication on ice (as in 2.6.7, but 3x 1 min), Triton X-100 was added to 1% final 
concentration, cells kept on ice for 10 min and then centrifuged for 15 min at 14.000 x g at 
4°C. 100 µl of the supernatant were adsorbed onto 20 µl of glutathione sepharose beads 
(Amersham) that had been prepared by 5 washes with PBS, for 1 h at 4°C, after which beads 
were washed three times in PBS (containing protease inhibitors). Amounts of beads and 
GST- protein lysate were scaled up if necessary. 2 µl of beads were used for SDS-PAGE 
and Commassie staining to check protein expression levels and binding to the beads. The 
remainder of 18 µl of beads were split into two tubes and subsequently incubated with 
lysates from eukaryotic cells expressing the potential binding protein of interest.  
HEK 293-T cells were transfected (as described in 2.3.6) usually with 1 µg of expression 
construct per well of a 6 well plate. 48 h after transfection, cells were washed once on ice 
with PBS and lysed in 1% NP40 lysis buffer containing protease inhibitors for 10 min on ice. 
Cell lysates were centrifuged at 14.000 x g for 1 min and precleared by incubating with 20 µl 
of glutathione beads for 1 h at 4°C. Cleared lysates were then incubated for 1 h or overnight 
at room temparature with either GST control protein or GST- fusion protein immobilised to 
glutathione beads. The beads were washed seven times in 1% NP40 lysis buffer and 
proteins adsorbed to beads were boiled in 10 µl of 5x SDS electrophoresis sample buffer 
(see 2.6.2) and analysed by SDS-PAGE and immunoblotting. 
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GST lysis buffer:  PBS 
    1% (v/v) Triton X-100 

2.6.9 Coimmunoprecipitation 
As indicated in the figure legends, 293-T cells were co-transfected with 1 µg of EGFP or 
EGFP- fusion protein expression constructs and different orf73 expression constructs as 
described in 2.3.6. 48 h after transfection, cells were washed once with PBS and lysed in 300 
µl of TBS-T buffer (see 2.6.1) containing protease inhibitors per well of a 6 well plate. 
The monoclonal α-GFP antibody (clone JL-8) was immobilized to Protein A sepharose beads 
(Amersham) as follows: 80 µl of resuspended beads were washed twice with 1 ml PBS and 
twice with 1ml TBS-T (15.000 x g, 30 sec). 20 µg of α-GFP antibody were mixed with 45 µl 
PBS containing 4% sucrose and 0.02% Na-azide, incubated on ice for 15 min and added to 
the beads. The total volume was adjusted to 300 µl with PBS containing 4% sucrose and 
0.02% Na-azide. After a 2 h incubation on a roller at 4°C, beads were collected at the bottom 
of the tube (15.000 x g, 30 sec), washed three times in TBS-T and finally resuspended in 200 
µl PBS containing 4% sucrose and 0.02% Na-azide. 
An aliquot of 40 µl cleared cell lysates was taken (input control) and the remaining 260 µl 
were incubated overnight on a roller at 4°C with 10 µl of GFP-beads to immunoprecipitate 
GFP-tagged proteins or GFP. Afterwards, samples were centrifuged (30 sec, 15.000 x g) and 
washed five times with 1 ml of TBS-T. Finally, beads were boiled with 10 µl of 5x loading 
buffer for 3 min and 5 µl of the samples were analysed by SDS-PAGE. Usually two identical 
gels were run to perform anti- GFP and anti- orf73 immunoblotting. As input control 1/20 of 
the input lysate was loaded. 

2.6.10 BrdU- incorporation assay (cellular replication assay) 
BrdU is an artificial thymidin analogon and is incorporated into newly synthesized DNA in 
cells. Cells of a given population that enter or pass S-phase of the cell cycle while BrdU is 
provided with the medium will incorporate BrdU. 
6x104 HeLa cells were plated on glass cover slips in 6-well plates. 24 h later, cells were 
transfected with 1 µg DNA of EGFPC1- fusion protein or EGFPC1 expression plasmid 
(2.3.6). After different time points as indicated in the figure legends cells were BrdU pulsed 
by adding 10 µM BrdU to the medium for 1h. Cells were immediately fixed and 
immunofluorescent labelling (2.6.5) was performed with an anti- BrdU monoclonal antibody 
and a secondary cy3- conjugated anti mouse antibody. EGFP or EGFP- BET fusion protein 
expression was observed on single cell level with a fluorescent microscope and each EGFP 
positive cells was classified as BrdU signal positive or negative. Cell counts were 
documented as number of BrdU positive cells per 100 EGFP of EGFP- BET fusion protein 
positive cells. 
 
 
 
 

 81



 
2.Material and Methods 

2.6.11 Replication assay (viral replication assay) 
The replication assay was performed in two scales: in 75 cm2 flasks and in 6-well plates 
(surface area ~9.1 cm2). For the 75 cm2 (6-well) scale the following was performed: 
3x106 (3x105) 293 cells or 6x105 3T3 cells were plated. 20 h later, cells were cotransfected 
with 4.5 µg (0.25 µg) of either KSHV or MHV-68 TR- containing plasmid or the respective 
control plasmid, and 4.5 µg (0.5 µg) of orf73 expression plasmid or empty expression 
plasmid using Fugene 6 (see 2.3.6). Additionally, for experiments investigating a potential 
impact of the expression of BET proteins or the ET- domain of BET proteins on replication, 
different amounts of the respective plasmids were cotransfected as indicated in the figure 
legends. 
To remove non- transfected DNA, 24 h post transfection cells were washed once with PBS, 
trypsinized, washed twice with PBS and plated again in fresh medium to leave them growing. 
48 h later, cells were washed with PBS and lysed in 700 µl (300 µl) of lysis buffer and 
transferred to tubes. To precipitate chromosomal DNA, NaCl was added to the lysates to a 
final concentration of 0.85M with subsequent incubation at 4°C overnight, rolling. The next 
day, lysate were centrifuged at 4°C for 35 min at 16.200rpm in a table top centrifuge to pellet 
debris and chromosomal DNA. Aliquots to check protein expression by immunoblot were 
taken. Supernatants containing extrachromosomal DNA were transferred to new tubes and 
phenol chloroform extraction was performed (see 2.5.7). 
The precipitated DNA of the phenol chloroform extraction and subsequent ethanol 
precipitation was resuspended in 20 µl of H2O containing 100 µg/ml RNAse A. 2 µl of the 20 
µl were taken to linearize the TR containing plasmid with 20 U (5 U) of Kpn1 for the KSHV 
TR-containing plasmid or BamH1 for the MHV-68 TR-containing plasmid. The remaining 18 
µl underwent double digestion with 100U (25U) of Dpn1 and 40 U (10U) of Kpn1 for the 
KSHV TR-containing plasmid or BamH1 for the MHV-68 TR-containing plasmid. The digests 
were incubated at 37°C for at least 48 h to achieve complete digestion. 
Dpn1 cuts the plasmids several times in a methylation dependent manner. It digests 
methylated DNA of Dam+ bacteria but not DNA of mammalian origin. 
Digested DNA was ethanol precipitated and dissolved in 20 µl of H2O containing 10 mM Tris 
pH 8.5 and 1mM EDTA as described in 2.5.7. Southern blotting was performed (see 2.5.8). 
For the KSHV TR-containing plasmid, a Not1 802bp TR fragment was used as probe. For the 
MHV 68 TR-containing plasmid, a BamH1 1162bp TR fragment was used as probe. 
Quantifications were performed with scanned blots in greyscale using the ImageJ 
quantification software. Significance testing was performed as ANOVA (analysis of variance) 
comparing means using the EpiInfo6 software (available at www.ebend.de). 
 
Lysis Buffer:   10mM Tris 
(for replication assay)  10mM EDTA 
     0.6%  SDS
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3. Results 

3.1 Characterisation of the MHV-68 orf73 protein and homologous 
proteins of related viruses (KSHV, RRV and HVS) 

The best characterized orf73 encoded protein of γ2-herpesviruses (rhadinoviruses) is 

the latency-associated nuclear antigen 1 (LANA-1) protein of KSHV. KSHV LANA, 

initially identified by an immunofluorescence assay with sera from KS patients 

(Kedes,D.H. et al., 1996; Gao,S.J. et al., 1996), is most likely expressed in all KSHV 

infected cells. LANA was found to be encoded by orf73 and to be a nuclear, 

chromatin associated protein (Rainbow,L. et al., 1997; Kedes,D.H. et al., 1997; Viejo-

Borbolla,A. et al., 2003). It is the major viral protein needed for efficient segregation 

of viral genomes in dividing cells and colocalizes together with viral genomes on 

mitotic chromosomes (Ballestas,M.E. et al., 1999). Further, LANA is known to be a 

transcriptional activator as well as transcriptional repressor on different viral and 

cellular promoters (Schwam,D.R. et al., 2000; Radkov,S.A. et al., 2000; An,J. et al., 

2002; Viejo-Borbolla,A. et al., 2003). 

When we started our work on a comparison of orf73 encoded proteins of four 

different rhadinoviruses, we had mainly two reasons to do so. Firstly, we were 

interested in the degree of conservation of orf73 functions as we knew orf73 proteins 

to be conserved around 40% at the protein level mainly in the C-terminal regions 

(see figure 6). Secondly, we wanted to investigate functional similarities and 

differences that would possibly enable us to define a suitable animal model to study 

orf73 functional biology. Therefore, we decided to functionally investigate orf73 

encoded proteins of four different rhadinoviruses: of the rhesus rhadinovirus (RRV) 

naturally infecting the old world primate rhesus monkey (Macacca mulatta) 

(Desrosiers,R.C. et al., 1997; Searles,R.P. et al., 1999; Alexander,L. et al., 2000), of 

the herpesvirus saimiri (HVS), naturally infecting the new world primate squirrel 

monkey (Saimiri sqiureus) (Albrecht,J.C. et al., 1992), and of the murine γ-

herpesvirus68 (MHV-68) naturally infecting wild living rhodents such as the wood 

mouse (Apodemus sylvaticus) (Blasdell,K. et al., 2003), and of KSHV. 

With the exception of KSHV LANA, γ2-herpesviral orf73 proteins had not been 

thoroughly investigated. Emrah Kati in our group performed initial experiments 
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investigating the ability of orf73 proteins to transactivate the heterologous C promoter 

(Cp) of Epstein Barr Virus (EBV), where she observed transactivation by KSHV 

LANA and MHV-68 orf73 but not by HVS and RRV orf73 proteins. Further, she 

investigated the intracellular distribution pattern of the four homologous proteins: 

HVS and MHV-68 orf73 proteins showed an intranuclear apparently chromatin-

associated distribution pattern similar to KSHV LANA (Viejo-Borbolla,A. et al., 2003), 

whereas the RRV orf73 protein displayed a more diffuse distribution (E.Kati, 

unpublished data). The HVS orf73 distribution pattern has meanwhile been 

reproduced by others (Verma,S.C. and Robertson,E.S., 2003; Schafer,A. et al., 

2003). On the basis of these observations, we decided to investigate functional 

similarities and differences of orf73 proteins more thoroughly. As we sought to define 

a potential animal model system, the main focus of our studies was on the easy to 

handle and ethically less critical mouse model and MHV-68. 

The MHV-68 orf73 protein consists of 314aa, with a predicted molecular mass of 39 

kDa, but an apparent mass in SDS-PAGE of ~65 kDa (figure 31 A). Similar 

discrepancies are observed for the HVS strain A11 orf73 protein with an aa 

sequence of 407aa, a predicted molecular mass of 48 kDa but an apparent mass in 

SDS-PAGE of ~70 kDa (figure 31 C) (Schafer,A. et al., 2003; Verma,S.C. and 

Robertson,E.S., 2003), and for KSHV LANA with 1162 aa , a predicted mass of 128 

kDa but an apparent mass of 222-234 kDa (Rainbow,L. et al., 1997). Further, the 

RRV orf73 protein encompasses 448 aa with a predicted mass of 50 kDa but an 

apparent mass in SDS-PAGE of ~80 kDa (figure 31 B). The discrepancies in 

predicted versus apparent molecular weights are not understood to date. Our group 

(Rainbow,L. et al., 1997) and Verma and Robertson (2003) speculated for KSHV and 

HVS orf73 proteins, respectively, that the acidic internal repeat present in both KSHV 

and HVS orf73 might explain the observed discrepancies. However, both RRV and 

MHV-68 orf73 proteins lack acidic internal repeat regions and this explanation is 

therefore unlikely. Postulating similar structural domains that result in a increase in 

apparent molecular mass even under denaturing SDS-PAGE conditions in all four 

orf73 homologs seems to be more plausible. 
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3.1.1 Nuclear localisation and self- association of the MHV-68 orf73 protein 

MHV-68 orf73 full length protein (orf73 wt) is a nuclear protein colocalising with 
chromatin 

As an initial step in the characterisation of the MHV-68 orf73 protein we performed 

immunofluorescence microscopy with HA-tagged MHV-68 orf73 protein expressed in 

HeLa cells upon transfection. MHV-68 orf73 showed a strictly nuclear distribution 

pattern with an accentuated staining of the nuclear border and partial colocalisation 

with chromatin (figure 14 A-C). This distribution pattern is strikingly similar to the one 

of KSHV LANA (figure 25 B) (Viejo-Borbolla,A. et al., 2003). This suggests MHV-68 

orf73 to be chromatin associated in a similar manner as KSHV LANA. Initial 

observations concerning MHV-68 orf73 intracellular distribution were made by Emrah 

Kati of our laboratory. 

A         MHV orf73       α-HA

D       Empty vector α-HA E              Hoechst

B              Hoechst C              overlay

F               overlay
 

Figure 14: Nuclear distribution of MHV-68 orf73 protein by immunofluorescence microscopy. 
HeLa cells were transiently transfected with 1µg of HA-tagged MHV-68 orf73 expression construct 
(panels A-C) or empty expression vector (panels D-F). 48h post transfection, cells were fixed with 4% 
PFA, immunolabelled with an α-HA antibody and stained with Hoechst 33258 (see 2.6.5). (A) The 
intranuclear localisation of the HA-tagged MHV-68 orf73 protein was analysed with an α-HA antibody 
and a secondary Cy3 conjugated antibody. (B,E) Hoechst stain. (C) Overlay of panels A and B, the 
Cy3 signal is shown in green and the Hoechst signal in blue. (D) Empty vector transfected cells were 
processed as cells in (A) to show specificity of the α-HA antibody and the secondary Cy3 conjugate. 
(F) Overlay of panels D and E. 
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Mapping of the region of MHV-68 orf73 responsible for chromatin association 

A           ∆262-314       α-HA

K            ∆225-314       α-HA

G            ∆237-314       α-HA

D            ∆253-314       α-HA

B            Hoechst

L            Hoechst

H            Hoechst

E            Hoechst

C            overlay

M           overlay

I             overlay

F            overlay
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Figure 15: Nuclear distribution of MHV-68 orf73 C-terminal deletion proteins by 
immunofluorescence microscopy. 
HeLa cells were transfected with different HA-tagged MHV-68 orf73 deletion constructs as indicate in 
the panels. Cells were PFA-fixed, immunolabelled and Hoechst stained as described in figure legend 
1. (A,B,C) MHV-68 orf73∆262-314. (D,E,F) MHV-68 orf73∆253-314. (G,H,I) MHV-68 orf73∆237-314. 
(K,L,M) MHV-68 orf73∆225-314. 

In order to map the region crucial for chromatin binding we decided to generate a 

series of C-terminally truncated mutants of MHV-68 orf73 (figure 11). Data from 

KSHV LANA indicated aa 1129-1143 to be determinants of interphase chromatin 

association (Viejo-Borbolla,A. et al., 2003). MHV-68 orf73∆262-314 (figure 15 A-C) 

and orf73∆253-314 (figure 15 D-F) proteins show a similar intranuclear distribution 

pattern as MHV-68 orf73 wildtype (figure 14 A-C). Further, both orf73∆262-314 and 

orf73∆253-314 proteins colocalize with nuclear chromatin, again, similar to MHV-68 

orf73 wildtype. Interestingly, orf73∆237-314 (figure 15 G-I) and orf73∆225-314 (figure 

15 K-M) are nuclear proteins with a diffuse intranuclear distribution and no 

colocalization with chromatin. These phenotypes parallel the phenotypes of C-

terminally truncated KSHV LANA mutants LANA∆1161-1162 (L30) and LANA∆1143-

1162 (L29) exhibiting the wildtype distribution pattern and LANA∆1129-1162 (L28) 

and shorter truncated LANA mutants showing a diffuse, not chromatin-associated 

intranuclear distribution pattern (Viejo-Borbolla,A. et al., 2003). We then wondered 

whether these obvious differences of MHV-68 orf73 mutant proteins in the 

intranuclear distribution would be reflected in differences in functional assays (see 

3.1.3). 

The MHV-68 orf73 protein self- associates via its C-terminus 

KSHV LANA has been shown to self- associate via C-terminal domains 

(Schwam,D.R. et al., 2000). Further, our group could identify KSHV LANA mutants 

that were not capable to self- associate and the same mutants were unable to act as 

transcriptional activators or repressors and not to support replication (Viejo-Borbolla, 

Ottinger et al., submitted). 

Recently, the orf73 protein of HVS has been shown to dimerise via its C-terminus 

similar to KSHV LANA (Calderwood,M.A. et al., 2004). 

We wondered whether the MHV-68 orf73 protein would also self-associate. D. 

Pliquet performed several experiments for his diploma thesis under my supervision to 

address this question. We used a GST pull down approach where we immobilised 
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different MHV-68 orf73 C-terminally truncated proteins (see figure 16, B) on 

Glutathion Sepharose beads and incubated them with purified full length flag-epitope 

tagged MHV-68 orf73 protein expressed in insect cells. As depicted in figure 16 (A), 

the full length MHV-68 orf73 protein bound to the C-terminal part of the MHV-68 

orf73 protein (aa 166-314). Similarly, the full length MHV-68 orf73 protein bound to 

mutants orf73∆262-314, orf73∆257-314, orf73∆253-314, orf73∆248-314 and 

orf73∆242-314. Interestingly, the full legth MHV-68 orf73 protein did not bind to 

orf73∆212-314 above the background level that we observed with the GST only 

control (figure 16, A). These data demonstrate that the MHV-68 orf73 protein self- 

associates via its C-terminus and that truncation of the C-terminal amino acids 242-

212 results in a loss of self- association. This observation was confirmed by GST pull 

down experiments with immobilised GST-MHV-68 orf73 aa 166-314 and incubation 

with lysates from transfected cells expressing different C-terminally truncated MHV-

68 orf73 mutant proteins. MHV-68 orf73 orf73∆262-314 (aa 1-261), orf73∆253-314 

(aa 1-252) and orf73∆237-314 (aa 1-236) bound, whereas mutant orf73∆225-314 (aa 

1-224) did not (not shown, D.Pliquet, diploma thesis). 

 88



 
3.Results 

Input 1/10 SF9 MHV orf73

Input 1/10 SF9 negative

GST-∆257-314

GST-orf73 (aa166-314)

GST-∆242-314

GST-∆253-314
GST-∆248-314

MHV68
orf73
full length

IB: α-FLAG

kDa

IB: α-GST

GST-∆212-314

GST

GST-∆262-314

GST- orf73 (aa166-314)

GST- orf73 ∆262-314 (aa166-261) 

GST- orf73 ∆257-314 (aa166-256)  

GST- orf73 ∆253-314 (aa166-252)  

GST- orf73 ∆247-314 (aa166-248) 

GST- orf73 ∆242-314 (aa166-241) 

GST

GST- orf73 ∆212-314 (aa166-211) 

B

A

75

50

50

37

25

binding of
MHV68 orf73
full length

-

-

+
+
+
+
+
+

 

Figure 16: GST pull-down assay showing the dimerisation of the MHV-68 orf73 protein. 
(A) GST-MHV-68 orf73 fusion proteins as schematically depicted in (B) or GST alone were bound to 
Glutathion Sepharose 4B beads for 1h, washed and then incubated for 1h with purified flag-epitope 
tagged MHV-68 orf73 full length protein expressed in SF9 insect cells (see 2.3.5/2.6.7). After 
extensive washing beads were analysed by SDS- PAGE and immunoblotting. (A, upper panel) An α-
Flag antibody was used to detect MHV-68 orf73 protein. (A, lower panel) Expression levels of GST-
fusion proteins and GST as determined by α-GST immunoblot. (B) Schematic representation of the 
GST-fusion proteins used in (A). This experiment in (A) was performed by D.Pliquet as part of his 
diploma thesis. 

Therefore, self-association of MHV-68 orf73 might be necessary for its chromatin 

association (figure 15) but is not sufficient. 

 89



 
3.Results 

3.1.2 Orf73 proteins of KSHV, MHV-68, RRV and HVS activate heterologous 
promoters 
One characteristic feature of KSHV LANA is the ability to act as transcriptional 

regulator on its own promoter (Renne,R. et al., 2001; Jeong,J.H. et al., 2004) as well 

as on other viral and cellular promoters (Friborg,J., Jr. et al., 1999; Krithivas,A. et al., 

2000; Lim,C. et al., 2000; Schwam,D.R. et al., 2000; Renne,R. et al., 2001; Lim,C. et 

al., 2001; Garber,A.C. et al., 2001; Cotter,M.A. et al., 2001; Viejo-Borbolla,A. et al., 

2003). It has been published that KSHV LANA increases transcription of interleukin 6 

(IL6) via the activator protein 1 (AP1)-responsive elements in the IL6 promoter (An,J. 

et al., 2002). Further, KSHV LANA has been found to interact with the retinoblastoma 

protein (RB) and thereby regulates transcription of E2F dependent genes 

(Radkov,S.A. et al., 2000). Several E2F-dependent genes play key roles in cell cycle 

regulation, e.g. cyclinA or cyclinE. We wondered whether or not the orf73 homologs 

would also act as transcriptional transactivators and decided to test them in 

luciferase based reporter assays on the human cyclinE promoter and the viral latent 

C promoter of the γ1-herpesvirus EBV. 

Orf73 proteins of KSHV, MHV-68, RRV and HVS activate the human cyclinE promoter 

To study potential effects of the orf73 homologs on heterologous promoters we 

decided to perform luciferase based reporter assays with a human cyclinE promoter 

upstream of the luciferase gene. This construct was kindly provided by R. Weinbergs 

lab (Geng,Y. et al., 1996). Cotransfecting 293T cells with the cyclinE reporter 

construct and different amounts of either KSHV LANA, MHV-68 orf73, RRV orf73 or 

HVS orf73 we observed transactivation of the cyclinE promoter (figure 17). 

Interestingly, the activation by KSHV LANA was clearly dose-dependent and reached 

a relative activation of up to 60 fold (figure 17, upper left panel). RRV orf73 and HVS 

orf73 also transactivated the human cyclinE promoter dose-dependently but to lower 

extents with a maximum of 23 fold and 13 fold, respectively (figure 17, lower panels). 

The MHV-68 orf73 protein was also able to transactivate the cyclinE promoter but to 

the lowest extent (~7fold) and only when 1 µg or 5 µg of expression plasmid were 

used (figure 17, upper right panel). Using a human promoter in this assay, we 

observed the highest transactivation by orf73 gene products of the human KSHV, 

followed by the closely related old world primate virus RRV. The new world primate 

virus HVS and the murine MHV-68 gave the lowest degrees of transactivation of the 
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human cyclinE promoter. One possible explanation for these differences in 

transactivation between the orf73 homologs could be a certain degree of species 

specificity concerning the interaction of orf73 proteins with cellular promoters, in this 

case the human cyclinE promoter. As this observation was a side aspect, we decided 

not to investigate these quantitative differences any further. 
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Figure 17: Activation of the human cyclinE promoter by orf73 proteins of KSHV, MHV-68, RRV 
and HVS in luciferase based reporter assays. 
HEK 293T cells in 6 well plates were transfected with 50ng of reporter plasmid and the indicated 
amounts of orf73 expression constructs in duplicate and lysed at confluency after 48 h (for details see 
2.6.4). The relative activation for different amounts of transfected orf73 expression plasmid DNA is 
shown as activation compared to transfection of the respective amount of empty vector DNA (mock). 
Standard deviations are shown. 

In summary, the orf73 proteins of KSHV, MHV-68, RRV and HVS significantly 

transactivated the human cell cycle dependent promoter of the cyclinE gene. 

The KSHV LANA mutant LANA∆1139-1162 lacking the C-terminal 23 aa does not 
activate the human cyclinE promoter 

We wanted to further investigate the impact of the C-terminal region of KSHV LANA 

in the transactivation of the human cyclinE promoter. Therfore, we tested C-terminally 

truncated LANA mutants for their ability to transactivate the human cyclinE promoter 

in luciferase based reporter assays. LANA ∆1161-1162 (L30) and LANA ∆1144-1162 

(L29) activated the cyclinE promoter as full length LANA did. In contrast, LANA 
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∆1129-1162 (L28), LANA ∆1108-1162 (L27), LANA ∆1056-1162 (L26) and LANA 

∆1007-1162 (L25) were not able to transactivate above background levels obtained 

with the empty vector control (figure 18 A). A similar loss of transactivation by LANA 

mutants has been observed on the viral C promoter of EBV by our group (Viejo-

Borbolla,A. et al., 2003). 

0

1

2

3

4

5

pc
D

N
A

3

LA
N

A
-1

L3
0

L2
9

L2
8

L2
7

L2
6

L2
5

R
el

at
iv

e 
ac

tiv
at

io
n

0

2

4

6

8

10

pc
D

N
A

3

LANA-1 L29 L28C L28B L28

0.
2µ

g

0.
5µ

g

1.
0µ

g

0.
2µ

g

0.
5µ

g

1.
0µ

g

0.
2µ

g

0.
5µ

g

1.
0µ

g

0.
2µ

g

0.
5µ

g

1.
0µ

g

0.
2µ

g

0.
5µ

g

1.
0µ

g

pc
D

N
A

3

LA
N

A
-1

L2
9

L2
8C

R
el

at
iv

e 
ac

tiv
at

io
n

A.

B.

C.

his

LANA ∆1161-1162 (L30) 
LANA ∆1144-1162 (L29) 
LANA ∆1140-1162 (L28C) 
LANA ∆1134-1162 (L28B) 
LANA ∆1129-1162 (L28)
LANA ∆1108-1162 (L27) 
LANA ∆1056-1162 (L26) 

LANA aa 2-1162 (GSLANA)

LANA ∆1007-1162 (L25) 

D.

 

 92



 
3.Results 

Figure 18: A KSHV LANA C-terminal deletion mutants lacking 23aa does not activate the 
human cyclinE promoter in luciferase based reporter assays as wildtype LANA. 
HEK 293T cells in 6 well plates were transfected with 50ng of reporter plasmid and with 1µg of LANA 
construct (A) or the indicated amounts of LANA expression constructs (B). Each transfection was 
performed in duplicate and cells were lysed at confluency after 48 h (for details see 2.6.4). Relative 
activations compared to transfection of 1µg of pcDNA3 are shown. The total amount of DNA was kept 
constantly at 1.05µg per transfection with pcDNA3. Standard deviations are shown. Expression levels 
were comparable as determined by immunoblotting with patient serum containing antibodies to LANA-
1(C). (D) Schematic representation of the constructs used. 
(A) Selection of LANA deletion constructs: Loss of cyclinE activation from LANA ∆1144-1162 (L29) to 
LANA ∆1129-1162 (L28). 
(B) Fine mapping of the effect observed in (A): Loss of cyclinE activation from LANA ∆1144-1162 
(L29) to LANA ∆1140-1162 (L28C). 
(C) Expression levels of 0.5µg transfections from (B) of LANA and LANA mutants L29 and L28C as 
determined by immunoblotting reveal similar expression levels. 

To narrow down the amino acids in LANA being crucial for its ability to transactivate, 

we decided to test more subtle LANA mutants (figure 18 B): the mutant LANA ∆1144-

1162 (L29) did transactivate the cyclinE promoter, whereas LANA ∆1140-1162 

(L28C) did not. Expression of the investigated proteins was routinely controlled by 

testing lysates in SDS-PAGE and subsequent immunoblotting. All LANA mutants 

were expressed to similar levels (figure 18 C for LANA-1, L29 and L28C). These data 

demonstrate, that truncating only the four LANA aa 1144 to aa 1140 results in a 

complete loss of function as transcriptional activator of the cyclinE promoter. 

Orf73 proteins of KSHV and MHV-68 but not of RRV and HVS activate the C promoter 
of the γ1-herpesvirus EBV 

Since all four investigated orf73 proteins transactivated the human cyclinE promoter, 

we wondered whether this activation was a more general effect as transcriptional 

activators or a specific effect on a certain promoter. Therefore, we decided to extend 

our studies to the EBV C promoter (Cp). We tested the ability of the orf73 proteins of 

KSHV, MHV-68, RRV and HVS to transactivate the EBV Cp in luciferase reporter 

assays. KSHV LANA was already known to transactivate the EBV Cp (Viejo-

Borbolla,A. et al., 2003). 
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Figure 19: Orf73 proteins of KSHV and MHV-68 activate the EBV C promoter in luciferase based 
reporter assays, whereas RRV and HVS orf73 proteins do not. 
HEK 293T cells in 6 well plates were transfected with 50ng of reporter plasmid and the indicated 
amounts of orf73 expression constructs in duplicate and lysed at confluency after 48 h (for details see 
2.6.4). The relative activation for different amounts of transfected orf73 expression plasmid DNA is 
shown as activation compared to transfection of the respective amount of empty vector DNA (mock). 
Standard deviations are shown. 

As expected, KSHV LANA activated the EBV Cp promoter in a dose-dependent 

manner up to 8 fold (figure 19, upper left panel). Interestingly, MHV-68 orf73 protein 

transactivated the promoter only when 293 T cells were transfected with high doses 

of expression construct (figure 19, upper right panel) which is reminiscient of the 

observed activation of the cyclinE promoter by the MHV-68 orf73 protein (figure 17). 

RRV and HVS orf73 proteins did not show activating phenotypes on the EBV C 

promoter (see figure 19, lower panels). 

The orf73 protein of MHV-68 activates the promoter of murine cyclin D2 

To extend our understanding of MHV-68 orf73 as transcriptional regulator we 

decided to include two further cell cycle dependent promoters in our luciferase based 

reporter assays, the promoters of murine cyclinD1 and murine cyclinD2. We 

investigated the MHV-68 orf73 potential regulatory effect in two different cell lines, 

human epithelial cells (HEK293T) and murine fibroblasts (NIH 3T3). MHV-68 orf73 

was found to transactivate the murine cyclinD2 promoter in 293T cells (~10 fold, 
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figure 20 A), as well as in NIH 3T3 cells (~4 fold, figure 20 B). In contrast, the 

cyclinD1 promoter was not significantly regulated by MHV-68 orf73 in 293T cells (not 

shown) and 3T3 cells (figure 20B). The MHV-68 orf73 effect on the cyclinE promoter 

in 293T cells (figure 20 A and figure 17) was similar to the effect in 3T3 cells (figure 

20 B). However, the activation of the EBV C promoter by MHV-68 orf73 revealed a 

cell type specific difference in activation of one log (2.8 fold in 293T compared to 28 

fold in 3T3). Whether this striking difference in activating the EBV C promoter is due 

to the species origin of the cell line (human compared to murine) or due to the tissue 

origin (epithelial compared to fibroblast) can not be answered from these 

experiments. 
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Figure 20: The MHV-68 orf73 protein activates the promoters of the murine cyclin D2, the 
human cyclin E, the EBV C promoter, but not of the murine cyclin D1 promoter, with 
differences in 293T and 3T3 cells. 
HEK 293T human epithelial or NIH 3T3 murine fibroblast cells in 6 well plates were transfected with 
50ng of reporter plasmid and 1 µg of MHV-68 orf73 expression construct or the empty vector (mock) in 
duplicate and lysed at confluency after 48 h (for details see 2.6.4). The relative activation for the 
different promoters are given as activation compared to empty vector DNA (mock). Standard 
deviations are shown. 

Taking these data together, we can conclude that MHV-68 orf73 is a specific 

regulator of certain promoters (cyclinD2, cyclinE, EBV Cp) but not of others 

(cyclinD1) and that, at least for the EBV C promoter, the degree of activation is cell 

line dependent. 

3.1.3 The orf73 protein of MHV-68 represses intrinsic promoter activity of an 
MHV-68 TR element 
The MHV-68 genome (Virgin,H.W. et al., 1997) is structured similar to the one of 

KSHV (Russo,J.J. et al., 1996) with a single long unique region flanked by terminal 

repeat elements (figure 2). The KSHV TR region is considered to contain the origin of 
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latent DNA replication (Ballestas,M.E. and Kaye,K.M., 2001). When we started our 

work, it was not known, whether the origin of latent DNA replication of MHV-68 was 

located to the TR region as for KSHV, or to an element in the long unique region 

(LUR) as for EBV (figure 4). 

Hypothesizing the TR region to be the cis acting genomic region of MHV-68 for latent 

genome replication, we wanted to characterize the TR region of MHV-68 with respect 

to promoter/ enhancer function. 

An MHV-68 1.2kb TR element exhibits promoter/enhancer activity in HEK 293T cells 
but not in NIH 3T3 fibroblasts 

For an initial experiment we constructed a luciferase based reporter construct with an 

MHV-68 1119 bp genomic TR fragment (bp117684 to bp118803) upstream of the 

luciferase gene of the promoterless pGL3basic vector. Transfecting cells with this 

reporter construct revealed a significant intrinsic promoter/enhancer activity in 

epithelial HEK 293T cells (figure 21A). Interestingly, in NIH 3T3 fibroblasts, no 

promoter/enhancer activity could be observed (figure 21 C). Whether this phenotype 

is due to the species origin of the cell line (human compared to murine) or due to the 

tissue origin (epithelial compared to fibroblast) can not be answered from these 

experiments. However, the difference epithelial versus fibroblast origin of the cell 

lines seems to be the more likely explanation, as (i) one would have predicted 

components of a murine virus to show a stronger effect in murine cell lines, if species 

specificity were the explanation and (ii) the ability of an MHV-68 TR1.2 containing 

plasmid to replicate in the presence of MHV-68 orf73 also works better in 293 than in 

3T3 cells as we shall see (see 3.1.4). 

The MHV-68 orf73 wt (aa 2-314), orf73∆262-314 and orf73∆253-314 inhibit intrinsic 
promoter/enhancer activity of an MHV-68 TR element in HEK 293T cells, whereas 
orf73∆237-314 and orf73∆225-314 do not 

KSHV LANA binds specifically to sequences containing an imperfect 20-bp 

palindrome in the terminal repeat (TR) of KSHV. Unlike EBV EBNA-1, which 

activates transcription through binding of the origin of latent replication (Kang,M.S. et 

al., 2001), LANA inhibits transcription from a single TR binding site (Garber,A.C. et 

al., 2001). Further, several repetetive TR elements as found in the viral genome 

result in a strong transcriptional suppression when linked to a heterologous promoter 

(Garber,A.C. et al., 2001). These data suggest that LANA, although fulfilling functions 

in the latent replication of the viral genome similar to those of EBNA-1, does so by 
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different mechanisms, namely by binding to the KSHV TR and thereby repressing the 

promoter activity of the KSHV TR. 

In view of the intrinsic promoter/enhancer activity of the MHV-68 TR, we wondered 

whether MHV-68 orf73 would have a regulatory impact on the MHV-68 TR as 

described for KSHV LANA and the KSHV TR (Garber,A.C. et al., 2001). Therefore, 

we performed luciferase based reporter assays, where we cotransfected 293T cells 

with the MHV-68 TR reporter and either MHV-68 orf73 full length protein, C-terminally 

truncated orf73 mutants orf73∆262-314, orf73∆253-314, orf73∆237-314, orf73∆225-

314 or empty vector. 
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Figure 21: An MHV-68 1.2kb TR element exhibits intrinsic promoter/enhancer activity in 293T 
epithelial cells (A) but not in 3T3 fibroblasts (C). MHV-68 orf73 wt and mutants ∆262-314 and 
∆253-314 repress TR promoter/enhancer activity in 293T cells (B). In contrast, MHV-68 orf73 
activates TR promoter activity 2.5 fold in 3T3 cells. 
HEK 293T or NIH 3T3 cells in 6 well plates were transfected with 50ng of reporter plasmid and 1µg of 
empty expression vector (pVR1255HA) or the indicated expression plasmids of MHV-68 orf73 and 
mutants. Transfections were performed in duplicate and cells lysed at confluency after 48 h (for details 
see 2.6.4). (A) Absolute luciferase activities are shown. The 1.2 kb TR element when cloned into a 
promoter less luciferase reporter construct was able to activate luciferase expression 18.89 fold 
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compared to the empty reporter plasmid pGL3b in 293T cells. (B) The relative activities for 
cotransfections of 293T cells with the 1.2 kb TR element and MHV-68 orf73wt and mutants are shown. 
(C) Absolute luciferase activities are shown. TR 1.2kb does not exhibit promoter activity in 3T3 cells. 
(D) MHV-68 orf73 activates the 1.2 kb TR element in 3T3 cells 2.5 fold compared to empty vector. 

Interestingly, MHV-68 orf73 full length, orf73∆262-314 and orf73∆253-314 were able 

to reduce the TR activity in 293T cells about 65%, whereas orf73∆237-314 and 

orf73∆225-314 did not repress TR activity in 293T cells (figure 21 B). This phenotype 

reflects the chromatin association phenotype observed in figure 15, where MHV-68 

orf73 full length, orf73∆262-314 and orf73∆253-314 colocalised with chromatin, 

whereas orf73∆237-314 and orf73∆225-314 did not. These observations indicate that 

chromatin association of MHV-68 orf73 could be necessary for the repressor 

phenotype observed on TR activity. Whether or not there is a causal link between the 

two phenotypes needs further investigation. 

In contrast, in murine 3T3 fibroblasts where the 1.2 kb TR element did not exhibit 

intrinsic promoter/enhancer activity (figure 21 C), coexpression of MHV-68 orf73 

resulted in a slight increase in activity. The nature of the cellular factor(s) that cause 

this difference in phenotype when comparing 293T and 3T3 cells remains to be 

elucidated. 

3.1.4 KSHV and MHV-68 orf73 dependent replication of TR-containing plasmids 
MHV-68 orf73 seems to be essential for an effective establishment of latency in the 

spleen of infected mice in vivo, as a ∆orf73 MHV-68 mutant virus is unable to 

establish latency (Moorman,N.J. et al., 2003; Fowler,P. et al., 2003). Attempts to 

define MHV-68 genomic cis requirements have failed so far (Fowler,P., personal 

communication; Stevenson, P.G., personal communication). 

KSHV LANA is known to tether KSHV DNA to mitotic chromosomes and to mediate 

replication of TR containing plasmids (Ballestas,M.E. et al., 1999). Later, LANA was 

shown to directly interact with the TR of KSHV (Garber,A.C. et al., 2001). Several 

groups then defined KSHV genomic cis requirements, where they found the terminal 

repeat region to be essential for efficient replication (Hu,J. et al., 2002; Grundhoff,A. 

and Ganem,D., 2003; Fejer,G. et al., 2003). We modified and adapted the replication 

assay to MHV-68 and used the KSHV LANA system in 293 cells as a positive control. 

We investigated whether or not MHV-68 TR containing plasmids replicated in 

mammalian cells in the presence or absence of MHV-68 orf73. 
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Figure 22: KSHV orf73 (LANA) and the MHV-68 orf73 proteins mediate the replication of KSHV 
TR- and MHV-68 TR-containing plasmids, respectively. 
Viral replication assay (see 2.6.11) performed in HEK 293 and NIH 3T3 cells in parallel. 
(A) 293 and 3T3 cells were cotransfected with 4.5 µg of an MHV-68 TR element containing vector 
pPST1.2 (TR) or the empty vector pUC13 and 4.5 µg of MHV-68 orf73 expression vector (orf73) or the 
empty vector pVR1255HA (mock). 
(B) 293 and 3T3 cells were cotransfected with 4.5 µg of a KSHV TR element containing vector 
TRpBLUESCRIPT and 4.5 µg of KSHV LANA expression plasmid GSLANA (orf73) or empty vector 
pcDNA3 (mock). 
(A,B) Briefly, cells were lysed 72 h post transfection, plasmid DNA was phenol-chloroform extracted 
and ethanol precipitated. DNA was resuspended in H2O containing RNAseA. Subsequently, 1/10 of 
the TR containing plasmid DNA of MHV-68 (A) or KSHV (B) was linearized with BamH1 or Kpn1, 
respectively. 9/10 of the TR containing plasmid DNA were, in addition to the linearizing enzyme, Dpn1 
digested. Dpn1 cuts bacterially methylated transfected DNA but not DNA replicated in mammalian 
cells. Southern blotting was performed with MHV-68 1.2kb (A) or KSHV 802bp (B) TR probes. Lanes 
marked with an asterisk contain DNA replicated in 293 cells. The first lanes in A and B contain 100 ng 
of MHV-68 or KSHV linearized TR-containing plasmid, respectively, as positive control for southern 
blotting. 

As demonstrated in 3.1.3, an MHV-68 TR element exhibits promoter activity in 293T 

cells but not in 3T3 cells. Therefore, we hypothesized that there might be other 

differences regarding TR function in these cell lines. For that reason, we performed 

MHV-68 and KSHV replication assays in parallel in both cells lines, human epithelial 

293 cells and mouse 3T3 fibroblasts. 

As expected, we could observe replication of KSHV TR containing plasmids in the 

presence of KSHV LANA, but not when LANA was absent in 293 cells (figure 22 B). 

Interestingly, in 3T3 fibroblasts TR containing plasmids replicated neither in the 

presence nor in the absence of KSHV LANA (figure 22 B). This observation clearly 
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demonstrates that there are cellular requirements for effective LANA-mediated 

replication of TR containing plasmids. This is of special interest, since Bechtel and 

Ganem did demonstrate that KSHV can establish latent infection in many adherent 

cell lines, including human and nonhuman cells of epithelial, endothelial, and 

mesenchymal origin (Bechtel,J.T. et al., 2003). 

For MHV-68 we observed replication of MHV-68 TR containing plasmids in 293 cells 

in the presence of MHV-68 orf73, but not in its absence (figure 22 A). We therefore 

provide first molecular evidence for the MHV-68 orf73 protein being the episome 

maintenance factor of MHV-68. Simultaneously, these experiments show for the first 

time that the terminal repeat region of MHV-68 might be the cis acting element for 

episome maintenance. Noteworthy, the replication we observed for MHV-68 was 

significantly lower compared to the KSHV system. Further, as in the KSHV system, 

we did not observe any replicated MHV-68 TR containing plasmids in 3T3 cells 

(figure 22 A). Taken together the data of MHV-68 and KSHV orf73-mediated 

replication of TR-containing plasmids in 293 compared to 3T3 cells, we suggest the 

difference between 293 and 3T3 cells not to be a species effect (human versus 

murine) but to be of different nature. 
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3.2 Cellular interaction partners of MHV-68 orf73 and homologous 
proteins of related viruses (KSHV, RRV and HVS) 

KSHV LANA is a multifunctional protein (reviewed in(Viejo-Borbolla,A. et al., 2003). 

Several cellular interaction partners of LANA have been identified and some of them 

have been linked to specific LANA functions. Aiming at the identification of unknown 

cellular interaction partners of KSHV LANA, our group performed a yeast-two-hybrid 

screening with LANA as bait. The BET family member BRD2/RING3 was identified as 

LANA-binding protein and the BRD2-LANA interaction could be biochemically 

substantiated (Platt,G.M. et al., 1999). In addition, LANA was shown to be 

phosphorylated in the presence of BRD2/RING3. However, further functional 

implications of this interaction were unclear. Very little was known about 

BRD2/RING3 at that time. BRD2/RING3 is a member of bromodomain containing 

proteins of the BET/fsh (bromodomain and extraterminal domain/female sterile 

homeotic) family of proteins named after its first identified member fsh in Drosophila 

melanogaster (Digan,M.E. et al., 1986). In the following years, BET/fsh protein 

members were identified in many eukaryotes (reviewed in (Florence,B. and 

Faller,D.V., 2001). BET/fsh proteins turned out to be highly conserved from yeast to 

mammals mainly in the bromodomains and the ET domain (see figure 8). All BET/fsh 

proteins have one (in plants) or two (in animals/yeast) bromodomains. 

Bromodomains have been shown to be conserved sequence elements in proteins of 

mammals, drosophila or yeast (Haynes,S.R. et al., 1992) and fulfil chromatin 

targeting functions by binding to acetylated histones (Winston,F. and Allis,C.D., 

1999). 

KSHV LANA being a chromatin associated protein, we hypothesized BET/fsh 

proteins to potentially be relevant cellular factors for the LANA-chromatin association 

and possibly for further functions such as transcriptional regulation. 

Due to the degree of conservation of BET/fsh family members, we wondered whether 

KSHV LANA would interact with other members of the BET/fsh protein family and 

decided to focus, in addition to BRD2/RING3, on BRD4/HUNK, as BRD4 is known to 

be associated with mitotic chromosomes (Dey,A. et al., 2000). 
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3.2.1 Generation of a BRD4/HUNK expression construct 
The human BRD4 gene is located on chromosome 19 and codes for two predicted 

alternatively spliced transcripts. The shorter transcript encompasses eleven exons 

and codes for a 2169bp (722 aa) open reading frame (orf). The longer transcript 

consists of 19 exons and codes for a 4203bp (1401 aa) orf (see figure 9). Whether or 

not both predicted transcripts exist in human cell lines was unknown. We performed 

nested RT-PCR on RNA of different human cell lines including KSHV positive B-cell 

lines Jsc-1, BCP-1 and CroAP-5. Further, we included the KSHV negative, EBV 

positive B-cell line Raji, and HeLa cells as well as peripheral blood lymphocytes 

(PBL, donated by the author) (for a detailed description of the cell lines see 2.3.2). 

The reverse transcriptase reaction was performed, using a BRD4 specific primer 

annealing downstream of the stop codon in exon eleven (primer HUNKY R NEST). 

Subsequently, we performed the first round of the nested PCR on the generated 

cDNA molecules using primer pairs HUNKY F NEST and HUNKY R NEST and the 

second round of the nested PCR with the primers HUNKY FOR B and HUNKY REV 

X (for primer sequences see 2.2.5). We obtained specific PCR bands of the expected 

molecular size (2169 bp) from RNA of all cell lines (see figure 23 A) and cloned it into 

the expression vector pcDNA3 9E10. The generated construct was named 

BRD4/HUNK pcDNA3 9E10. Transfection of different cell lines with BRD4/HUNK 

pcDNA3 9E10 resulted in the expression of a myc-epitope-tagged protein with the 

apparent molecular mass of 110 kDa in SDS-PAGE. Potential dimers at ~220 kDa 

were also observed (figure 23 B). 
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Figure 23: Cloning of BRD4/HUNK from cDNA of different cell lines. 
(A) BRD4/HUNK specific nested RT-PCR on RNA from the indicated cell lines resulted in several DNA 
bands including the expected 2.1kb band. The 2.1 kb band obtained by RT-PCR was cloned and 
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sequenced. The BRD4/HUNK transcript containing eleven exons is shown schematically. Faster 
migrating bands turned out to be artefacts when sequenced. 
(B) Transfection of cos7 and 293T cells with BRD2 /RING3 or the newly generated BRD4/HUNK 
pcDNA3 9E10 plasmid obtained from the 2.1kb transcript (A) resulted in the expression of a protein of 
110 kDa in different cell lines. A band of higher molecular weight was also observed which might 
reflect a dimeric form of the protein. Further, HUNK was detectable with a polyclonal antibody raised 
against the C-terminus of RING3, as well as with a HUNK monoclonal antibody (described in material 
and methods). 

Interestingly, BRD4/HUNK protein was detectable with a HUNK monoclonal antibody 

raised against the C-terminus of HUNK, as well as with a RING3 polyclonal antibody 

(antibodies see 2.1.1) raised against the C-terminus of RING3, indicating an 

antigenic cross-reactivity of the RING3 antiserum (figure 23 B). The HUNK 

monoclonal antibody did not detect RING3. As expected, an anti-myc antibody also 

detected the myc-epitope-tagged BRD4/HUNK protein (not shown). 

In summary, BRD4/HUNK 2.1 kb transcripts were detectable in all examined cell 

lines including KSHV positive B-cell lines. Notably, we were able to amplify, also by 

nested PCR, a 470 bp fragment of the 3’ end of the predicted longer BRD4 splice 

variant in HeLa, PBL, Jsc1, Raji and CroAP5 cells (primers for RT: MCAP R RT, 1st 

round nested PCR: HUNK CFN and MCAPY R NEST, 2nd round nested PCR:HUNK 

CF and MCAPY R NEST)(data not shown). This BRD4-specific 470 bp band 

indicates the existence of the longer BRD4 splice variant. However, we were not able 

to PCR amplify the 3’ half of the BRD4 longer splice variant (~2.2 kb) that we would 

have needed to generate a 4203 bp expression construct for BRD4/MCAP. 

3.2.2 BRD4/HUNK is a nuclear protein partially colocalising with chromatin 
With the expression construct BRD4/HUNK pcDNA3 9E10 described in 3.2.1 we 

decided to characterise the intracellular distribution of the myc-epitope tagged 722 aa 

BRD4/HUNK protein. HeLa cells were transiently transfected, fixed 48 hours post 

transfection and immunolabelled with anti-myc (figure 24 A-C) or anti-HUNK 

monoclonal (figure 24 D-F) antibodies and a FITC-conjugated secondary antibody. In 

addition, chromatin was stained with Hoechst 33258. Overexpressed BRD4/HUNK 

was detectable exclusively in the nuclei of transfected cells (see figure 24 A,D). 

BRD4/HUNK showed a reticular distribution pattern and partially colocalised with the 

chromatin signal in interphase cells (figure 24).There was no significant difference 

between the signals obtained with the two different primary antibodies anti-myc and 

anti-HUNK. With both antibodies some cells showed a more pronounced staining at 
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the borders of the nuclei (figure 24 A). Other cells gave a more equally distributed 

signal all over the nuclei (figure 24 B). A similar subcellular distribution pattern had 

been observed for BRD2/RING3 (Mattsson,K. et al., 2002). 

D        HUNK     α-HUNK (C34) E Hoechst F overlay

A HUNK α-myc B Hoechst C overlay

 

Figure 24: BRD4/HUNK localizes to nuclei and partially colocalizes with interphase chromatin. 
Immunofluorescence microscopy: HeLa cells were transiently transfected with 1µg of BRD4/HUNK full 
length (aa2-722) pcDNA3 9E10, fixed 48 h after transfection with 3%PFA and either immunolabelled 
with an monoclonal mouse anti-myc antibody (panels A-C) or a monoclonal mouse anti-HUNK 
monoclonal antibody (panels D-F) and a secondary anti-mouse FITC-conjugated antibody. Chromatin 
was stained with Hoechst 33258 (for details see 2.6.5). 

3.2.3 KSHV LANA and BRD4/HUNK colocalise in nuclei of HeLa cells 
Knowing KSHV LANA to be a nuclear protein with a characteristic interphase 

chromatin distribution pattern in transfected cells (Kedes,D.H. et al., 1997; 

Rainbow,L. et al., 1997; Schwam,D.R. et al., 2000), we asked whether KSHV LANA 

and BRD4/HUNK would colocalise in the nuclei of cells coexpressing both LANA and 

HUNK. Therefore, HeLa cells were transiently cotransfected with expression 

plasmids for KSHV LANA and BRD4/HUNK. Both, HUNK (figure 25 A) and LANA 

(figure 25 B) showed a similar intranuclear distribution in subnuclear structures. 

Merging the images of HUNK (FITC, green) and LANA (TRITC, red) signals revealed 

partial colocalisation (figure 25 D, yellow signal). This observation provides first 

evidence that HUNK and LANA colocalise in the nuclei of interphase cells. 
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A HUNK           α-myc B                LANA    pos serum

C Hoechst D     overlay A(FITC)+B(TRITC)

 

Figure 25: BRD4/HUNK and KSHV LANA colocalise in the nuclei of transfected HeLa cells. 
HeLa cells were transiently cotransfected with 1µg of BRD4/HUNK full length (aa2-722) pcDNA3 9E10 
and 1µg of GSLANA expression construct, fixed 48 h after transfection with 3%PFA and 
coimmunolabelled with a primary anti-myc antibody and secondary FITC- conjugated antibody for 
HUNK expression (panel A) and KSHV positive human serum and a secondary TRITC- conjugated 
antibody for LANA expression (panel B). Panel C shows the Hoechst 33258 stain. Panel D is an 
overlay of panels A and B. 

3.2.4 Orf73 proteins interact with BET proteins in transfected cells 
Knowing KSHV LANA to interact with BRD2/RING3 (Platt,G.M. et al., 1999) and 

observing LANA colocalisating with BRD4/HUNK (see 3.2.3) we decided to 

investigate the interaction of BET proteins with KSHV LANA and the homologous 

orf73 proteins of MHV-68, RRV and HVS in more detail. We used two different 

approaches: in vitro GST-pull-down assays (3.2.5) and coimmunoprecipitation 

assays with the main focus on KSHV LANA and the MHV-68 orf73 protein. 

KSHV LANA interacts with BET proteins in transfected cells 

To explore the interaction of KSHV LANA with different BET proteins in living cells, 

we performed coimmunoprecipitation assays (see 2.6.9). Epithelial HEK 293T cells 

were transiently cotransfected with a full length LANA expression plasmid (GSLANA) 

and five different EGFP-tagged BET protein fusion constructs: full length 

BRD2/RING3 and BRD4/HUNK, deletion constructs BRD2/RING3 aa 640-801, 

 105



 
3.Results 

BRD4/HUNK aa 608-722 or BRD3/ORFX aa 569-726, all encompassing the C-

terminal regions of the respective protein, initiating at the 5’ ends of the respective ET 

domains (figure 26, upper panel). BRD3/ORFX is another poorly characterised 

human BET protein. As contol, HEK 293T cells were cotransfected with GSLANA 

and EGFPC1. EGFP-fusion proteins or EGFP alone were immunoprecipitated with 

an anti-GFP antibody. Subsequent SDS-PAGE and immunoblotting with an anti-GFP 

antibody revealed efficient precipitation of all EGFP-fusion proteins and EGFP (figure 

26, lower panel). Both BRD2/RING3 and BRD4/HUNK full length constructs had an 

apparent molecular mass of ~120 kDa. BRD2/RING3 aa 640-801, BRD4/HUNK aa 

608-722 and BRD3/ORFX aa 569-726 had apparent masses of 50 kDa, 38 kDa and 

51 kDa, respectively. Interestingly, BRD2/RING3 aa 640-801, BRD4/HUNK aa 608-

722 and BRD3/ORFX aa 569-726 showed additional bands about 7 kDa smaller in 

size that were also efficiently immunoprecipitated with the anti-GFP antibody (see 

figure 26, this phenomenon is also visible in figure 28). The molecular nature of these 

low molecular mass bands is not known. 
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Figure 26: Coimmunoprecipitation of KSHV LANA with BRD2/RING3, BRD4/HUNK and 
BRD3/ORFX. 
293T cells were cotransfected with GSLANA and the indicated EGFPC1-BET expression plasmids as 
schematically represented in the upper part of the figure. 48 h post transfection cells were lysed, 
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lysates precleared and immunoprecipitation with an α-GFP antibody coupled to Sepharose A beads 
was performed. After washing, bound proteins were analysed by immunoblotting with KSHV positive 
human serum (α-LANA) to detect LANA. Efficient immunoprecipitation of EGFP or the EGFP-BET 
fusion proteins was monitored with an α-GFP immunoblot performed in parallel (see 2.6.9). IB: 
immunoblot, IP: immunoprecipitation. 

As shown in figure 26 (lower part), KSHV LANA was efficiently coimmunoprecipitated 

with full length BRD4 and full length BRD2 proteins. Further, LANA 

coimmunoprecipitated with BRD2/RING3 aa 640-801, BRD4/HUNK aa 608-722 and 

BRD3/ORFX aa 569-726, but not with the EGFP protein alone (figure 26, IB: α-

LANA). Reproducibly, the LANA specific signal was strongest in the 

coimmunoprecipitations with BRD4 full length, moderately weaker with BRD2/RING3 

full length and BRD4/HUNK aa 608-722 proteins. Relatively weak LANA signals were 

detectable with BRD2/RING3 aa 640-801 and BRD3/ORFX aa 569-726. 

In summary, this experiment demonstrates that KSHV LANA interacts with BRD2, 

BRD4 and BRD3 proteins in vivo in 293T cells. Further, the C-termini of BRD2, BRD3 

and BRD4 including the ET-domains were shown to be sufficient for LANA binding. 

Whether the amino acids N-terminally of the ET domains contribute to LANA-binding 

in the context of full length BRD2, BRD3 and BRD4 can not be excluded. 

KSHV LANA mutants lacking the C-terminal 29 aa do not interact with BRD2 and BRD4 
in transfected cells 

Next, we aimed at defining KSHV LANA requirements for the in vivo interaction with 

BRD2/RING3 and BRD4/HUNK and performed coimmunoprecipitation assays using 

an anti-GFP antibody to immunoprecipitate EGFP-tagged proteins from 293T lysates 

(see 2.6.9). EGFP-tagged BRD2/RING3 full length, EGFP-tagged BRD4/HUNK full 

length or EGFP were transiently coexpressed with full length LANA or C-terminally 

truncated KSHV LANA mutants LANA ∆1161-1162 (L30), LANA ∆1144-1162 (L29), 

LANA ∆1140-1162 (L28C), LANA ∆1134-1162 (L28B), LANA ∆1129-1162 (L28), 

LANA ∆1108-1162 (L27), LANA ∆1056-1162 (L26) or LANA ∆1007-1162 (L25) 

(compare figure 18 D and figure 27 C). 

As expected, full length LANA (GSLANA) coimmunoprecipitated with both BRD2 

(figure 27 A, upper panel) and BRD4 (figure 27 B, upper panel) but not with the 

EGFP controls (figure 27 A,B, lower panels). Further, LANA mutants L30 (not shown) 

and L29 coimmunoprecipitated with BRD2 and BRD4, but not with EGFP. L28C 

weakly interacted with BRD4 (figure 27 B) but not with BRD2 (figure 27 A). All shorter 
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LANA constructs, namely L28B (figure14 A,B), L28, L27, L26 and L25 (not shown) 

coimmunoprecipitated with neither BRD2 nor BRD4. 

These data clearly demonstrate that deleting the C-terminal 23 amino acids from 

KSHV LANA results in a complete loss of BRD2/RING3 binding in vivo and an almost 

complete loss of BRD4/HUNK binding in vivo. Notably, the same LANA mutants that 

are no longer capable to interact with BRD2 or BRD4 (LANA ∆1140-1162 (L28C) or 

shorter) can not activate the human cyclinE promoter (shown in 3.1.2). Further, LANA 

∆1129-1162 (L28) or shorter mutants do no longer interact with chromatin (Viejo-

Borbolla,A. et al., 2003). A functional link between the loss of BRD2 and BRD4 

interaction and the loss of cyclinE promoter transactivation or the loss of chromatin 

association seems likely. 
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Figure 27: Coimmunoprecipitation of KSHV LANA C-terminal deletion mutants with 
BRD2/RING3 and BRD4/HUNK. 
(A) 293T cells were cotransfected with full length GSLANA (aa2-1162) or C-terminal deletion mutants 
L29 (∆1144-1162), L28C (∆1140-1162), L28B (∆1134-1162) or empty expression vector (mock) and 
BRD2/RING3 full length (aa2-801) EGFPC1 or empty EGFPC1-expression plasmids. (B) Same as in 
(A) but BRD4/HUNK full length (aa2-722) EGFPC1 used instead of BRD2/RING3. (A,B) 48 h post 
transfection cells were lysed, lysates precleared and immunoprecipitation with an α-GFP antibody 
coupled to Sepharose A beads was performed. After washing, bound proteins were analysed by 
immunoblotting with KSHV positive human serum (α-LANA) to detect LANA (A, B upper panels). 
Efficient immunoprecipitation of EGFP or the EGFP- fusion proteins was monitored with an α-GFP 
immunoblot performed in parallel (A, B lower panels) (see 2.6.9). IB: immunoblot, IP: 
immunoprecipitation. (C) KSHV LANA constructs used in (A) and (B). 
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The MHV-68 orf73 protein interacts with BET proteins in transfected cells 

Having shown that KSHV LANA interacts with BET proteins in vivo, we were 

interested, whether MHV-68 orf73 would also interact with BET proteins in vivo. We 

performed coimmunoprecipitation assays (see 2.6.9) with the MHV-68 orf73 protein 

coexpressed with different BET proteins. Epithelial HEK 293T cells were transiently 

cotransfected with an HA-epitope tagged MHV-68 orf73 expression plasmid (MHV-68 

orf73HA) and five different EGFP-tagged BET protein fusion constructs: full length 

BRD2/RING3 and BRD4/HUNK, deletion constructs BRD2/RING3 aa 640-801, 

BRD4/HUNK aa 608-722 or BRD3/ORFX aa 569-726, all encompassing the C-

terminal regions of the respective protein, initiating at the 5’ ends of the respective ET 

domains (shown in figure 28, upper panel). As contol, an MHV-68 orf73 and EGFPC1 

cotransfection was included. After lysing the cells, EGFP-fusion proteins or EGFP 

alone were immunoprecipitated with an anti-GFP antibody. As depicted in figure 28 

(lower panel) all EGFP-fusion proteins and EGFP were efficiently precipitated. 
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Figure 28: Coimmunoprecipitation of MHV-68 orf73 with BRD2/RING3, BRD4/HUNK and 
BRD3/ORFX. 
293T cells were cotransfected with MHV-68 orf73HA and the indicated EGFPC1-BET expression 
plasmids as schematically represented in the upper part of the figure. 48 h post transfection cells were 
lysed, lysates precleared and immunoprecipitation with an α-GFP antibody coupled to Sepharose A 
beads was performed. After washing, bound proteins were analysed by immunoblotting with an α-HA 
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antibody for detection of HA-tagged orf73. Efficient immunoprecipitation of EGFP or the EGFP- fusion 
proteins was monitored with an α-GFP immunoblot performed in parallel (see 2.6.9) 

The same samples were analysed with an anti-HA antibody for detection of the MHV-

68 orf73 protein (figure 28, middle panel). MHV-68 orf73 protein could be efficiently 

coimmunoprecipitated with full length BRD4 and full length BRD2 proteins. Further, 

MHV-68 orf73 protein coimmunoprecipitated with BRD2/RING3 aa 640-801, 

BRD4/HUNK aa 608-722 and BRD3/ORFX aa 569-726, but not with the EGFP 

protein alone (figure 28, middle panel). 

In summary, this experiment demonstrates that MHV-68 orf73 interacts with BRD2, 

BRD4 and BRD3 proteins in vivo in 293T cells. Further, the C-termini of BRD2, BRD3 

and BRD4 including the ET-domains are sufficient for MHV-68 orf73 binding. 

MHV-68 orf73 mutants lacking the C-terminal 62 aa do not interact with BRD2 and 
BRD4 in transfected cells 

We next wanted to define MHV-68 orf73 requirements for the interaction with 

BRD2/RING3 and BRD4/HUNK in coimmunoprecipitation studies. Therefore, we 

used a series of MHV-68 orf73 C-terminal deletion constructs. HEK 293T cells were 

transiently cotransfected with MHV-68 orf73 deletion constructs ∆262-314, ∆253-

314, ∆237-314 or ∆225-314 and EGFP-tagged BRD2 or BRD4 full length expression 

constructs or EGFP expression vector. After 48 hours, cells were lysed and 

immunoprecipitation with an anti-GFP antibody was performed. As shown in figure 

29, the MHV-68 orf73 ∆262-314 protein interacted with BRD2 but not with EGFP 

(figure 29 A, upper panel, lanes 2 and 4). In contrast, MHV-68 orf73 proteins ∆253-

314, ∆237-314 or ∆225-314 did not interact with BRD2 (figure 29 A). The same 

observation was made regarding the interaction of MHV-68 orf73 mutants with 

BRD4: MHV-68 orf73 ∆262-314 interacted with BRD4, whereas ∆253-314, ∆237-

314, or ∆225-314 did not (figure 29 B). 
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Figure 29: Coimmunoprecipitation of MHV-68 orf73 C-terminal deletion mutants with 
BRD2/RING3 and BRD4/HUNK. 
(A) 293T cells were cotransfected with MHV-68 orf73 C-terminal deletion mutants ∆262-314, ∆253-
314, ∆237-314, or ∆225-314 and BRD2/RING3 full length (aa2-801) EGFPC1 or empty EGFPC1- 
expression plasmids in. (B) Same as in (A) but BRD4/HUNK full length (aa2-722) EGFPC1 used 
instead of BRD2/RING3. A+B 48 h post transfection cells were lysed, lysates precleared and 
immunoprecipitation with an α-GFP antibody coupled to Sepharose A beads was performed. After 
washing, bound proteins were analysed by immunoblotting with an α-HA antibody for detection of HA-
tagged orf73. Efficient immunoprecipitation of EGFP or the EGFP- fusion proteins was monitored with 
an α-GFP immunoblot performed in parallel (see 2.6.9). IB: immunoblot, IP: immunoprecipitation. 

These results demonstrate that truncating the C-terminal 62 aa of the MHV-68 orf73 

protein leads to a loss of binding in vivo to both, BRD2/RING3 and BRD4/HUNK. 

The RRV orf73 protein interacts with BRD4/HUNK in transfected cells 

The question whether the RRV orf73 protein would interact with BRD4/HUNK was 

addressed by transient coexpression of myc epitope tagged RRV orf73 and either 

EGFP-tagged BRD4/HUNK or EGFP alone and subsequent coimmunoprecipitation 

with an anti-GFP antibody. RRV orf 73 protein interacted with BRD4 but not with 

EGFP under these conditions (figure 30). 

 112



 
3.Results 

IB:α-GFP

IB:α-myc

RRV orf73myc:
IP α-GFP(+)/Input(In):

EG
FP

C1

+ + + +
+ +In In

BR
D4

RRV orf73

 

Figure 30: Coimmunoprecipitation of RRV orf73 with BRD4/HUNK. 
293T cells were cotransfected with myc-tagged RRV orf73 in pcDNA3 and BRD4/HUNK full length 
(aa2-722) EGFPC1 or empty EGFPC1- expression plasmids. 48 h post transfection cells were lysed, 
lysates precleared and immunoprecipitation with an α-GFP antibody coupled to Sepharose A beads 
was performed. After washing, bound proteins were analysed by immunoblotting with an α-myc 
antibody for detection of myc-tagged RRV orf73. Efficient immunoprecipitation of EGFP or the EGFP- 
fusion proteins was monitored with an α-GFP immunoblot performed in parallel (see 2.6.9). IB: 
immunoblot, IP: immunoprecipitation. 

3.2.5 Orf73 proteins interact with BET proteins in vitro 
In order to obtain a more detailed view on the interaction of KSHV LANA and the 

orf73 proteins of MHV-68, RRV and HVS with cellular BET proteins, we performed 

two further assays in addition to the coimmunoprecipitation studies: GST pull-down 

experiments and peptide array assays. 

Orf73 proteins of KSHV, MHV-68, RRV and HVS interact with C-terminal regions of 
BRD2/RING3, BRD4/HUNK and BRD3/OrfX in vitro 

As shown in the previous section by co-immunoprecipitation, and also previously 

reported by our group for BRD2/RING3 and KSHV LANA (Platt,G.M. et al., 1999), 

KSHV LANA , the MHV-68 orf73 protein and RRV orf73 protein bind to members of 

the BET family of nuclear proteins. To extend these studies we investigated whether 

all four homologous orf73 proteins would interact with the BET proteins BRD2, BRD3 

and BRD4 in vitro. 

Therefore, we performed GST pull-down assays. Briefly, GST-RING3 (aa 601-801), 

GST-HUNK (aa 607-722), GST-ORFX (aa 569-726) fusion proteins or GST alone 

(figure 31 E) were expressed in E.coli. Cells were lysed and proteins were bound to 

Glutathione Sepharose 4B beads. Next, cell lysates of mammalian cells expressing 

MHV-68, RRV and HVS orf73 proteins or control lysate were incubated with the GST-

fusion proteins coupled to beads. After extensive washing, SDS-PAGE and 

immunoblotting with antibodies detecting epitope-tagged orf73 proteins was 

performed. 
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We observed binding of orf73 proteins of MHV-68 (figure 31 A), RRV (figure 31 B), 

and HVS (figure 31 C) with GST-RING3, GST-HUNK and GST-ORFX, but not with 

GST. This demonstrates that orf73 proteins of MHV-68, RRV and HVS bind to the C-

terminal amino acids encompassing the ET domain of BRD2/RING3 (aa 601-801), 

BRD4/HUNK (aa 608-722) and BRD3/ORFX (aa 569-726) in vitro. For the MHV-68 

orf73 protein this mirrors the data obtained in vivo in coimmunoprecipitation assays 

(see 3.2.4, figure 28). The fact that orf73 proteins of all investigated rhadinoviruses, 

namely MHV-68, RRV, HVS (figure 31) and KSHV bind to BRD2, BRD3 and BRD4 is 

indicative of evolutionarily conserved protein-protein interactions, which in turn might 

suggest a biologically important function. 
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Figure 31: GST pull-down assay with GST-RING3, GST-HUNK and GST-ORFX reveals binding of 
orf73-proteins of MHV-68, RRV and HVS. 
(A,B,C) GST-RING3, GST-HUNK, GST-ORFX or GST alone were bound to Glutathion Sepharose 4B 
beads for 1h, washed and then incubated for 1h with lysates of HEK 293T cells transiently expressing 
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orf73-proteins of MHV-68 (A), RRV (B) and HVS (C) after transfection with the respective orf73-
expression construct. After extensive washing beads were analysed by SDS- PAGE and 
immunoblotting. For MHV-68 orf73 (A) an α-HA antibody was used, whereas RRV (B) and HVS (C) 
orf73 proteins were detected with an α-myc antibody (details see 2.6.8). (D) expression levels of GST-
fusion proteins and GST as determined by α-GST immunoblot. (E) schematic representation of the 
GST-fusion proteins used in (A-D). 

MHV-68 orf73 binds to identical BRD2/RING3 deletion constructs as KSHV LANA does, 
whereas orf73 proteins of HVS and RRV differ in their binding patterns 

In our attempt to charactise the region in BET proteins responsible for binding of the 

orf73 proteins of KSHV, MHV-68, RRV and HVS, we decided to use a GST pull-down 

approach. We used a series of BRD2/RING3 constructs for the expression of GST-

fusion proteins in E.coli. The expressed recombinant proteins all encompass C-

terminal regions of BRD2 (figure 32, upper part). The proteins were expressed at 

comparable levels as shown by SDS-PAGE and Coomassie staining (not shown). 
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Figure 32: GST pull-down assay with GST-RING3 deletion constructs and orf73-proteins of 
KSHV, MHV-68, RRV and HVS. 
GST-RING3 deletion mutants schematically depicted in the upper part were bound to Glutathion 
Sepharose 4B beads for 1h, washed and then incubated for 1h with lysates of HEK 293T cells 
transiently expressing orf73 proteis of KSHV, MHV-68, RRV or HVS after transfection with the 
respective orf73-expression construct. After extensive washing beads were analysed by SDS-PAGE 
and immunoblotting. For KSHV LANA and MHV-68 orf73 positive human serum and an α-HA antibody 
were used, respectively. RRV and HVS orf73 proteins were detected with an α-myc antibody (details 
see 2.6.8). 

As shown in figure 32 (lower part, first panel) KSHV LANA bound to GST-RING3 B, 

GST-RING3 C, GST-RING3 D, GST-RING3 E and GST-RING3 F, but neither to 

GST-RING3 G nor the GST protein alone (figure 32). The same binding pattern was 

observed for the MHV-68 orf73 protein (figure 32, second panel). The binding pattern 

of the RRV orf73 protein differed, as it did not bind to GST-RING3 F (figure 32, third 

panel). The most restricted binding pattern was observed for the HVS orf73 protein 

which only bound to GST-RING3 B, GST-RING3 C and GST-RING3 D (figure 32, 

fourth panel). 

Firstly, these data demonstrate that KSHV LANA and the MHV-68 orf73 protein bind 

to the BRD2/RING3 C-terminal region exhibiting the same binding pattern, whereas 

the RRV and HVS orf73 proteins bind with a more restricted pattern. This might point 

at the MHV-68 orf73 protein mirroring the KSHV LANA-BRD2/RING3 interaction 

better than the orf73 proteins of RRV and HVS. 

Secondly, BRD2/RING3 aa 639-801 including the ET domain (aa640-703) were 

shown to be sufficient for binding all four orf73 homologs. Thirdly, BRD2/RING3 aa 

539-634 are sufficient for binding of KSHV LANA and the MHV-68 and RRV orf73 

proteins, strongly suggesting two distinct binding sites within BRD2/RING3 for the 

binding of KSHV, MHV-68 and RRV orf73 proteins, but most likely not for the HVS 

orf73 protein. 

MHV-68 orf73 mutants lacking the C-terminal 62 amino acids do not interact with 
BRD2/RING3 in vitro 

Since the MHV-68 orf73 protein showed a similar binding pattern to BRD2/RING3 

mutants as KSHV LANA, we decided to focus on MHV-68 orf73 to study the 

interaction with BRD2/RING3 in more detail. To define MHV-68 orf73 requirements 

for BRD2/RING3 binding, we generated a series of C-terminally truncated MHV-68 

orf73 mutant proteins as GST-fusion proteins (figure 33, upper part) and performed 

GST pull-down assays with BRD2/RING3 full length protein expressed in SF9 insect 
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cells. Truncating 62 or more amino acids of the C-terminus of the MHV-68 orf73 

protein resulted in the loss of BRD2/RING3 binding (figure 33, lower part). 

Interestingly, the MHV-68 orf73 mutant ∆257-314 still bound, whereas mutant ∆253-

314 and shorter mutants did not, paralleling the loss of BRD2/RING3 binding when 

truncating KSHV LANA C-terminally (see alignment in figure 6 and figure 27 A). 
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Figure 33: GST-pull down assay with C-terminally truncated GST-MHV-68 orf73 fusion proteins 
and BRD2/RING3 as interaction partner. 
GST-MHV-68 orf73 deletion proteins (schematically depicted in the upper part) were bound to 
Glutathion Sepharose 4B beads for 1h, washed and then incubated for 1h with lysates from full length 
BRD2/RING3-expressing SF9 insect cells after infection with a RING3 baculovirus (see 2.3.5). After 
extensive washing beads were analysed by SDS- PAGE and immunoblotting using an α-RING3 
antibody (details see 2.6.8). SF9 NI: lysate from non-infected SF9 insect cells. 

These observations suggest that the region of aa 252-257 might play a role in 

binding to BRD2/RING3. To define this further, we introduced mutations into full 

length MHV-68 orf73 by site directed mutagenesis where we mutated the aa 250-256 

to alanines in a pairwise fashion. However, these MHV-68 orf73 mutant proteins all 

still bound to BRD2/RING3, BRD4/HUNK and BRD3/ORFX in GST pull-down assays 

(not shown). This led us to the hypothesis that the region around aa 252-257 might 

be important for the structure and function of the MHV 68 orf73 protein. 

BRD2/RING3 interacts with peptides containing amino acids QAKKLK of MHV-68 orf73 

To investigate the binding of BRD2/RING3 in more detail and to identify further 

possible contact sites in the MHV-68 orf73 protein for BRD2/RING3, we decided to 

perform a peptide array assay with MHV-68 orf73 synthesized as peptides with a 
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length of 15 aa each, possibly enabling us to find direct interaction sites of purified 

BRD2/RING3 protein with MHV-68 orf73 (see 2.6.6/2.6.7). 

We identified BRD2/RING3 protein to specifically interact with four peptides of the 

MHV-68 orf73 protein (figure 34 B,C). All four peptides contained the amino acids 

QAKKLK (Glutamine-Alanine-Lysine-Lysine-Leucin-Lysine) representing the aa 226-

231 of the MHV-68 orf73 protein (figure 34 D). 
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Figure 34: MHV-68 orf73-peptide array assay with RING3 protein. 
(A) Background control: the peptide array membrane was incubated with the first (α-RING3 polyclonal) 
and secondary AP-conjugated antibodies and the AP colour reaction was performed (see 2.6.6). 
Nomenclature of peptides starts with ‘1A’ in the upper left corner. 
(B) RING3 protein expressed in SF9 insect cells was purified with Ni-NTA sepharose beads (see 
2.6.7) and subsequently incubated with the MHV-68 orf73 peptides. Detection was perfomed as in (A). 
(C) Quantification of signal intensity of peptides from (B) minus background intensity from (A) using 
the Phoretix array 1.0 quantification software. Nomenclature of peptides as indicated in (A), starting 
with ‘1A’ as first peptide. 
(D) Schematic representation of peptides 3Q to 4K. RING3 interacted with four peptides 3W, 3X, 3Y 
and 4A, all containing the amino acids QAKKLK. 

Strikingly, the aa QAKKLK (aa 226-231) in the BRD2/RING3 protein are situated 21 

amino acids N-terminal of the region that had turned out to be critical for 

BRD2/RING3 binding in truncational analyses (aa 252-256) (figure 33, see also orf73 

protein alignment in figure 6). We therefore hypothesised the aa 252-256 of the 

MHV-68 orf73 protein to be crucial for protein conformation and thereby function. 

Alternatively, several contact points for BRD2/RING3 may exist in the MHV-68 orf73 
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protein, of which some, located between aa 252-256, could depend on the correct 

secondary or higher order structure of the MHV-68 orf73 protein and therefore not be 

amenable to mapping by peptide array. To further investigate the role of the amino 

acids QAKKLK in MHV-68 orf73 (aa 226-231) in BRD2/RING3 binding, we 

introduced mutations into the MHV-68 orf73 protein using site-directed mutagenesis. 

Thereby we created a series of full length MHV-68 orf73 proteins mutated in the 

region aa 226-231 by replacing the aa QAKKLK in part or completely by alanines. 

This resulted in the following mutants: orf73 K228A, orf73 228 4A 231, orf73 225 7A 

231 and orf73 225 5A 229 (schematically shown in figure 35 A). One further MHV-68 

orf73 mutant, orf73 226 DAADLE 231, was designed from conclusions drawn by 

another peptide array (data not shown). In this array we systematically mutated each 

of the amino acids QAKKLK to all 20 natural aa and tested them for BRD2/RING3 

binding (not shown). The change of QAKKLK to DAADLE reflects the synopsis of the 

data obtained with this array and resulted in an MHV-68 orf73 protein with the lowest 

possible binding affinity to BRD2/RING3 at the amino acid positions 226-231. 

Next, we characterised these mutant MHV-68 orf73 proteins with respect to their 

binding properties to BET proteins in GST pull down assays (figure 35 A) and with 

respect to their ability to activate the cyclinE promoter (figure 35 B). 

Interestingly, all mutant full length MHV-68 orf73 proteins (orf73 K228A, orf73 228 4A 

231, orf73 225 7A 231, orf73 225 5A 229 and orf73 226 DAADLE 231) interacted 

with BRD2/RING3, BRD4/HUNK and BRD3/ORFX similar to the wild type MHV-68 

orf73 protein (figure 35 A). This indicates that mutating the BRD2/RING3 binding 

motif QAKKLK identified with the peptide array is not sufficient to abolish the binding 

of the MHV-68 orf73 at least in vitro under the conditions of our GST pull down 

experiment. 

To functionally caracterise the mutant full length MHV-68 orf73 proteins, their ability 

to transactivate the cyclinE promoter was investigated (figure 35 B). We reproducibly 

obtained a higher transactivation of the cyclinE promoter with the MHV-68 orf73 

K228A mutant compared to the wild type MHV-68 orf73 protein, whereas all other 

mutants (orf73 228 4A 231, orf73 225 7A 231, orf73 225 5A 229 and orf73 226 

DAADLE 231) were slightly impaired (figure 35 B, left panel). This was not due to 

different expression levels (figure 35 B, right panel). 
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Notably, the Lysine 228 (K228) of the MHV-68 orf73 protein is the only amino acid of 

the QAKKLK motif which is conserved in all four orf73 proteins of KSHV, HVS, RRV 

and MHV-68 (figure 6 B). 
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Figure 35: Characterisation of MHV-68 orf73-proteins with mutations in the RING3 binding site 
QAKKLK (aa226-231). 
(A) GST pull-down assay with GST-RING3, GST-HUNK and GST-ORFX reveals binding of MHV-68 
orf73-proteins with mutations in the RING3 binding site QAKKLK (aa226-231). GST-RING3, GST-
HUNK, GST-ORFX or GST alone were bound to Glutathion Sepharose 4B beads for 1h, washed and 
then incubated for 1h with lysates of HEK 293T cells transiently expressing mutant MHV-68 orf73-
proteins as depicted in the left part of the figure. Amino acids depicted in red were mutated compared 
to the MHV-68 orf73 wildtype protein. After extensive washing beads were analysed by SDS- PAGE 
and immunoblotting. Immunoblotting with an α-HA antibody was performed (details see 2.6.8). The 
expression levels of GST-fusion proteins and GST was determined by SDS-PAGE and Comassie 
staining. 
(B) Luciferase based reporter assay using the cyclinE promoter and the MHV-68 orf73 mutants as 
depicted in (A). HEK 293T cells in 6 well plates were transfected with 50ng of cyclinE reporter plasmid 
and 1 µg of mutant or wt MHV-68 orf73 expression construct in duplicate and lysed at confluency after 
48 h (for details see 2.6.4). The relative activation for the different mutant MHV-68 orf73 proteins are 
given as activation compared to MHV-68 orf73 wt (left part). Standard deviations are shown. The 
different mutant MHV-68 orf73 proteins were expressed to similar levels (immunoblot, right part). 

3.2.6 Orf73 proteins interact with the retinoblastoma protein (RB) 
KSHV LANA is known to interact with the retinoblastoma tumour suppressor protein 

(RB) and, most likely via this interaction, to influence E2F-transcription factor 

dependent transcription of cell cycle regulatory genes (Radkov,S.A. et al., 2000). 

Recently, it was demonstrated for the HVS orf73 protein to interact with RB as well 

(Borah,S. et al., 2004). Seeking to define functional similarities and differences of 

γ2herpesviral orf73 proteins, we asked whether the orf73 homologs of RRV and 

MHV-68 would also interact with RB. 
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KSHV LANA and the orf73 proteins of MHV-68 and RRV interact with the 
retinoblastoma tumour suppressor gene product (RB) in vitro 

To test whether the orf73 protein of RRV and MHV-68 would interact with RB, we 

performed a GST pull down approach using GST-fusion proteins with C-terminal 

domains of orf73 proteins of KSHV, RRV and MHV-68 and lysates from SF9 insect 

cells expressing full length RB. As shown in figure 36, RB bound to KSHV, RRV and 

MHV-68 orf73 proteins but not to the GST control. 
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Figure 36: GST pull-down assay with GST-orf73 proteins of KSHV, RRV and MHV-68 and the 
retinoblastoma protein (RB). 
GST-KSHV LANA, GST-RRV orf73, GST-MHV-68 orf73 or GST alone were bound to Glutathion 
Sepharose 4B beads for 1h, washed and then incubated for 1h with lysates from RB-expressing SF9 
insect cells (see 2.3.5). After extensive washing beads were analysed by SDS- PAGE and 
immunoblotting with an α-RB monoclonal antibody (details see 2.6.8). Control lysate (ctrl): non-
infected SF9 cells.  

The retinoblastoma protein interacts with peptides of MHV-68 orf73 

We next asked, whether RB would also interact with MHV-68 orf73 on linear 

sequence level. Therefore, a peptide array assay with MHV-68 orf73 peptides was 

performed similar to the one with BRD2/RING3 (figure 34) but this time with crude 

lysates from RB-expressing SF9 insect cells. Three regions in MHV-68 orf73 were 

identified to bind RB (figure 37 B,C), mainly in the N-terminal half of MHV-68 orf73. In 

addition to these two RB-binding sites in the N-terminus of MHV-68 orf73, the 

QAKKLK region (aa 226-231) also showed RB binding. 
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Figure 37: MHV-68 orf73-peptide array assay with the retinoblastoma protein (RB). 
(A) background control: the peptide array membrane was incubated with the first (α-RB) and 
secondary AP-conjugated antibodies and the AP colour reaction was performed (see 2.6.6). 
(B) Lysate from SF9 insect cells expressing RB (see 2.3.5) was incubated with the MHV-68 orf73 
peptides and detection as in (A) was perfomed. 
(C) Quantification of signal intensity of peptides from (B) minus background intensity from (A) using 
the Phoretix array 1.0 quantification software. Nomenclature of peptides as in figure 34. 

Noteworthy, the MHV-68 orf73 peptide array had been stripped (see 2.6.6) after the 

incubation with BRD2/RING3 and been reused for the investigation of RB binding. 

Stripping the peptide array might not have removed bound BRD2/RING3 completely. 

As will be demonstrated in 3.3.1, RB and BRD2/RING3 also bind to each other in the 

absence of MHV-68 orf73 protein (figure 38). Therefore, RB binding to QAKKLK-

containing peptides could be indirect via BRD2/RING3 protein which could still be still 

present on the QAKKLK containing peptides. 

3.2.7 BET proteins BRD2/RING3, BRD4/HUNK and BRD3/OrfX bind RB in vitro 
BRD2/RING3 has been described to transactivate the E2F-dependent cell cycle 

promoters of the cyclinA, cyclinD1, cyclinE and dihydrofolate reductase (dhfr) genes 

and that this activation could be repressed by RB (Denis,G.V. et al., 2000). Whether 

BRD2/RING3 could directly interact with the retinoblastoma protein (RB) was not 

addressed in this study. We therefore asked whether BRD2/RING3 would bind RB 

and included BRD4/HUNK and BRD3/ORFX in the investigation. Using a GST pull 
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down approach, we could see binding of full length RB expressed in insect cells to 

BRD2/RING3, BRD3/ORFX and BRD4/HUNK (constructs see figure 31 E) bacterially 

expressed as GST-fusion proteins (figure 38). 
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Figure 38: GST-pull down assay with GST-RING3, GST-HUNK and GST-ORFX and the 
retinoblastoma protein (RB). 
GST-RING3, GST-HUNK, GST-ORFX or GST alone were bound to Glutathion Sepharose 4B beads 
for 1h. Beads were subsequently washed and incubated for 1h with lysates from RB expressing SF9 
insect cells (see 2.3.5). After extensive washing beads were analysed by SDS- PAGE and 
immunoblotting using an α-RB antibody (A) (details see 2.6.8). Aliquots of beads with bound GST- 
fusion proteins were analysed by SDS-PAGE and Coomassie staining for expression of GST- fusion 
proteins (B). 
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3.3 Functional consequences of the interaction of γ-herpesviral 
orf73 proteins with BET/fsh proteins 

Having characterised orf73 proteins of KSHV, MHV-68, RRV and HVS with the focus 

on the former two (chapter 3.1) and having performed detailed studies on their 

interaction with cellular BET proteins such as BRD2/RING3 or BRD4/HUNK, we 

asked the question whether the interaction of γ2herpesviral orf73 proteins with 

cellular BET proteins would have functional implications. On our way to answer this 

question we needed to characterise the function of BET proteins in more detail 

(2.6.7, 3.3.1-3.3.3) in order to enable us to investigate possible effects of orf73 

proteins on BET protein function and vice versa. 

3.3.1 BRD4/HUNK activates the promoters of cellular cyclinD2 and cyclinE 
With the ability of BRD2/RING3 to act as a transcriptional activator on cell cycle 

regulatory promoters (Denis,G.V. et al., 2000) in mind, we asked whether 

BRD4/HUNK could also act on transcription. Therefore, we systematically 

investigated the effect of BRD4/HUNK on a series of cellular promoters including 

E2F-dependent promoters of cyclinE and cyclinD1 (3.3.1) as well as on viral 

promoter elements (see 3.3.2) in luciferase based reporter assays. 
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Figure 39: BRD4/HUNK activates promoters of cyclin D2 and cyclinE and activates a serum 
response element (SRE) and an activator protein 1 (AP1) responsive element. 
HEK 293T cells in 6 well plates were transfected with 50ng of reporter plasmid and 1µg of pcDNA3 
9E10 (mock) or BRD4/HUNK full length (aa2-722) pcDNA3 9E10. Transfections were performed in 
duplicate and cells lysed at confluency after 48 h (for details see 2.6.4). The figure shows relative 
luciferase activities compared to mock transfections for the respective reporter plasmid. pGL2b: 
promoter-less control vector for cycD2, cycE and cycD1; cycD2: murine cyclinD2 promoter; cycE: 
human cyclinE promoter; cycD1: murine cyclinD1 promoter; pTAL: control vector for pE2F, pISRE, 
pSRE, pAP1, pCRE, contains the TATA-like promoter (TAL) of the herpes simplex thymidin kinase; 
pE2F: E2F DNA binding element upstream TAL; pISRE: interferon-stimulated response element 
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upstream TAL; pSRE: serum-response element upstream TAL; pAP1: activator protein 1 responsive 
element upstream the TAL promoter; pCRE: cAMP responsive element upstream TAL (for details see 
2.2.2). 

As can bee seen in figure 39, BRD4/HUNK activated the human cyclinE promoter 39 

fold, the murine cyclinD2 promoter 3.5 fold, but did not show an effect on the murine 

cyclinD1 promoter. Both the cyclinE and the cyclinD1 promoters are E2F dependent, 

whereas the cyclinD2 promoter is not. Therefore, the observed transcriptional 

phenotype seems not to reflect an E2F response. We wanted to further address this 

issue by the use of a series of reporter constructs all containing the TATA-like (TAL) 

promoter of the Herpes Simplex Virus thymidine kinase (TK) plus certain responsive 

elements 3’ of this TAL promoter (details on constructs see 2.2.2 and the legend of 

figure 39). BRD4/HUNK activated the TAL promoter 3.6 fold (figure 39). Taking the 

activation of the TAL promoter as basis, BRD4/HUNK did neither activate an 

interferon-stimulated response element (ISRE), nor a cAMP-responsive element 

(CRE). On an E2F-responsive element BRD4/HUNK exhibited even a slightly 

repressive effect (2.3 fold activation compared to 3.6 fold on the TAL control) (figure 

39). Interestingly, BRD4/HUNK activated both a serum-response element (SRE) as 

well as an activator protein1 (AP1) response element (figure 39). 

In summary, BRD4/HUNK activates the cyclinE promoter and the cyclinD2 promoter. 

It seems likely that BRD4/HUNK does not activate the cyclinE promoter via E2F 

transcription factors. 

3.3.2 BRD4/HUNK represses promoter activity of an MHV-68 TR element and of 
the EBV Cp promoter 
As we have seen, promoters of cyclinE and cyclinD2 were activated by BRD4/HUNK. 

To investigate whether BRD4/HUNK might have an effect on viral promoter elements, 

we decided to perform luciferase based reporter assays using the EBV C promoter 

and the MHV 1.2kb TR element as reporter constructs. Interestingly, BRD4/HUNK 

expression significantly repressed the promoter activity exhibited by the Cp element 

(~4 fold reduction) as well as the promoter activity of the MHV-68 TR element (~6 

fold reduction) (figure 40). Whether this repression is due to a direct effect on the Cp 

or the MHV-68 1.2kb TR element or whether it is indirect via the BRD4/HUNK 

induced cell cycle block (see 3.3.3) is not clear. If the latter was true, this could 
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indicate a cell cycle dependence of the C promoter and/or the MHV-68 1.2kb TR 

element. 
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Figure 40: BRD4/HUNK represses promoter activity of both an MHV-68 1.2kb TR element as 
well as the EBV Cp promoter. 
HEK 293T cells in 6 well plates were transfected with 50ng of reporter plasmid and 1µg of pcDNA3 
9E10 (mock) or BRD4/HUNK full length (aa2-722) pcDNA3 9E10. Transfections were performed in 
duplicate and cells lysed at confluency after 48 h (for details see 2.6.4). The figure shows relative 
luciferase activities compared to mock transfections. 

Although the MHV-68 1.2kb TR region did not exhibit intrinsic promoter/enhancer 

activity in NIH 3T3 fibroblasts compared to the promoter-less pGL3b vector (figure 

21), this low activity was efficiently repressed by the expression of BRD4/HUNK (data 

not shown). Relative repression by BRD4 was similar to the repression observed in 

HEK 293T cells (figure 26). This provides evidence for the repressive effect of BRD4 

on the MHV-68 TR being independent of the used cell line and independent of the 

degree of initial activation exhibited by the TR element. 

3.3.3 BRD2/RING3 and BRD4/HUNK block the cell cycle 
The longer BRD4 splice variant MCAP (mitotic chromosome associated protein) 

identified in mice codes for a protein of 1401 aa, which is chromatin-associated 

during mitosis and blocks the cell cycle both in the transition from G1 to S phase and 

in the transition from G2 to M phase (Dey,A. et al., 2000; Maruyama,T. et al., 2002). 

BRD4/MCAP is identical to BRD4/HUNK in the N-terminal part including both 

bromodomains and the ET domain but in addition has a C-terminal tail of unknown 

function (figure 8). Since mainly the second bromodomain of BRD4/MCAP has been 

linked to the BRD4/MCAP induced cell cycle block (Maruyama,T. et al., 2002), we 
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assumed that the shorter BRD4 splice variant BRD4/HUNK should also be able to 

block the cell cycle. 

We extended our investigation to full length BRD2/RING3 of unknown impact on cell 

cycle and to constructs encoding the aa 608-722 of BRD4/HUNK or the aa 640-801 

of BRD2/RING3 that we expected not to block the cell cycle since they lack both 

bromodomains (figure 41 G). A BrdU-incorporation assay (see 2.6.10) also called 

cellular replication assay was established. Briefly, HeLa cells were transiently 

transfected with expression constructs for EGFP-tagged BRD4/HUNK, BRD2/RING3, 

BRD4/HUNK aa 608-722, BRD2/RING aa 640-801 or EGFP alone. The latter served 

as control. 38h post transfection cells were BrdU pulsed for 1h, fixed, and anti-BrdU 

immunolabelling was performed. Cells that had been in S-phase during the 1 h BrdU-

pulse had incorporated the artificial thymidine analogon into their newly synthesised 

DNA. The readout was the number of BrdU-positive cells in relation to the number of 

EGFP expressing cells. 

About 50% of EGFP expressing cells incorporated BrdU (figure 41 D-F and G, left 

column). Since approximately 50% of the untransfected cells incorporated BrdU (data 

not shown) similarly to EGFP expressing cells, EGFP expression alone did not affect 

BrdU incorporation. 

In contrast, BRD4/HUNK expression significantly reduced the number of HeLa cells 

that incorporated BrdU to less than 5% (figure 41 A-C and G, second left column). 

Similar to BRD4/HUNK expressing cells, less than 5% of BRD2/RING3 expressing 

cells incorporated BrdU (figure 41 G, middle column). Neither the expression of 

BRD4/HUNK aa 608-722 nor the expression of BRD2/RING3 aa 640-801 had an 

effect on the number of BrdU-incorporating cells compared to the control cells 

expressing only EGFP (figure 41 G, two right columns). 

In the light of these results, which show that BRD4/HUNK blocks the cell cycle, it 

seems possible that the significant BRD4/HUNK effect on the cyclinE promoter (see 

3.3.1, figure 39) is a compensatory effect of the cell upon the BRD4/HUNK induced 

cell cycle block and not a direct effect of BRD4/HUNK. The BRD4/HUNK effect on 

the cyclinD2 (figure 39) promoter might also be of indirect nature. 
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Figure 41: BrdU-incorporation assay: overexpression of BRD4/HUNK or BRD2/RING3 efficiently 
blocks the cell cycle of HeLa cells. 
(A-F): HeLa cells were transiently transfected with 1µg of expression construct BRD4/HUNK full length 
(aa2-722) EGFPC1 (panels A-C) or EGFPC1 (panels D-F). 38 h post transfection, cells were 
incubated with 10µM BrdU for one hour, fixed and immunolabelled with an α-BrdU primary and cy3-
conjugated secondary antibody (details see 2.6.10). (G) The experiment in (A) was performed with 
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four different EGFP-BET fusion constructs as schematically depicted in the upper part and the EGFP 
expression vector. The diagram summarizes two independent BrdU- incorporation assays both 
transfected in triplicate. From each well 100 EGFP- expressing cells were counted in two independent 
areas. Each cell was classified as BrdU positive or negative. Hence, twelve times the number of BrdU 
positive cells/ 100 EGFP positive cells was obtained per construct. A total number of 1200 EGFP 
expressing cells were counted per construct. Mean values are given and standard deviations are 
shown. 

We demonstrate for the first time that transient expression of either the human 

BRD4/HUNK protein or the human BRD2/RING3 protein efficiently prevents HeLa 

cells from entering S-phase of the cell cycle. 

We next asked whether the EGFP-tagged constructs used in the BrdU incorporation 

assay (figure 41) would display differences in their ability to transactivate the cyclinE 

promoter. The EGFP-tagged BRD4/HUNK full length protein strongly activated (20x) 

the cyclinE promoter similar to the myc-tagged BRD4/HUNK protein (figure 42, 

compare with figure 39). Highly reproducibly, the BRD2/RING3 protein activated the 

cyclinE promoter only to ¼ of the activity obtained with BRD4/HUNK. The activation 

of the cyclinE promoter by BRD2/RING3 was in line with a previously reported 4-5 

fold activation of the cyclinE promoter by BRD2/RING3 (Denis,G.V. et al., 2000). In 

contrast, BRD4/HUNK aa 608-722 and BRD2/RING3 aa 640-801 did not activate the 

cyclinE reporter construct, we even observed a moderate reduction of cyclinE 

promoter activity (figure 42). Protein expression levels were controlled by SDS-PAGE 

and immunoblotting and revealed comparable levels of expression for BRD4/HUNK, 

BRD2/RING3, BRD4/HUNK aa 608-722 and BRD2/RING3 aa 640-801 (not shown). 
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Figure 42: BRD4/HUNK and BRD2/RING3 activate the human cyclinE promoter, whereas BRD4 
aa608-722 and BRD2 aa640-801 repress cyclinE promoter activity. 
HEK 293T cells in 6 well plates were transfected with 50ng of reporter plasmid and 1µg of expression 
construct (schematically depicted in the upper panel). Transfections were performed in duplicate and 
cells lysed at confluency after 48 h (for details see 2.6.4). The figure shows relative luciferase activities 
compared to EGFPC1. 

We next asked whether BRD4/HUNK aa608-722 and/or BRD2/RING3 aa640-801 

would interfere in a dominant-negative manner with the KSHV LANA induced 

activation of the human cyclinE promoter (figure 17 and 18) or the cyclinE activation 

exhibited by BRD4 and BRD2 (figure 42). We therefore cotransfected BRD4/HUNK 

aa608-722 or BRD2/RING3 aa640-801 or a control vector together with expression 

plasmids for KSHV LANA, full length BRD4 or full length BRD2. The activation of the 

cyclinE promoter by KSHV LANA, BRD4 or BRD2 was not significantly reduced in the 

presence of either BRD4/HUNK aa608-722 or BRD2/RING3 aa640-801 (not shown). 

The activation of the cyclinE promoter by full length BRD4 was even moderately 

increased in the presence of BRD4/HUNK aa608-722 (not shown). 
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3.3.4 The MHV-68 and RRV orf73 proteins increase BRD2/RING3 and 
BRD4/HUNK expression 
Having mapped the interaction sites of orf73 proteins of rhadinoviruses with BET 

proteins in detail (chapter 3.2), we wondered about possible functional implications of 

orf73 proteins interacting with BET proteins. When we cotransfected HEK 293T cells 

with expression constructs for MHV-68 and RRV orf73 proteins together with 

expression constructs for EGFP, EGFP-tagged full length BRD4/HUNK or EGFP-

tagged full length BRD2/RING3 for coimmunoprecipitation assays, we observed 

striking differences in signal intensities of the EGFP-tagged BET proteins but not of 

EGFP in the presence of MHV-68 or RRV orf73 proteins. We hypothesised MHV-68 

and RRV orf73 proteins to have an impact on the expression of the BET proteins 

BRD2 and BRD4. 

To systematically test this hypothesis (see 3.3.4, 3.3.5 and 3.3.6), we cotransfected 

293T cells with expression constructs for the orf73 proteins of RRV, MHV-68 or 

KSHV or empty vector on the one side together with EGFP-tagged full length 

BRD2/RING3, EGFP-tagged full length BRD4/HUNK or EGFP alone on the other 

(figure 43) and performed fluorescence microscopy. 

As shown in figure 43, transfection of 293T cells with EGFP alone together with orf73 

constructs or the respective empty expression vector resulted in strong GFP 

expression, as expected (left panel of figure 43 A1, B1, C1, D1, E1). However, the 

expression of EGFP-HUNK or EGFP-RING3 alone was found to be significantly 

weaker (figure 43 A2, A3, D2, D3) and fewer cells stained positive as compared to 

EGFP. These observations are in line with our finding that both BRD2/RING3 and 

BRD4/HUNK block the cell cycle (see 3.3.3). 

Strikingly, when the MHV-68 orf73 protein was coexpressed together with EGFP-

HUNK or EGFP-RING3, both EGFP-HUNK (figure 43 B2) and EGFP-RING3 (figure 

43 B3) signals were seen in a higher proportion of cells and with significantly stronger 

signal intensities as compared to empty vector transfected cells (figure 43 A2, A3). 

The same was true for the coexpression of RRV orf73 protein together with EGFP-

HUNK (figure 43 C2) or EGFP-RING3 (figure 43 C3). In contrast to the effect seen 

with MHV-68 and RRV orf73 proteins, KSHV LANA did not alter the expression of 

EGFP-HUNK (figure 43 E2) nor of EGFP-RING3 (figure 43 E3). 
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Figure 43: BRD2/RING3 and BRD4/HUNK expression is increased in the presence of MHV-68 or 
RRV orf73 proteins but not in the presence of KSHV LANA. 
HEK 293T cells were transiently cotransfected with empty vector (A1-A3, D1-D3), expression plasmids 
for MHV-68 orf73 (B1-B3), RRV orf73 (C1-C3), or KSHV LANA (E1-E3) together with expression 
plasmids for EGFP (1, left panel), EGFP-BRD4/HUNK full length (2, middle panel) or EGFP-
BRD2/RING3 full length (3, right panel). 48 h post transfection images of living cells were taken by 
fluorescence microscopy. A light microscopic image was taken of the same section showing similar 
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cell numbers for each image (small panel in each fluorescent panel). All fluorescent images, and all 
light microscopic images, were taken with identical exposure conditions. 

3.3.5 Deleting the C-terminal 78 amino acids abolishes the ability of MHV-68 
orf73 to increase BRD2 and BRD4 expression 
We next addressed the question, whether or not MHV-68 orf73 C-terminally 

truncated proteins would also increase the expression of BRD2/RING3 and 

BRD4/HUNK as we had observed for the full length MHV-68 orf73 protein (figure 43 

B2, B3). Therefore, we cotransfected 293T cells with expression constructs for the 

mutant MHV-68 orf73 proteins orf73∆262-314, orf73∆253-314, orf73∆237-314, 

orf73∆225-314 (constructs see figure 44) or empty vector on the one side together 

with EGFP-tagged full length BRD2/RING3, EGFP-tagged full length BRD4/HUNK or 

EGFP alone on the other (figure 44) and performed fluorescence microscopy. 

Transfection of 293T cells with EGFP alone together with the different MHV-68 orf73 

mutant constructs or the empty expression vector resulted in strong GFP expression, 

as expected (left panel of figure 44 A1, B1, C1, D1, E1). Again, as already shown in 

figure 43 (A2, A3), the expression of EGFP-HUNK or EGFP-RING3 alone was found 

to be significantly weaker (figure 44 A2, A3) and fewer cells stained positive as 

compared to EGFP transfected cells. Similar to the ability of MHV-68 orf73 wild type 

to increase the expression of BRD4 and BRD2 (already shown in 3.3.5, figure 43, B2, 

B3), coexpression of the MHV-68 orf73 mutant proteins orf73∆262-314 or orf73∆253-

314 also increased the expression of RING3 (figure 44 B3, C3) and HUNK (figure 44 

B2, C2). In strong contrast, the MHV-68 orf73 mutant proteins orf73∆237-314 and 

orf73∆225-314 did not alter the expression of EGFP-HUNK (figure 44 D2, E2) nor of 

EGFP-RING3 (figure 44 D3, E3). 

Notably, these observations parallel both the fact that MHV-68 orf73 mutants 

orf73∆262-314 and orf73∆253-314 colocalise with chromatin (3.1.1) and act as 

transcriptional repressors on the MHV-68 TR (3.1.3), whereas MHV-68 orf73 mutants 

orf73∆237-314 and orf73∆225-314 neither colocalise with chromatin (3.1.1) nor act 

as transcriptional repressors (3.1.3). 
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Figure 44: BRD2/RING3 and BRD4/HUNK expression is increased in the presence of MHV-68 
orf73∆262-314 and orf73∆253-314 but not in the presence of orf73∆237-314 and orf73∆225-314. 
HEK 293T cells were transiently cotransfected with empty vector (A1-A3), expression plasmids for 
MHV-68 orf73∆262-314 (B1-B3), orf73∆253-314 (C1-C3), orf73∆237-314 (D1-D3), orf73∆225-314 
(E1-E3) or orf73 225 7A 231 (F1-F3) together with expression plasmids for EGFP (1, left panel), 
EGFP-BRD4/HUNK full length (2, middle panel) or EGFP-BRD2/RING3 full length (3, right panel). 48 
h post transfection images of living cells were taken by fluorescence microscopy. A light microscopic 
image was taken of the same section showing similar cell numbers for each image (small panel in 
each fluorescent panel). All fluorescent images and all light microscopic images were taken with 
identical exposure conditions, respectively. 

3.3.6 The RING3 binding motif QAKKLK of MHV-68 orf73 is critical for the 
increase of expression of BRD2/RING3 but not for the increase of expression of 
BRD4/HUNK 
After having made the observation that the full length MHV-68 orf73 protein and 

mutants orf73∆262-314 and orf73∆253-314 could increase the expression of both 

BRD4/HUNK and BRD2/RING3, we next asked whether the BRD2/RING3 binding 

site QAKKLK (aa 226-231) of the MHV-68 orf73 protein, identified by peptide array 

assay (see 3.2.5, figure 34), would play a critical role for this phenotype. 

We cotransfected 293T cells with expression constructs for the mutated MHV-68 

orf73 proteins (depicted schematically in figure 35) or empty vector together with 

EGFP-tagged full length BRD2/RING3, EGFP-tagged full length BRD4/HUNK or 

EGFP alone and performed fluorescence microscopy. 

As shown in figure 44 (F1-F3) for the mutant MHV-68 orf73 225 7A 231, transfection 

of 293T cells with EGFP alone together with empty expression vector resulted in 

strong GFP expression (figure 44, A1) which was not affected by the expression of 

MHV-68 orf73 225 7A 231 (figure 44, F1). Further, the ability of the MHV-68 orf73 

wild type protein and deletion mutants orf73∆262-314 or orf73∆253-314 to increase 
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the expression of BRD4/HUNK (figure 43, B2 and figure 44, B2 and C2) was not 

impaired for the MHV-68 orf73 225 7A 231 mutant protein (figure 44, F2). Strikingly, 

in strong contrast to the MHV-68 orf73 wild type protein and deletion mutants 

orf73∆262-314 or orf73∆253-314 (figure 43, B3 and figure 44, B3 and C3), the MHV-

68 orf73 225 7A 231 mutant protein did not increase the expression of BRD2/RING3 

(figure 44, F3). 

We also tested the other MHV-68 orf73 mutant proteins (orf73 K228A, orf73 228 4A 

231 orf73 225 5A 229 and orf73 226 DAADLE 231, schematically depicted in figure 

35 A, left panel) for their effect on the expression of BRD4 and BRD2. All mutants 

increased the expression of BRD4/HUNK (not shown) as wild type MHV-68 orf73 

(figure 43, B2). Further, orf73 228 4A 231 orf73 225 5A 229 and orf73 226 DAADLE 

231 were impaired in increasing the expression of BRD2/RING3 (not shown) similar 

to the mutant orf73 225 7A 231 (figure 44, F3), whereas the MHV-68 orf73 K228A 

mutant was only moderately impaired compared to wild type orf73 protein in 

increasing the expression of BRD2/RING3 (not shown). 

In summary, these experiments demonstrate that the BRD2/RING3 binding motif aa 

226-231 QAKKLK of the MHV-68 orf73 protein is involved in the increase of BRD2/ 

RING3 expression in the presence of the MHV-68 orf73 protein. Experiments are 

under way to quantitatively determine the effects on the expression of BRD2 and 

BRD4 by different MHV-68 mutant proteins using flow cytometry. 

3.3.7 The RRV orf73 protein and KSHV LANA reduce the ability of BRD4/HUNK 
to activate the cyclinE promoter 
To further address the question of a functional interaction of orf73 proteins with BET 

proteins, we performed luciferase based reporter assays using the human cyclinE 

promoter as reporter construct. Different orf73 proteins were coexpressed together 

with BRD4/HUNK. We used the RRV orf73 protein that strongly increased the 

expression of BRD2 and BRD4 (see 3.3.4) and compared it with KSHV LANA that 

did not increase the expression of BRD2 and BRD4 (see 3.3.4, figure 43). We have 

shown earlier that the RRV orf73 protein and KSHV LANA activate the cyclinE 

promoter (see 3.1.2, figure 17). We included two KSHV LANA C-terminal truncation 

mutants L27 (LANA ∆1108-1162) and L25 (LANA ∆1007-1162), knowing that they do 

neither activate the cyclinE promoter (see 3.1.2, figure 18) nor interact with 

BRD4/HUNK (see 3.2.4). 
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For figure 45 (A), cells were cotransfected with the cyclinE promoter reporter 

construct and the expression constructs for either BRD4/HUNK, RRV orf73, KSHV 

LANA, L27 or L25. BRD4/HUNK activated the human cyclinE promoter 20 fold, as 

expected (figure 45 A 1, compare with figure 39 and 41). The RRV orf 73 protein 

activated the cyclinE promoter more strongly than KSHV LANA under these 

conditions (figure 45 A 2 and A 3), as shown before (figure 17). As expected, KSHV 

LANA mutants L27 and L25 did not activate the cyclinE promoter (figure 45 A 4 and 

A 5, compare with figure 18). 

When coexpressing BRD4/HUNK together with different amounts of RRV orf73, 

KSHV LANA, L27 or L25, however, we observed significant differences in the 

activation of the cyclinE promoter by BRD4/HUNK (figure 45 B). BRD4/HUNK 

together with different amounts of empty expression vector resulted in the activation 

of the cyclinE promoter between 18-20 fold (figure 45 B 1). The expression of the 

LANA mutants L27 or L25 did not alter the BRD4/HUNK induced activation of the 

cyclinE promoter (figure 45 B 4, B 5). In contrast, coexpression of the RRV orf73 

protein with BRD4/HUNK reduced the BRD4/HUNK induced activation of the cyclinE 

promoter to background levels (1.29 fold) in a dose dependent manner (figure 45 B 

2). KSHV LANA also reduced the BRD4/HUNK induced cyclinE activation in a dose 

dependent manner (figure 45 B 3) but to a lower extent than the RRV orf73 protein. 

One possible interpretation of this observation would be that RRV orf73 releases 

cells from the BRD4/HUNK induced cell cycle block, since KSHV LANA has been 

shown to promote S phase entry (Fujimuro,M. et al., 2003). As cyclinE mRNA 

increases at the G1/S transition, this release of a cell cycle block would then 

decrease the expression from the cyclinE promoter. Thus, activation of the cyclinE 

promoter by BRD4/HUNK and BRD2/RING3 could be linked to their ability to inhibit 

the cell cycle (figure 41 and 41), rather than to a direct effect on the cyclinE promoter. 
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Figure 45: The RRV orf73 protein and KSHV LANA reduce the ability of BRD4/HUNK to activate 
the human cyclinE promoter in luciferase based reporter assays. 
(A) HEK 293T cells in 6 well plates were transfected with 50ng of reporter plasmid (human cyclinE 
promoter) and 500 ng of expression plasmid for the myc-tagged BRD4/HUNK full length protein (1) or 
different amounts of RRV orf73 (2), KSHV LANA full length (3), LANA ∆1108-1162 (L27) (4) or LANA 
∆1007-1162 (L25) (5) expression constructs in duplicate and lysed at confluency after 48 h (for details 
see 2.6.4). The activation of the human cyclinE promoter by the expression constructs for 
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BRD4/HUNK, RRV orf73, KSHV LANA, L27 and L25 in absolute luciferase intensities is given (with 
the relative activation above each column). All transfections were equalized to a total amount of 1.05 
µg DNA per transfection using salmon sperm DNA. Standard deviations are shown. 
(B) HEK 293T cells were cotransfected with 50ng of reporter plasmid (human cyclinE promoter) and 
constant amounts of 500 ng of either empty vector pcDNA3 (mock) or BRD4/HUNK full length 
expression plasmid and the indicated amounts of pcDNA3 (1) or RRV orf73 (2), KSHV LANA full 
length (3), LANA ∆1108-1162 (L27) (4) or LANA ∆1007-1162 (L25) (5) expression constructs in 
duplicate and lysed at confluency after 48 h (for details see 2.6.4). The relative activation for different 
amounts of transfected orf73 expression plasmid DNA is shown as activation compared to transfection 
of the respective amount of empty vector DNA (mock). All transfections were equalized to a total 
amount of 1.05 µg DNA per transfection using salmon sperm DNA. Standard deviations are shown. 

3.3.8 BRD4/HUNK is involved in the KSHV LANA mediated replication of a TR 
containing plasmid 
γ-herpesviruses and papillomaviruses have evolved mechanisms to persist in 

infected cells during cell division. Two main functions need to be ensured: replication 

of the viral genome and segregation of viral genomes into dividing cells. 

Recently, it has been shown that the BRD4 protein is involved in tethering bovine 

papillomavirus genomes to host mitotic chromosomes during mitosis, thereby 

contributing to viral persistence (You,J. et al., 2004). 

Cellular factors that are involved in γ2-herpesvirus replication are largely unknown to 

date. We hypothesised BRD4/HUNK to be a cellular protein involved in the 

replication of γ-herpesviral genomes and used the KSHV LANA-mediated replication 

of a KSHV TR-containing plasmid as model to test this hypothesis (see 3.1.4). 

As a first approach we designed an experiment in which 293 cells were cotransfected 

with three different plasmids: a KSHV TR containing plasmid, a KSHV LANA 

expression plasmid and, in addition, an expression plasmid for BRD4/HUNK aa608-

722. We knew firstly that the BRD4/HUNK aa 608-722 binds to KSHV LANA (see 

3.2.4 and 3.2.5), and secondly that BRD4/HUNK aa 608-722 do not affect the cell 

cycle (see 3.3.3). We hypothesised that the overexpression of BRD4/HUNK aa 608-

722 could displace the interaction of KSHV LANA with endogenous BRD4 protein 

and thereby could act in a dominant negative manner on the physiological role of the 

endogenous BRD4 protein during KSHV LANA-mediated replication of a KSHV TR-

containing plasmid. 

As depicted in figure 46, the expression of the LANA-binding domain of BRD4/HUNK 

(BRD4/HUNK aa 608-722) significantly reduced the LANA-mediated replication of a 

TR-containing plasmid when compared to the LANA-mediated replication of a TR-

containing plasmid when empty vector instead of the expression construct for the 
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LANA-binding domain of BRD4/HUNK was used (figure 46, A). Quantification of this 

effect reveals a 70% reduction of replication in the presence of the LANA binding 

domain of BRD4/HUNK (HUNK aa608-722) (figure 46, B). 

This is the first evidence for the BRD4 protein being involved in the LANA-mediated 

replication of TR-containing plasmids. 
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Figure 46: KSHV LANA-mediated replication of a KSHV TR-containing plasmid is reduced by 
coexpression of the LANA-binding domain of the BRD4/HUNK protein. 
Viral replication assay (see 2.6.11) performed in HEK 293 cells. 
(A) 293 cells were cotransfected in duplicate with 0.5 µg of KSHV TR element containing vector and 
0.25 µg KSHV LANA expression vector GSLANA and either BRD4/HUNK aa608-722 or empty vector 
pcDNA3. Briefly, cells were lysed 72 h post transfection, plasmid DNA was phenol-chloroform 
extracted and ethanol precipitated. DNA was resuspended in H2O containing RNAseA and 
subsequently 1/10 of the KSHV TR-containing plasmid DNA was linearized with Kpn1. 9/10 of the TR 
containing plasmid DNA were, in addition to the linearisation with Kpn1, Dpn1 digested. Dpn1 cuts 
bacterially methylated transfected DNA but not DNA replicated in mammalian cells. The Southern blot 
was performed with a KSHV 802bp TR probe. 
(B) Quantification of signal intensities from (A) of the Dpn1 resistant, replicated fraction of TR-
containing plasmid (for details see 2.5.8). Average values and standard deviations are shown. For 
statistical evaluation we performed ANOVA (analysis of variance) comparing means based on the 
quantified signal intensities in (A) (for details see 2.6.11). 

As another approach to investigate the impact of HUNK on the LANA-mediated 

replication of a TR-containing plasmid we chose the RNA interference technique. 

Three different BRD4-specific siRNA molecules (BRD4 siRNA2, BRD4 siRNA3, 

BRD4 siRNA4) (figure 10) and two control siRNAs were used to knock-down the 
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expression of endogenous BRD4 in 293 cells during the viral replication assay, in 

which LANA-mediated replication of TR-containing plasmids was monitored. 

Due to a lack of a sensitive BRD4-specific antiserum for immunoblotting against 

endogenous BRD4 protein, the effectiveness of the BRD4 gene knock down was 

monitored with transfected myc-epitope tagged BRD4/HUNK. Briefly, 293 cells were 

transfected with the different siRNA molecules and six hours later, transfection with 

the BRD4/HUNK expression plasmid was performed. After 72 hours (the time point 

when cells for the replication assay were harvested, see 3.1.4 and 2.6.11) cells were 

lysed and SDS-PAGE and myc-specific immunoblotting was performed (figure 47, C). 

As shown in figure 47 (D), a reduction of BRD4/HUNK expression of about 54% was 

achieved. We assumed that endogenous BRD4/HUNK expression would be reduced 

to a similar extent. 

For the replication assay experiment, 293 cells were transfected in duplicate with the 

three different BRD4-specific siRNAs (BRD4 siRNA2, BRD4 siRNA3, BRD4 siRNA4), 

a mixture of BRD4 siRNA2, 3, and 4, or two different control siRNAs. In addition, a 

control with no siRNA transfected was included. Six hours later, all cells were 

transfected with a TR-containing plasmid and a KSHV LANA expression plasmid, 

and the replication assay was proceeded as described in 3.1.4 and 2.6.11. 

As shown in figure 47 (A, B), the KSHV-LANA mediated replication was reduced in 

the presence of BRD4-specific siRNA, compared to the use of control siRNA (figure 

47, A). Averaged across several experiments, the reduction was about 37% under 

these conditions and was statistically significant (figure 47, B). 

Although this experiment did not result in a clear-cut inhibition of TR-plasmid 

replication, probably due to the relatively low levels of suppression of BRD4 

expression achieved with the siRNAs used, its outcome is in keeping with the notion 

that BRD4-encoded proteins play a role in LANA-1 mediated latent replication. 
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Figure 47: BRD4 knock-down by three different BRD4 specific siRNAs reduces KSHV LANA 
mediated replication of KSHV TR-containing plasmids. 
(A) Viral replication assay (see 2.6.11) performed in HEK 293 cells. Cells were transfected with three 
different BRD4-specific siRNAs (BRD4 siRNA2, BRD4 siRNA3, BRD4 siRNA4), a mixture of these 
three siRNAs (BRD4 siRNA2,3,4), two different control siRNAs (control siRNA1 = K15 siRNA, control 
siRNA2 = GFP siRNA) or no siRNA (see 2.3.7) six hours prior to transfection of cells with 0.5 µg of 
KSHV TR element containing vector and 0.25 µg KSHV LANA expression vector GSLANA. 
Transfections were performed in duplicate. Cells were proceeded as described in figure legend 31. 
(B) Quantification of signal intensities from (A) of the Dpn1 resistant, replicated fraction of TR-
containing plasmid reveals a 37% reduction of replication when cells were transfected with BRD4-
specific siRNA (n=8) when compared to cells transfected with control siRNA (n=4). Average values 
and standard deviations are shown (for details see 2.5.8). For statistical evaluation we performed 
ANOVA (analysis of variance) comparing means based on the quantified signal intensities in (A) (for 
details see 2.6.11). 
(C) The reduction of BRD4 protein expression upon transfection of siRNA was monitored in parallel to 
the replication assay. Therefore, cells were proceeded as the ones for the replication assay described 
in (A) but instead of transfecting them with TR-containing and LANA-expression plasmids, cells were 
transfected with the myc-epitope tagged BRD4/HUNK expression plasmid BRD4/HUNK full length 
(aa2-722) pcDNA3 9E10. 72 h post transfection, the time point when cells were lysed for the 
replication assay, cells were lysed, SDS-PAGE and anti-myc immunoblot were performed.  
(D) Quantification of signal intensities from (C) (BRD4 siRNA n=4; control siRNA n=2). ). Average 
values and standard deviations are shown (for details see 2.5.8). For statistical evaluation we 
performed ANOVA (analysis of variance) comparing means based on the quantified signal intensities 
in (C) (for details see 2.6.11). 
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4. Discussion 

KSHV is a human pathogen of major importance, mainly in the immunocompromised. 

Although discovered only one decade ago (Chang,Y. et al., 1994), epidemiological 

aspects and the mode of transmission have been studied in detail. The molecular 

pathogenesis of diseases associated with KSHV infection, namely Kaposi’s 

Sarcoma, Primary Effusion Lymphoma (PEL) and the plasmablastic variant of 

Multicentric Castleman’s disease (MCD) have also been intensively investigated and 

many aspects of pathogenesis seem to be understood. However, one major 

drawback is the fact that the vast majority of data has been generated in vitro and 

frequently, in part due to the relatively poor infectivity of KSHV in tissue culture, with 

artificially overexpressed proteins. MHV-68 has been suggested as an animal model 

to study γ-herpesvirus biology with the caveat that there are many open questions 

concerning the degree of possible functional similarities between MHV-68 genes and 

genes of the primate γ2herpesvirus KSHV or the γ1herpesvirus EBV. Therefore 

detailed functional and possible structural similarities need to be elucidated 

comparing certain genes and gene products of the primate γ-herpesviruses and 

MHV-68. An animal model, preferably a small animal model because of its ease of 

handling, can significantly contribute to a more systemic understanding of host- 

pathogen interactions since in vivo studies in a natural host are possible. However, to 

allow conclusions from one related virus to the other, e.g. from MHV-68 to KSHV, 

one needs to define in detail whether functions are shared or whether they differ. 

Compared to KSHV, little is known about the molecular biology of the 

γ2herpesviruses MHV-68, RRV and HVS (see 1.2). 

In the light of this, one aspect of the work presented here has to be considered as the 

initial effort to define functional and structural similarities and differences between the 

orf73 encoded proteins of γ2herpesviruses, namely of KSHV, MHV-68, RRV and 

HVS. Possible conserved protein functions among orf73 homologs could be 

indicative for a biologically relevant phenomenon. 

KSHV LANA is a protein of major importance in KSHV biology and fulfils multiple 

functions (see 1.5.1). LANA is for example involved in the transcriptional regulation of 

cellular and viral genes (Friborg,J., Jr. et al., 1999; Krithivas,A. et al., 2000; Lim,C. et 

al., 2000; Schwam,D.R. et al., 2000; Renne,R. et al., 2001; Lim,C. et al., 2001; 
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Garber,A.C. et al., 2001; Cotter,M.A. et al., 2001; Viejo-Borbolla,A. et al., 2003), 

plays a central role in the maintenance and replication of latent viral genomes 

(Ballestas,M.E. et al., 1999), has the potential to affect host cell cycle control 

mechanisms (Radkov,S.A. et al., 2000; Fujimuro,M. et al., 2003) and interacts with a 

multiplicity of cellular proteins (Platt,G.M. et al., 1999; Krithivas,A. et al., 2000; 

Pan,H.Y. et al., 2003; Verma,S.C. et al., 2004). Seeking to define a possible animal 

system to study the biology of orf73 proteins in vivo, we decided to take some key 

aspects of KSHV LANA function and asked whether the orf73 proteins of MHV-68, 

RRV or HVS, although being significantly smaller in protein size (see figure 6), share 

KSHV LANA functions. 

We started to compare the orf73 homologs with respect to their ability to act as 

transactivational activators. The orf73 proteins of KSHV, MHV-68, RRV and HVS 

transactivated the human cyclinE promoter (figure 17). CyclinE is a cell cycle 

regulatory protein of major importance at the G1/S checkpoint of the cell (see 1.4). In 

complex with the cyclin dependent kinase 2 (cdk2), cyclinE can phosphorylate the 

retinoblastoma protein (RB), thereby allowing E2F dependent transcription of cell 

cycle regulatory genes, which subsequently allows the entry of the cell into S phase. 

Transcription from the cyclinE promoter is itself E2F dependent which functionally 

represents a positive feedback loop at the transition from G1 to S phase of the cell 

cycle (Geng,Y. et al., 1996). From transient expression experiments we can conclude 

(i) that the orf73 proteins of MHV-68, RRV and HVS can act as transcriptional 

activators, a fact that is new to the MHV-68 and the RRV orf73 proteins and (ii) that 

all four homologs may potentially influence cell cycle regulation by increasing the 

transcription of cyclinE. This in turn could promote entry of the cell into S phase, a 

phenomenon that has recently been described for KSHV LANA (Fujimuro,M. et al., 

2003). The ablility of KSHV LANA and the HVS orf73 protein to influence E2F 

dependent promoters has been linked to their ability to bind to and negatively 

regulate the retinoblastoma protein (RB) (Radkov,S.A. et al., 2000; Borah,S. et al., 

2004). We additionally observed binding of RB to the orf73 proteins of RRV and 

MHV-68 (figure 36). RB binding therefore is a phenotype shared between the orf73 

homologs of KSHV, MHV-68, RRV and HVS. This suggests RB binding to orf73 

proteins to be an evolutionarily conserved protein-protein interaction which in turn is 

indicative for a biologically relevant function. 
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We defined KSHV LANA C-terminal truncation mutants that do not activate the 

human cyclinE promoter. A LANA mutant L29 (LANA∆1144-1162) activated the 

cyclinE promoter similar to wildtype LANA, whereas another mutant only lacking 4aa 

more, 28C (LANA∆1140-1162), was not capable to transactivate (figure 18). 

Noteworthy, the RB binding site in LANA is defined to be between aa 735-990 

(Radkov,S.A. et al., 2000). Assuming that the RB binding function of LANA is 

responsible for the activation of the cyclinE promoter, the region of aa 1139-1143 in 

LANA would contribute to the phenotype ‘activation of the cyclinE promoter’ by other 

means, possibly by being essential for the conformation of a functional LANA protein 

and/or by providing binding and functional interaction with other cellular proteins. This 

aspect will be discussed later in more detail. 

Having observed transcriptional activation of the cyclinE promoter by KSHV LANA 

and the orf73 proteins of MHV-68, RRV and HVS, we next asked whether these 

proteins act as general transcriptional activators or exert more specific effects on 

certain promoters. Interestingly, only the KSHV LANA protein and the MHV-68 orf73 

protein activated the latent C promoter (Cp) of EBV (figure 19), a phenomenon 

already known for LANA (Groves,A.K. et al., 2001; Viejo-Borbolla,A. et al., 2003). In 

contrast, the orf73 proteins of RRV and HVS were unable to transactivate Cp, 

demonstrating that orf73 proteins of RRV and HVS differ in their transactivational 

properties from KSHV and MHV-68 orf73 proteins. Further, the difference between 

Cp and cyclinE transactivation might suggest a specificity of the transregulatory 

phenotypes rather than a general effect as transcriptional activators. In contrast to 

the activation of Cp and the cyclinE promoter by the MHV-68 orf73 protein, we 

observed a repression of the promoter/enhancer activity of an MHV-68 TR element 

by MHV-68 orf73 (figure 21 A). A suppressive effect of KSHV LANA on KSHV TR 

elements is a known LANA function (Garber,A.C. et al., 2001). 

To extend our knowledge about the ability of MHV-68 orf73 to act as transcriptional 

regulator both positively and negatively, two further promoters were included in the 

investigation: the murine cyclinD1 promoter, which is known to be E2F dependent, as 

well as the murine cyclinD2 promoter, which is not E2F dependent. The cyclinD2 

promoter as well as the cyclinE promoter were activated by MHV-68 orf73 in the 

human kidney epithelial cell line HEK 293T and in the murine fibroblast cell line NIH 

3T3 to similar extents (figure 20). In contrast, the EBV Cp was activated significantly 
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stronger in the murine 3T3 cell line, whereas the cyclinD1 promoter was only 

moderately affected by the expression of the MHV-68 orf73 protein (figure 20). These 

data indicate (i) that the transcriptional activation of the cyclinE promoter by MHV-68 

orf73 is not or not exclusively an E2F dependent phenotype as the E2F dependent 

cyclinD1 promoter was almost not affected, (ii) that the MHV-68 orf73 protein can act 

as transcriptional activator of the cyclinD2, cyclinE and EBV C promoters and as 

transcriptional repressor (MHV-68 TR promoter/enhancer) and (iii) that differences in 

the cellular environment may be critical at least for the transactivation of the Cp 

promoter by MHV-68 orf73. 

The orf73 proteins of KSHV and HVS are known to bind to regions in the terminal 

repeat (TR) region of the KSHV or HVS genome, respectively (Ballestas,M.E. and 

Kaye,K.M., 2001; Garber,A.C. et al., 2001; Verma,S.C. and Robertson,E.S., 2003). 

Further, KSHV LANA attaches to interphase chromatin and mitotic chromosomes 

(Piolot,T. et al., 2001; Viejo-Borbolla,A. et al., 2003). The HVS orf73 protein has also 

been shown to interact with mitotic chromosomes (Verma,S.C. and Robertson,E.S., 

2003) and interphase chromatin (E.Kati, unpublished data). Hence, KSHV LANA and 

the HVS orf73 protein are considered to tether the respective viral chromosome to 

host cell DNA. 

We demonstrate that the MHV-68 orf73 protein is located exclusively in the nucleus 

of interphase cells (figure 14) and that the intranuclear distribution with partial 

chromatin colocalisation (figure 14) mirrors the distribution pattern of KSHV LANA 

(Viejo-Borbolla,A. et al., 2003)(figure 25 B). Data from biochemical cell fractionation 

experiments also reveal an association of the MHV-68 orf73 protein with cellular 

chromatin (E.Kati, unpublished). KSHV LANA loses the ability to bind to chromatin 

when 34 or more amino acids are C-terminally truncated (LANA ∆1129-1162), 

whereas the LANA mutant ∆1144-1162 binds to chromatin (Viejo-Borbolla,A. et al., 

2003). 

The amino acids 1129-1144 of LANA are located in the region with the highest 

sequence similarity among the orf73 proteins of KSHV, MHV-68, HVS and RRV 

(figure 6 B and 51). We show for the MHV-68 orf73 protein that mutants lacking parts 

of their C-termini, MHV-68 orf73∆262-314 and orf73∆253-314, behave as wild type 

MHV-68 orf73 protein with respect to their subnuclear localisation, whereas mutants 

MHV-68 orf73∆237-314 and orf73∆225-314 are diffusely distributed throughout the 
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nuclei (figure 15). The HVS orf73 protein also shows a diffuse intranuclear 

distribution when C-terminally truncated by more than 15 aa (Hall,K.T. et al., 2000). 

The analyses with C-terminally truncated orf73 proteins of KSHV, HVS and MHV-68, 

demonstrate the highly conserved region (corresponding to KSHV LANA aa1128-

1143 or MHV-68 orf73 aa243-255) to be essential for chromatin association. 

Strikingly, the same MHV-68 orf73 mutants that show a diffuse intranuclear 

distribution (orf73∆237-314 and orf73∆225-314) are also unable to repress the 

promoter/enhancer activity of an MHV-68 TR element (figure 21, summary of MHV-

68 orf73 functions in figure 52). This could either be due to chromatin association 

being a necessary condition for TR repression or the coincidental loss of another 

function (e.g. a protein interaction), which then might be responsible for the loss of 

TR repression. Another theoretically possible explanation could be the loss of 

dimerisation or oligomerisation of the MHV-68 orf73 protein. KSHV LANA and the 

HVS orf73 protein dimerise or oligomerise via their respective C-termini 

(Schwam,D.R. et al., 2000; Calderwood,M.A. et al., 2004). For KSHV LANA 

dimerisation is lost when the C-terminus is truncated by 34 aa (Viejo-Borbolla, 

Ottinger et al., submitted). In other words, KSHV LANA loses chromatin association 

and dimerisation (besides other functions) when aa 1128-1143 are truncated (Viejo-

Borbolla,A. et al., 2003) (summary of KSHV LANA functions in figure 50). This makes 

it difficult in the case of the KSHV LANA protein to correlate functional observations 

with either loss of chromatin association or dimerisation. Interestingly, and in contrast 

to KSHV LANA, the MHV-68 orf73 protein (mutant orf73∆237-314) still 

dimerises/oligomerises similar to the wild type MHV-68 orf73 protein (see 3.1.1) 

(D.Pliquet, diploma thesis, 2005), whereas the same mutant (orf73∆237-314) shows 

a diffuse intranuclear distribution pattern and no chromatin colocalisation (figure 15) 

and also does not repress the TR enhancer activity (figure 21). We therefore are able 

to distinguish the two MHV-68 orf73 functions dimerisation/oligomerisation on the 

one hand and chromatin association on the other and correlate them with loss of 

function (e.g. repression of MHV-68 TR promoter/enhancer activity, figure 21 and 

52). 

 

We show for the first time that a 1.2 kbp MHV-68 TR element exhibits intrinsic 

promoter/enhancer activity in its orientation corresponding to that in the left side of 
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the MHV-68 long unique region. This intrinsic promoter/enhancer activity was seen in 

the human epithelial cell line HEK 293T but not in the murine fibroblast cell line NIH 

3T3. We therefore may have identified a promoter/enhancer element with an impact 

on transcription in the left genomic region of MHV-68. Further, we observe a 

repressive effect on the promoter/enhancer activity of an MHV-68 TR element by the 

MHV-68 orf73 protein in epithelial 293T cells but not in 3T3 fibroblasts (figure 21). 

What could a repressive effect of the MHV-68 orf73 gene product on the MHV-68 TR 

promoter/enhancer signify biologically? As depicted in figure 48, the left genomic 

region of the MHV-68 long unique region (LUR) codes for eight viral tRNA-like genes 

(vtRNA) and the genes M1, M2, M3 and M4. Interestingly, vtRNAs and M1-M4 lack 

counterparts in other γ-herpesvirinae (Virgin,H.W. et al., 1997; Bowden,R.J. et al., 

1997). Five of the vtRNAs are encoded upstream of the M1 gene, one between M1 

and M2 and two between M2 and M3. vtRNAs are expressed during latency and their 

function is largely unknown. As vtRNAs are not aminoacetylated it is unlikely that 

they function in translation (Bowden,R.J. et al., 1997). Presumably, vtRNAs play a 

regulatory role during infection. 

TRTR

Orf73

M1

vtRNAs

M2 M3

M4

~10kbp

 

Figure 48: Genome structure of MHV-68 
Left genomic region and orf73 not to scale (see also figure 2). The left genomic region of MHV-68 
encodes eight viral tRNA-like (vtRNA) transcripts and four genes unique to MHV-68, M1, M2, M3 and 
M4. 

A natural MHV-68 mutant, which is basically identical to MHV-68 except for a 9538 

bp deletion at the left end of the LUR (MHV76), exhibits significant differences in the 

kinetics and the pathology of infection in vivo but replicates similar to MHV-68 in vitro 

(Macrae,A.I. et al., 2001; Clambey,E.T. et al., 2002). Following intranasal infection of 
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mice with MHV76, mice showed an increased inflammatory respose, and, in line with 

this, MHV76 was cleared more rapidly from the lungs (Macrae,A.I. et al., 2001). 

Further, splenomegaly upon MHV76 infection was reduced and less latent virus was 

detectable in the spleens, but latency was established in the lungs and in the spleens 

(Macrae,A.I. et al., 2001; Clambey,E.T. et al., 2002). In contrast, splenic latency 

following intraperiteoneal infection with MHV76 was not impaired (Clambey,E.T. et 

al., 2002). 

An M1 knock out virus with an inserted lacZ gene in the orf M1 (M1.LacZ) was initially 

linked to a phenotype of enhanced reactivation from latency in both 

immunocompetent and immunocompromised mice and an absence of splenic 

pathology or mortality in interferon γ-deficient (IFN-γ-/-) mice (Clambey,E.T. et al., 

2000). However, Dutia and coworkers could meanwhile demonstrate (i) that two yet 

unidentified transcripts originate from the left genomic region and (ii) that the 

M1.LacZ phenotype observed by Clambey et al. (2000) is most likely due to the 

disruption of these two transcripts and not due to the disruption of M1 (Dutia,B.M. et 

al., 2004). To date we can only speculate about the role of the repressive effect of 

the MHV-68 orf73 protein on the intrinsic promoter/enhancer activity of a TR element. 

The MHV-68 orf73 protein might influence the transcription of modulators of MHV-68 

pathology. These could be vtRNAs, M1 or, more likely, gene products originating 

from one or both of the transcripts just recently identified by Dutia et al. (2004). 

 

MHV-68 orf73 seems to be essential for an effective establishment of latency in the 

spleen of infected mice in vivo, since a ∆orf73 MHV-68 mutant virus is unable to 

establish latency (Moorman,N.J. et al., 2003; Fowler,P. et al., 2003). Attempts to 

define MHV-68 genomic cis requirements necessary for latency have failed so far 

(Fowler,P., personal communication; Stevenson, P.G., personal communication). 

KSHV LANA is known to tether KSHV DNA to mitotic chromosomes and to mediate 

replication of TR containing plasmids (Ballestas,M.E. et al., 1999). LANA directly 

interacts with the TR of KSHV (Garber,A.C. et al., 2001). Several groups defined 

KSHV genomic cis requirements and found the terminal repeat region to be essential 

for efficient replication (Hu,J. et al., 2002; Grundhoff,A. and Ganem,D., 2003; 

Fejer,G. et al., 2003). 
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As demonstrated in 3.1.3, an MHV-68 1.2 kbp TR element exhibits 

promoter/enhancer activity in 293T cells but not in 3T3 cells. Performing MHV-68 and 

KSHV viral replication assays in parallel in human epithelial cells (HEK 293) and 

murine fibroblast (NIH 3T3), we observed replication of KSHV TR containing 

plasmids in the presence of KSHV LANA (figure 22 B). Furthermore, we demonstrate 

replication of MHV-68 TR containing plasmids in the presence of the MHV-68 orf73 

protein in 293 cells but not in 3T3 fibroblasts (figure 22). As both, KSHV and MHV-68 

replication, were observed in human epithelial cells but not in murine fibroblasts, we 

suggest other cellular requirements than the species origin to be critical for the 

replication. This is of special interest, since Bechtel and Ganem did demonstrate that 

KSHV can establish latent infection in many adherent cell lines, including human and 

nonhuman cells of epithelial, endothelial, and mesenchymal origin (Bechtel,J.T. et al., 

2003). Further, MHV-68 can also be detected in its latent state in B cells as well as in 

epithelial cells (Sunil-Chandra,N.P. et al., 1992; Stewart,J.P. et al., 1998). Whether or 

not replication of MHV-68 TR containing plasmids would be more efficient in B cells 

compared to epithelial cells would be an interesting question to be addressed in the 

future. 

To summarise: We demonstrate for the first time (i) that the MHV-68 1.2 kbp TR 

element represents a cis requirement for plasmid maintenance in 293 cells and (ii) 

that the MHV-68 orf73 protein is able to mediate replication of MHV-68 TR containing 

plasmids (figure 22 A). Interestingly, replication in the MHV-68 system was 

significantly weaker as in the KSHV system. At the moment we can only speculate 

about the reasons. Possibly, more than a single 1.2 kbp TR element (as in the 

natural situation of the virus) and therefore multiple orf73 binding sites in the TR 

might be necessary for replication with high efficiency. Another explanation could be 

the existence of one or more additional origin/s of replication in the MHV-68 genome. 

Further, as we have shown the cell line to be critical for replication, one could 

consider the possibility that replication of MHV-68 TR elements mediated by MHV-68 

orf73 might be possible in epithelial cells (as shown) but more efficient in B cells. 

 

KSHV LANA is known to directly bind to two sites in the KSHV TR, called LANA 

binding sites 1 and 2 (LBS1 and LBS2) (Garber,A.C. et al., 2002). We aligned the 

sequence of LBS1 and LBS2 with the sequence of the MHV-68 TR and found a 
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region with high sequence similarity (figure 49). The MHV-68 region corresponds to 

the genomic position bp118767 to bp118725 but is present in all repetitive TR 

elements. We did not demonstrate direct binding of the MHV-68 orf73 protein to the 

found sequence, but based on the sequence similarity of the MHV-68 TR to LBS1 

and LBS2 (14 out of 20 and 11 out of 20 residues are identical when comparing the 

found MHV-68 TR region with LBS1 and LBS2, respectively), it could be speculated 

that the MHV-68 orf73 protein might bind to this region of the MHV-68 TR. To 

address the question of a direct interaction of the MHV-68 orf73 protein with the 

MHV-68 TR, further experiments would be needed, for example band shift 

experiments with synthetic oligonucleotides encompassing the possible binding site 

for the MHV-68 orf73 protein and in vitro translated MHV-68 orf73 protein. 

An essential requirement known for the KSHV LANA interaction with LBS1 and LBS2 

is dimerisation/oligomerisation (Komatsu,T. et al., 2004), a feature reminiscient for 

the origin binding proteins of other viruses, namely EBNA1 of EBV, the papillomaviral 

E1/E2 proteins and the large T-antigen of the polyomavirus SV40, which also bind 

their respective origins of latent DNA replication as oligomers (Summers,H. et al., 

1996). As we demonstrate in figure 16, the MHV-68 orf73 dimerises or oligomerises, 

thereby resembling one known feature of the above mentioned known origin binding 

proteins of KSHV, EBV, papillomaviruses and polyomaviruses. 

ccggggtacgggcccgccctcc

cctgggggcggggaggccctgg

g-cggcgtccggggccgccgca

gcgggtgtccgtgggcctggg

KSHV TR

MHV68 TR

LBS1(HA) LBS2(LA)

22bp

 

Figure 49: Alignment of LBS1 and LBS2 of the KSHV TR with the MHV-68 TR region. 
The known KSHV LANA binding sites 1 and 2 (LBS 1 and 2) were aligned with a 1.2 kbp MHV-68 
terminal repeat element. Sequence similarity was observed in the MHV-68 genomic sequence bp 
118725 to bp 118767 (accession number AF105037). Colour coded nucleotides are identical in the 
KSHV and MHV-68 TR sequences. Underlined cytosines are essential for high affinity binding of 
KSHV LANA (Srinivasan,V. et al., 2004). HA: high affinity, LA: low affinity 
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Summarising published data for KSHV and our observations for MHV-68, both TR 

regions exhibit intrinsic promoter/enhancer activity which can be downregulated by 

the respective orf73 gene product. Further, KSHV TR containing plasmids and MHV-

68 TR containing plasmids replicate in the presence of KSHV LANA or the MHV-68 

orf73 protein, respectively. However, the replication of MHV-68 TR containing 

plasmids is weak compared to KSHV TR containing plasmids (figure 22). The KSHV 

TR and the MHV-68 TR seem to share at least some functional similarities. 

Having characterised the orf73 proteins of MHV-68, RRV and HVS in comparison 

with KSHV LANA in detail in section 3.1, we conclude (i) that the MHV-68 orf73 

protein resembles the investigated LANA features with respect to intracellular 

distribution, oligomerisation, transactivational properties and, at least in part, with 

respect to replication of TR containing plasmids and (ii) that the RRV and HVS orf73 

homologs differ in some functions (e.g. Cp promoter activation) but resemble others 

(e.g. cyclinE promoter activation). 

 

We next wondered about possible cellular interaction partners of orf73 proteins that 

might be involved in orf73 protein functions. We knew that the KSHV LANA protein 

interacts with BRD2/RING3 (Platt,G.M. et al., 1999) and initial data of our laboratory 

pointed to an interaction of the orf73 proteins of RRV, HVS and MHV-68 with 

BRD2/RING3 as well (K.Nathan, unpublished). Since BRD2/RING3 is a member of 

the BET family of nuclear proteins and BET family members have been linked to 

important cellular events as diverse as the regulation of meiosis, embryonic 

development, transcriptional regulation, DNA remodelling and replication, cell cycle 

control and development of cancer (see 1.6) we hypothesised that γ2herpesviruses 

have evolved functions in their orf73 proteins that would allow them to manipulate 

and thereby profit from some of the functions of BET proteins. 

When we started our study in 2001, the murine BRD4/MCAP (mitotic chromosome 

assochiated protein) had just been published to interact with mitotic chromosomes 

and to manipulate cell cycle control (Dey,A. et al., 2000). KSHV LANA is also known 

to interact with mitotic chromosomes (Piolot,T. et al., 2001). To enable us to study the 

function of BRD2/RING3 in comparison with BRD4/HUNK we cloned BRD4 

transcripts from human cells including KSHV infected as well as uninfected B-cells 

(see 3.2.1). BRD4/HUNK transcripts were present in all investigated cell lines 
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pointing at a ubiquitous expression pattern of BRD4/HUNK (figure 23). Interestingly, 

the longer transcript BRD4/MCAP was also present in the investigated cells, although 

we did not succeed in generating a full length BRD4/MCAP expression construct. We 

therefore demonstrate for the first time that two BRD4 transcripts BRD4/HUNK and 

BRD4/MCAP are present in human cells including KSHV infected and non-infected B 

lymphocytes. We show BRD4/HUNK to localise to the nuclei of cells transiently 

expressing BRD4/HUNK in a reticular distribution pattern (figure 24). This distribution 

pattern resembles the one of BRD2/RING3 (Mattsson,K. et al., 2002) (own 

observations). Further, the DNA signal was weakest in places where the 

BRD4/HUNK signal was intense (figure 24) which could reflect chromatin dissolution 

by BRD4/HUNK or preferential binding of BRD4/HUNK to euchromatic regions of 

cellular DNA. Similar observations have been made for human BRD2/RING3 and 

murine BRD4/MCAP (Mattsson,K. et al., 2002; Dey,A. et al., 2003) and have been 

linked for BRD4/MCAP to its ability to bind to acetylated histones (Dey,A. et al., 

2003). 

Since LANA-1 is expressed in KSHV infected B cells, BRD4/HUNK/MCAP and 

LANA-1 could potentially interact in KSHV infected cells in vivo. Since we are not 

able to detect endogenous BRD4/HUNK at the protein level, most likely due to the 

poor sensitivity of our α-HUNK antibody, we could not study the potential 

colocalisation of LANA-1 and HUNK in infected B cells. 

Therefore, we investigated LANA-1 and BRD4/HUNK expressing cells upon 

cotransfection. Interestingly, and in line with an interaction of BRD4/HUNK with 

KSHV LANA (figure 26), KSHV LANA and BRD4/HUNK colocalise in the nuclei of 

transfected cells during interphase (figure 25). Mattsson and coworkers show a 

colocalisation of KSHV LANA with endogenous BRD2/RING3 and chromatin during 

both interphase and mitosis using our polyclonal RING3 antibody (Mattsson,K. et al., 

2002). As depicted in figure 23 B, this RING3 antibody crossreacts with BRD4/HUNK, 

therefore the protein that Mattsson et al. considered to be RING3 could as well be 

endogenous BRD4 protein. 

To get a detailed molecular view on the interaction of orf73 proteins with cellular BET 

proteins we studied orf73/BET interactions both biochemically in vitro as well as of 

orf73 proteins and BET proteins in cotransfected cells by coimmunoprecipitation (see 

3.2.3, 3.2.4, 3.2.5). 
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We demonstrate that the orf73 proteins of KSHV, RRV, HVS and MHV-68 bind to the 

C-terminal regions (including ET domains) of the BET proteins BRD2/RING3, 

BRD4/HUNK and BRD3/ORFX (figure 31). Further, as shown in figure 32, focusing 

on the interaction of orf73 proteins with BRD2/RING3, we demonstrate that the MHV-

68 orf73 protein shows exactly the same binding pattern as KSHV LANA, whereas 

the RRV and HVS orf73 proteins differ. These data show (i) that the orf73 proteins of 

KSHV, MHV-68 and RRV bind to more than one site within the BRD2/RING3 C-

terminus, one site being located to the ET domain, the other site being upstream of 

ET, and (ii) that the RRV and HVS orf73 proteins show a more restricted binding 

pattern to BRD2/RING3 when compared to KSHV and MHV-68 orf73 proteins. 

Our coimmunoprecipitaion data reflect the observations made in vitro by GST pull 

downs. KSHV LANA and the MHV-68 orf73 protein bind to full length BRD2/RING3 

as well as to full length BRD4/HUNK (figure 26 and figure 28). Further, BRD2/RING3, 

BRD4/HUNK or BRD3/ORFX constructs starting at their respective ET domain are 

sufficient to bind KSHV LANA or the MHV-68 orf73 protein. Interestingly, the binding 

of KSHV LANA to the constructs BRD2 aa640-801 and BRD4 aa608-722 was 

reproducibly weaker than the binding to the respective full length protein (figure 26). 

This could reflect the cooperative binding of LANA (and possibly of the MHV-68 orf73 

protein) to two or more sites within full length BRD2/RING3 or BRD4/HUNK (compare 

figures 26 and 32). 

Our binding analyses with C-terminally truncated KSHV LANA mutants and C-

terminally truncated MHV-68 orf73 mutants revealed the highly conserved region 

corresponding to LANA aa 1139-1142 (MHV-68 orf73 aa252-256) to be critical for 

binding of BET proteins (figure 27, 29 and 33) (compare with figure 50, 51 and 52)). 

There are two possible explanations for this phenotype. Firstly, this conserved region 

(LANA aa 1139-1142 and MHV-68 orf73 aa 252-256) might be the direct interaction 

site for BET proteins, or, secondly, the conserved orf73 protein domain is critical for 

structure and function of the protein, for example with respect to protein 

conformation. 
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Figure 50: Summary of selected functions of KSHV LANA-1 mutant proteins. 
n.d., not determined; IP, Coimmunoprecipitation; ‘*’ data generated by members of our group, not part 
of this thesis. 

The MHV-68 orf73 peptide array, in which we identified a binding site for 

BRD2/RING3 in MHV-68 orf73 peptides, namely a QAKKLK motif (aa226-231), 

demonstrates that another region than aa 252-256 in the MHV-68 orf73 protein 

shows direct interaction with BRD2/RING3. Again, this allows two interpretations. 

There might be two sites in the MHV-68 orf73 protein that bind to RING3 (aa 226-231 

and aa 252-256), or aa 252-256 may be essential for structure and function including 

RING3 binding. Since we show that mutating the QAKKLK motif in the MHV-68 orf73 

protein cannot abolish at least in vitro binding of BRD2/RING3 (figure 35) it is likely 

that there is more than one contact point for RING3 in the MHV-68 orf73 protein. 
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              ------------------------------------------------------      
KSHV    1027  CPAKARPQHI FYRRFLG—-K DGRRDPKCQW KFAVIFWGND PYGLKKLSQA 1074 
HVS      290  IPQKCQARHQ FFAKEA---P SVFSLTPRKW RHVVYFWG-P TSALYRLSKA  335 
RRV      328  VPRKYRPQRR FYRQVLG--P RIDPPRPGPW CHGVIFCNSD PYSLYRLARC  375 
MHV-68   139  LPKKYQGMRR HLQVTAPRLF DPEGHPPTHF KSAVMFSSTH PYTLNKLHKC  188 
               * * :  :  .                   :    * * .   .  * :* :.     
 
              ------------------------------------------------------      
KSHV    1075  FQFGGVKAGP VSCLPHPG-P DQSPITYCVY VYCQNKDTSK KVQMARLAWE 1123 
HVS      336  LLFPGAVASG LQTFPKGP-R AVGPWIYFIC VYCRTRRIAK EIITAQKKYE  384 
RRV      376  LQFPGIRASS VRVLPDAP-G SPVIPAFCIT VFCQSRGTAK AVKKARRRWE  424 
MHV-68   189  IQSKHVLSTP VSCLPLVPGT TQQCVTYYLL SFVEDKKQAK KLKRVVLAYC  238 
              :      :   :  :*            : :   : . :  :*  :  .   :      
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repressive effect on an E2F responsive element (figure 42), we conclude that the 

activating effect of BRD4/HUNK on the cyclinE promoter is most likely not E2F 

mediated. The data from Denis et al. (2000) on BRD2/RING3 and our data on 

BRD4/HUNK provide evidence for functional differences of BRD2 and BRD4. Other 

functions, however, are shared between BRD2 and BRD4. As we demonstrate in 

3.3.3, HeLa cells that transiently express the human BRD4/HUNK protein are 

efficiently blocked from cell cycling, a feature which is known for the longer splice 

variant BRD4/MCAP from mice (Dey,A. et al., 2000; Maruyama,T. et al., 2002). We 

see a similar cell cycle block in cells expressing BRD2/RING3 upon transfection 

(figure 41 G). Others have reported a cell cycle block by RING3 when expressed at 

high levels but observed a contrary effect, namely more cells entering S phase, when 

relatively low levels of RING3 were expressed (Sinha,A. et al., 2004). Together with 

the observation that transgenic mice with B-cell specific expression of BRD2/RING3 

develop B-cell lymphomas at a high frequency (Greenwald,R.J. et al., 2004), it is 

therefore likely that both BRD2 and BRD4 are involved in the regulation of the cell 

cycle or in other words, dysregulation of BRD2 and/or BRD4 leads to a dysregulation 

of the cell cycle. 

Interestingly, besides activating transcription from several cellular promoters (figure 

39) the BRD4/HUNK protein can repress transcription from the latent EBV C 

promoter as well as transcription from the 1.2 kbp TR element of MHV-68 (figure 40). 

To date we do not know whether these repressive effects on Cp and the MHV-68 TR 

are direct through interaction of BRD4/HUNK with the promoter regions, or whether 

the Cp and the TR promoter activities are cell cycle dependent and repressed due to 

the BRD4/HUNK induced cell cycle arrest. The KSHV TR region has recently been 

shown to be the only region in the KSHV genome besides the orf50 promoter that is 

organised in nucleosome arrays, in other words, the TR and the orf50 promoter are 

present in a chromatinised form (Lu,F. et al., 2003; Stedman,W. et al., 2004). Further, 

BRD2/RING3 has been shown to be bound to the KSHV TR region; whether binding 

was direct or indirect is unresolved (Stedman,W. et al., 2004). Making the two 

assumptions that (i) the TR of MHV-68 is chromatinised similar to the TR of KSHV 

and (ii) that BRD4/HUNK also interacts with the TR region similar to BRD2/RING3, 

BRD4/HUNK could possibly repress transcriptional activity of the MHV-68 TR 

promoter/enhancer by preventing the cellular transcription machinery from free 
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access to the TR region. This could possibly occur via the known binding of BRD4 to 

acetylated histones H3 and H4 during both interphase and mitosis (Dey,A. et al., 

2003). One could speculate that the MHV-68 orf73 protein might modulate 

transcriptional activity of the TR element by interaction with BRD4, e.g. by recruiting 

BRD4 to the TR region. However, since an MHV-68 orf73 mutant ∆253-314 can 

repress TR activity but does not interact with BRD4 in our binding assays (Co-IP and 

GST pull down) (figure 52), the situation seems to be more complicated. This issue 

needs further investigation. 

We made the interesting observation that in cells cotransfected with the orf73 

proteins of RRV or MHV-68 and EGFP-tagged BRD2/RING3 or BRD4/HUNK, BRD2 

and BRD4 expression was drastically elevated. Both, the signal intensity and the 

number of positive cells was increased (figure 43). The small number of either BRD2 

or BRD4 positive cells (as visible in figure 43, A2 and A3) is due to the efficient cell 

cycle block in cells expressing BRD2/RING3 or BRD4/HUNK (figure 41). The RRV 

orf73 protein or the MHV-68 orf73 protein might influence the expression of BRD2 or 

BRD4 on transcriptional, translational or posttranslational level or indirectly by 

influencing the cell cycle and releasing the BRD2 or BRD4 induced cell cycle arrest. 

The regulation at the transcriptional level can be excluded since the expression of 

EGFP alone was not affected by the expression of the orf73 proteins and the 

expression of EGFP and of the EGFP-tagged BRD2 and BRD4 constructs is under 

the control of the same CMV immediate early promoter. Among the remaining 

explanations, the influence of the cell cycle and release of the BRD2 or BRD4 

induced cell cycle block by the RRV and MHV-68 orf73 proteins is a likely 

explanation, but posttranslational stabilisation might also play a role at least for the 

MHV-68 orf73 protein as we shall see. 

In contrast to the orf73 proteins of RRV and MHV-68, the expression of KSHV LANA 

increased neither the expression of BRD2/RING3 nor of BRD4/HUNK (figure 43).  

We continued to address the aspect of increased BRD2/RING3 and BRD4/HUNK 

expression in more detail with the use of the MHV-68 orf73 C-terminally truncated 

proteins. Functions of MHV-68 orf73 mutant and wild type proteins are summarised 

in figure 52. MHV-68 orf73 mutants that associated with chromatin and repressed TR 

promoter/enhancer activity (orf73 ∆262-314 and orf73 ∆253-314) (figures 15 and 21 

B) also increased the expression of BRD4/HUNK and BRD2/RING3 (figure 44) 

 160



 
  4.Discussion 

whereas other C-terminally truncated mutants (orf73 ∆237-314 and orf73 ∆225-314) 

that did not associate with chromatin nor repressed the TR promoter/enhancer 

activity (figures 15 and 21 B) also did not increase BRD2/RING3 or BRD4/HUNK 

expression (figure 44). Interstingly, the MHV-68 orf73 mutant orf73 ∆253-314 which 

did not bind to BRD2/RING3 or BRD4/HUNK (figure 29) was chromatin associated, 

repressed the TR promoter/enhancer and increased the expression of BRD2/RING3 

and BRD4/HUNK. This might indicate that the interaction of MHV-68 orf73 with BET 

proteins BRD2 or BRD4 (at least the relatively strong interaction that we can observe 

in our binding assays Co-IP and GST pull down) seems not to be essential (i) for the 

association with interphase chromatin nor (ii) for TR repression and not (iii) for 

increased BRD2 or BRD4 expression. 

orf73∆262-314

orf73∆253-314

orf73∆237-314

orf73∆225-314

increase of
expression of:

EGFP:
HUNK:
RING3:

orf73 225 7A 231 

DKAAAAAAARVV

DKKQAKKLKRVV

Q226 K231

orf73 wt 

Di-/Oligom
erisation:

TR repression:

Activation
cyclinE

prom
oter:

BRD2/RING3 binding
(IP+pd):

Activation
EBV Cp:

BRD4/HUNK binding
(IP+pd):

Chrom
atin

association:

+ ++* -+*n.d.n.d. n.d.

+ + + + + + + + +
+ + + + + + +n.d. n.d.

+ + +

-
-

- + +- -n.d. n.d.

n.d. n.d.-+ --- ---

n.d. n.d.- --- ----

- -n.d.

 

Figure 52: Summary of investigated functions of MHV-68 orf73 mutant proteins. 
n.d., not determined; IP, Coimmunoprecipitation; pd, GST pull down; ‘*’ data by GST pull down shown 
in the thesis, preliminary data indicate binding in Co-IP as well. 

We identified the amino acids QAKKLK (aa 226-231) in the MHV-68 orf73 protein by 

peptide array assays to be a site of direct BRD2/RING3 binding (figure 34). Whereas 

binding of BRD2/RING3 is lost when the MHV-68 orf73 protein is C-terminally 

truncated in the region aa 252-261 (figure 29 and 33, summary in figure 52), the 

introduction of different mutations in the RING3-binding region of the MHV-68 orf73 

full length protein in the region aa 226-231 (QAKKLK) did not result in a detectable 
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decrease of binding affinity to BRD2/RING3 in GST pull-down assays (figure 35 A). 

Preliminary data from coimmunoprecipitation experiments also do not indicate a 

reduced binding affinity (not shown). Therefore, binding of BRD2/RING3 to the MHV-

68 orf73 protein might involve more than one contact point out of which only one, the 

QAKKLK region, may represent a linear epitope and therefore be accessible to 

binding in our peptide array. We tested the MHV-68 orf73 proteins with mutations in 

their QAKKLK region with respect to their ability to activate the cyclinE promoter in 

comparison to the wild type MHV-68 orf73 protein. The outcome was heterogeneous. 

A minimal mutation in the position K228 (lysine to alanine) resulted in an increase of 

cyclinE promoter activity. Interestingly the lysine at position 228 is the only amino 

acid residue of the QAKKLK region which is conserved in the orf73 proteins of KSHV, 

HVS, RRV and MHV-68 (figure 51). In contrast to the K228A mutation, the 

introduction of larger amino acid exchanges including K228 (figure 35 A, left panel) 

moderately reduced the ability of the respective MHV-68 orf73 mutant to activate the 

cyclinE promoter (figure 35 B). These observations may suggest that the 

BRD2/RING3 binding site in the MHV-68 orf73 protein (QAKKLK at positions aa 226-

231) could be involved in the activation of the cyclinE promoter by the MHV-68 orf73 

protein. 

Interestingly, the MHV-68 orf73 mutant proteins with mutations in the QAKKLK region 

were impaired in their ability to increase the expression of BRD2/RING3 but not in 

their ability to increase the expression of BRD4/HUNK (shown for mutant orf73 225 

7A 231 in figure 44). Therefore, the region QAKKLK seems to be important for the 

effect on BRD2/RING3 but not for the effect on BRD4/HUNK. One can hypothesise 

that the RING3 binding region QAKKLK might be necessary for an effect which is 

specific to RING3, e.g. for the stabilisation of the BRD2/RING3 protein. However, at 

the moment we do not have direct evidence for that hypothesis. To get a quantitative 

image of the observed effects shown in figure 44 we plan to perform flow cytometry 

to count EGFP, EGFP-BRD2 and EGFP-BRD4 positive cells and also to determine 

signal intensities from single cells. These data will potentially enable us to separate 

an possible effect of the MHV-68 orf73 protein and its mutants on cell cycle (higher 

proportion of BRD2 or BRD4 positive cells) from a possible effect on the protein level 

(BRD2 or BRD4 positive cells with higher signal intensities). At the moment we 
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speculate that more than one MHV-68 orf73 effect is underlying the phenotype 

‘increase of BRD2 and BRD4 expression’. 

We recently generated a BRD4/HUNK baculovirus that enables us (i) to express 

large amounts of BRD4/HUNK protein in insect cells and (ii) to perform an MHV-68 

orf73 peptide array assay. It would be interesting to know whether the BRD4/HUNK 

protein also interacts with MHV-68 peptides and if so, whether the region will be 

different or identical to the BRD2/RING3 binding peptides encompassing the region 

aa 226-231 (QAKKLK). 

 

We show that the expression from the cyclinE promoter is increased in cells 

expressing BRD4/HUNK upon transfection (figure 39 and 42) and that cells 

expressing BRD4/HUNK upon transfection are efficiently prevented from entering S 

phase (figure 40). Further, we made the observations (i) that in cells that were 

cotransfected with RRV or MHV-68 orf73 and BRD4/HUNK expression constructs, 

BRD4/HUNK expression was increased (figure 43) and (ii) the RRV and MHV-68 

orf73 proteins activated the cyclinE promoter (figure 17). Based on these phenomena 

we addressed the issue of cyclinE promoter activity in cells coexpressing 

BRD4/HUNK and RRV orf73. We included KSHV LANA-1, which activated the 

cyclinE promoter but did not lead to an increase of BRD4/HUNK expression (figure 

17 and 43) and two LANA mutants (L27 LANA∆1108-1162 and L25 LANA∆1007-

1162) which did not activate the cyclinE promoter (figure 18). Interestingly, the 

expression of the RRV orf73 protein resulted in a significant decrease of 

BRD4/HUNK induced cyclinE promoter activation (figure 45 B 2). One possible 

interpretation could be that the RRV orf73 protein releases cells from the 

BRD4/HUNK induced cell cycle block. The observations are in keeping with the 

notion that the BRD4/HUNK induced effect on the cyclinE promoter might be indirect 

due to the BRD4/HUNK induced cell cycle block. In this scenario, cells would be 

arrested in G1/S, and the physiological expression of cyclinE mRNA therefore 

increased. A release of the cell cycle block by the RRV orf73 protein would then 

decrease the expression from the cyclinE promoter. 

KSHV LANA also reduced the BRD4/HUNK induced upregulation of the cyclinE 

promoter (figure 45, B 3) but to a lower extent than RRV orf73. However, KSHV 
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LANA did not increase the expression of BRD4/HUNK in cotransfected cells under 

our conditions (figure 43). Since KSHV LANA is known to promote S phase entry 

(Fujimuro,M. et al., 2003) and activates cyclinE transcription (figure 17), we speculate 

that the observation in figure 43 (no increase of BRD4/HUNK expression by LANA) 

might be due to the specific conditions, for example doses of expression constructs, 

of our experiment, and that an increase of LANA expression construct in relation to 

the BRD4/HUNK expression construct might result in a release of the BRD4/HUNK 

induced cell cycle block. The observation that L27 and L25, LANA mutants that can 

not activate the cyclinE promoter (figure 18), do not affect the BRD4/HUNK effect on 

the cyclinE promoter, is in line with the model that only orf73 proteins or mutant orf73 

proteins that can promote the cell cycle by stimulating cyclinE transcription can 

counteract the BRD4/HUNK induced cell cycle arrest. We will further address this 

issue in the future by extending our BRD4/HUNK and orf73 coexpression studies to 

the MHV-68 orf73 wild type and mutant proteins.  

 

BET proteins are chromatin- bound via their bromodomains and are involved in 

processes that may lead to an opening of chromatin by so called chromatin 

remodelling complexes (Tamkun,J.W. et al., 1992; Elfring,L.K. et al., 1998). Further, 

BRD4/MCAP has been shown to bind to euchromatic regions by its interaction with 

acetylated histones during both interphase and mitosis (Dey,A. et al., 2003). Open 

chromatin structures might thereby become accessible for processes such as 

transcription or replication (Florence,B. and Faller,D.V., 2001) (see 1.6). 

By the use of two different approaches we demonstrate that BRD4-encoded proteins 

might be involved in the KSHV LANA-1 mediated replication of TR-containing 

plasmids (see 3.3.8). Using a dominant-negative approach, we show that 

coexpressing the LANA-binding domain of BRD4, namely BRD4/HUNK aa 608-722, 

represses KSHV LANA-mediated replication of TR containing plasmids (figure 46). 

Since we had observed a reduction of replication in cells overexpressing full length 

BRD4/HUNK as well (not shown), it is important to note that the expression of 

BRD4/HUNK aa 608-722 does not result in a cell cycle block (figure 41). A cell cycle 

block of the cells during the replication assay would also result in a decrease of 

replication (as observed with full length BRD4/HUNK, not shown). Since 

BRD4/HUNK aa 608-722 do not affect the cell cycle (figure 41) we conclude that the 
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reduction of LANA mediated replication may be due to a competitive binding of 

BRD4/HUNK aa 608-722 to LANA, thereby reducing the binding of LANA to 

endogenous BRD4 proteins. 

As a second approach to address a possible involvement of BRD4 proteins to LANA 

mediated replication we used the siRNA technology to knock-down endogenous 

BRD4 proteins (figure 47). We observed a reduction of LANA mediated replication of 

TR-containing plasmids in the presence of BRD4 specific siRNA molecules and the 

reduction was statistically significant which is in keeping with the notion that BRD4-

encoded proteins might play a role in LANA-1 mediated replication. However, there 

are aspects of the siRNA experiment that weaken the conclusiveness. Since we do 

not have a sensitive α-BRD4 antibody to detect endogenous BRD4 proteins we 

needed to monitor the effectiveness of the BRD4 gene knock-down indirectly. We 

monitored the degree of BRD4/HUNK expression upon transfecting cells with siRNA 

followed by the transfection of a BRD4/HUNK expression plasmid. BRD4/HUNK 

expression from expression plasmids was reduced about 90% after 48 h (not shown), 

but after 72 h, the time point when cells for the replication assay were lysed, 

BRD4/HUNK expression was reduced only about 50% (figure 47 C and D). This 

relatively small reduction of BRD4/HUNK expression is most likely due to a 

degradation of siRNA molecules. Therefore, we could possibly improve the protocol 

by the repeated transfection of siRNA at later time points during the replication 

assay, e.g. after 36 h, to reach effective siRNA levels in the cells during the entire 72 

h before lysing the cells. Further, the monitored BRD4/HUNK expression from 

expression plasmids does not necessarily reflect the expression of endogenous 

BRD4 proteins following the use of siRNA. 

 

C-terminal truncations of KSHV LANA-1 from amino acid residue 1143 to 1128 lose 

essential LANA-1 functions. The mutant LANA∆1129-1162 is not able to act as 

transcriptional activator nor to act as transcriptional repressor, does not dimerise, is 

not chromatin associated (Viejo-Borbolla,A. et al., 2003), does not mediate 

replication (Viejo-Borbolla, A.; Ottinger, M. et al., submitted) does not interact with the 

cellular protein GSK-3β (Fujimuro,M. et al., 2003) and does not interact with 

BRD2/RING3 nor with BRD4/HUNK (see 3.2.3), whereas the LANA mutant 

LANA∆1143-1162 has all these functions similar to KSHV LANA wild type (figure 50). 
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It is therefore virtually impossible to separate these diverse LANA functions on the 

basis of these LANA mutants and this underlines the importance of the highly 

conserved C-terminal region in LANA and the orf73 homologs of RRV, HVS and 

MHV-68 corresponding to the aa 1128-1143 in KSHV LANA (figure 51). The most 

likely explanation is that truncating LANA-1 C-terminally beyond ~aa 1140 disrupts 

the structure and function of the protein. 

The situation in the MHV-68 orf73 protein seems to be slightly different. We found 

several KSHV LANA-1 functions that are also provided by the MHV-68 orf73 protein, 

such as transcriptional activation (EBV Cp and cyclinE or cyclinD2 promoters) as well 

as repression (MHV-68 TR promoter/enhancer), dimerisation/ oligomerisation, 

chromatin association, the interaction with the cellular BET proteins BRD2/RING3 

and BRD4/HUNK (figure 52) or the replication of TR-containing plasmids (figure 22). 

Interestingly, and in contrast to KSHV LANA-1, it seems possible to separate at least 

some functions in the MHV-68 orf73 protein. For example, dimerisation/ 

oligomerisation seems to occur upstream of the region which is responsible for TR 

repression or interphase chromatin association. Further, the interaction of the MHV-

68 orf73 protein with BRD2/RING3 or BRD4/HUNK seems not to be directly linked to 

interphase chromatin association or TR repression (figure 52). 

However, similar to KSHV LANA-1, the conserved region in the MHV-68 orf73 protein 

corresponding to aa 243-256 (in LANA 1128-1143) (figure 51) seems to be of major 

importance for a functional orf73 protein. Seeking to deepen our understanding of a 

structure/function relationship of γ2herpesviral orf73 proteins we constructed a 

recombinant MHV-68 orf73 baculovirus (see 2.2.6) that enabled us to purify high 

amounts of the MHV-68 orf73 protein using the SF9 insect cells expression system 

(D.Pliquet; Diploma thesis, 2005). Currently, initial trials to crystallise the MHV-68 

orf73 protein are performed in collaboration with Prof. G. Tsiavaliaris and Dr. R. 

Fedorov from the Institute of Biophysical Chemistry, Medical School Hannover. This 

approach will hopefully enable us to correlate our data with a crystal structure of an 

orf73 protein. 
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5. Summary 

Functional Characterisation of γ2-Herpesviral orf73 Proteins and their Interaction with 
the Cellular Proteins BRD2 and BRD4. Matthias Ottinger 

Kaposi’s sarcoma associated herpesvirus (KSHV) is a human pathogen of major 
importance mainly in the immunocompromised. The latency-associated nuclear 
antigen 1 (LANA-1) of KSHV, encoded by the open reading frame 73 (orf73), fulfils 
multiple functions vital to viral latency. However, the majority of data concerning 
LANA-1 function are generated in vitro. Since for example murine γ-herpesvirus 68 
(MHV-68) infection of its natural mouse host could potentially provide a suitable 
animal model to study γ2-herpesviral orf73 functional biology in vivo, we were seeking 
to define functional similarities and differences of KSHV LANA-1 and homologous 
orf73 proteins of the related γ2-herpesviruses rhesus rhadinovirus (RRV), herpesvirus 
saimiri (HVS) and MHV-68. 

We found several KSHV LANA-1 functions that are also provided by the MHV-68 
orf73 protein, such as transcriptional activation of the cell cycle dependent promoters 
of cyclins E and D2, transcriptional repression of a viral promoter/enhancer element, 
dimerisation/oligomerisation, chromatin association, the replication of terminal repeat 
containing plasmids and the interaction with cellular proteins such as the 
retinoblastoma tumour suppressor protein. Hence, the MHV-68 orf73 protein could 
potentially provide a valuable model system to investigate orf73 protein function in 
vivo in mice. 

Additionally, based on the earlier observation by our group, that KSHV LANA-1 
interacts with BRD2/RING3, we demonstrated KSHV LANA-1 and the orf73 
homologs to interact with the celluar bromodomain-containing proteins BRD2/RING3 
and BRD4/HUNK. Bromodomains are chromatin-targeting modules and BRD2 and 
BRD4 are known to interact with chromatin and to modulate transcription and cell 
cycle events. We showed the C-terminal regions of BRD2 and BRD4 to be 
responsible for binding to orf73 proteins. Further, we identified a conserved region in 
the C-terminal regions of orf73 proteins to be crucial for BRD2 and BRD4 binding. 

Orf73 proteins of MHV-68 and RRV increased the expression levels of BRD2 and 
BRD4 in cotransfected cells. Further, we showed that activation of the cell cycle- 
dependent cyclinE promoter by BRD4 was negatively regulated by the orf73 proteins 
of KSHV and RRV. 

Using dominant negative BRD4 mutants and an siRNA approach, we provide initial 
data indicating a role of BRD4 in the KSHV LANA-1 mediated replication of a 
terminal repeat containing plasmid. 
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6. Zusammenfassung 

Funktionelle Charakterisierung γ2-herpesviraler orf73 Proteine und ihrer Interaktion 
mit den zellulären Proteinen BRD2 und BRD4. Matthias Ottinger

Das Kaposi Sarkom-assoziierte Herpesvirus (KSHV) is hauptsächlich für 
immunsupprimierte Individuen ein Pathogen von großer Bedeutung. Ein Protein mit 
wichtigen Funktionen während der viralen Latenz ist im offenen Leserahmen 73 
(orf73) von KSHV kodiert, das Latenz-assoziierte nukleäre Antigen 1 (LANA-1). 
Jedoch wurde ein Großteil der Erkenntnisse über LANA-1 in vitro erforscht. Die 
Infektion der Maus mit dem natürlichen Mäusepathogen MHV-68 (Murines 
Gammaherpesvirus 68) könnte potenziell ein geeignetes Tiermodell zum Studium γ2-
herpesviraler orf73-Proteine darstellen. Deshalb definieren wir in dieser Arbeit 
zunächst funktionelle Gemeinsamkeiten und Unterschiede von KSHV LANA-1 und 
den homologen orf73-Proteinen von den verwandten γ2-Herpesviren RRV (Rhesus 
Rhadinovirus), HVS (Herpesvirus Saimiri) und MHV-68. 

Wir zeigen in dieser Arbeit, dass das MHV-68 orf73-Protein viele der bekannten 
funktionellen Eigenschaften des KSHV LANA-1 Proteins teilt. So können das MHV-
68 orf73-Protein und LANA-1 Zellzyklus-abhängige Promotoren der Zykline E oder 
D2 transkriptionell aktivieren, virale Promotoren transkriptionell reprimieren oder 
Dimere bilden. Außerdem sind LANA-1 und das MHV-68 orf73-Protein 
chromatinassoziiert, vermitteln die Replikation von Plasmiden, die terminale 
Wiederholungseinheiten des jeweiligen Virusgenoms enthalten, und sie interagieren 
mit zellulären Proteinen wie dem Retinoblastoma Protein, einem bekannten 
Tumorsuppressorprotein. Unsere Daten unterstützen deshalb die Möglichkeit, MHV-
68 als Modell zum in vivo Studium der Funktion von γ2-herpesviralen orf73-Proteinen 
einzusetzen. 

Ein weiterer Teil der Arbeit besteht in der Charakterisierung von Protein-Protein 
Interaktionen. Wir zeigen, dass KSHV LANA-1 und die homologen orf73-Proteine mit 
den zellulären Proteinen BRD2/RING3 und BRD4/HUNK interagieren. BRD2 und 
BRD4 enthalten sogenannte Bromodomänen, die für die Chromatinbindung von 
BRD2 und BRD4 verantwortlich sind. Wir zeigen in dieser Arbeit detailliert, dass 
orf73-Proteine mit BRD2 und BRD4 über Ihre jeweiligen carboxyterminalen 
Proteindomänen interagieren. BRD2 und BRD4 beinflussten in unseren Versuchen 
den Zellzyklus und die Transkription. 

Interessanterweise erhöhten die orf73-Proteine von RRV und MHV-68 die 
Proteinexpression von BRD2 und BRD4. Außerdem zeigen wir, dass die orf73-
Proteine von RRV und KSHV eine BRD4-vermittelte Aktivierung des Zyklin E 
Promotors negativ regulieren, was erste Hinweise auf eine Interaktion von orf73-
Proteinen und BRD4 bei der Zellzyklussteuerung liefert. 

Weiterhin konnten wir durch die Verwendung dominant-negativer BRD4 Proteine und 
durch Anwendung von BRD4-spezifischer siRNA erste Hinweise auf eine Beteiligung 
von BRD4 an der LANA-1 vermittelten latenten Replikation finden. 
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Abbreviations 

aa   amino acids 
AIDS   acquired immunodeficiency disease syndrome 
Amp   Ampicillin 
Ampr   Ampicillin-resistance 
AP-1   activator protein 1 
APS   Ammoniumpersulfate 
ATCC  American Type Culture Collection 
ATP   adenosine-triphosphate 
BCBL  body cavity-based lymphoma 
BCIP   5-bromo-4-chloro-3-indolylphosphate 
Bdf   bromodomain factor 
BET   bromodomain, extra terminal domain 
bp   basepairs 
BPV   bovine papillomavirus 
BSA   bovine serum albumine 
Cam   Chloramphenicol 
Camr   Chloramphenicol-resistance 
CBP   CREB-binding protein 
Cdc   cell division cycle 
Cdk   cyclin dependent kinase 
cDNA  complementary DNA 
CIP   cyclin inhibitory protein 
CMV   Cytomegalovirus 
CKI   Cdk inhibitor 
CREB  CRE (cyclic AMP response element)-binding protein 
CTAR  C-terminal NF-κB activating region 
DABCO  1,4-Diazabicyclo[2.2.2]octane 
DMEM  Dulbecco´s modified Eagle medium 
DMF   Dimetylformamide 
DMSO  Dimethylsulfoxide 
DNA   deoxyribonucleic acid 
DS   dyad symmetry element 
DTT   Dithiothreitol 
dNTP   deoxyribonucleoside triphosphate 
EBV   Epstein-Barr Virus 
EBNA  EBV nuclear antigen 
ECL   enhanced chemiluminescence 
E. coli  Escherichia coli 
EDTA  Ethylenediaminetetraacetate 
EGFR  epidermal growth factor receptor 
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ELISA  enzyme linked immunosorbent assay 
Erk   extracellular signal regulated kinase 
FADD  Fas-associated death domain 
FAK   focal adhesion kinase 
FCS   foetal calf serum 
FLICE  FADD-like IL-1β-converting enzyme 
FLIP   FLICE inhibitory protein 
FKHR  Forkhead transcription factor 
FR   family of repeats 
Fsh   female sterile homeotic 
GCN 5  general control nonrepressor protein 5 
GFP   green fluorescent protein 
GPCR  G protein-coupled receptor 
GST   Glutathione S transferase 
HA   Hemagglutinin 
HDAC  histone deacetylase 
HAT   histone-acetyl-transferase 
HAT   Hypoxanthine-aminopterin-thymidine 
Hepes  N-2-Hydroxyethylpiperazin-N-2-ethansulfonic acid 
HHV   human herpesvirus 
HPV   human papillomavirus 
HRP   Horse raddish peroxidase 
HSV   Herpes simplex virus 
HVA   Herpesvirus ateles 
HVS   herpesvirus saimiri 
ICAM   intercellular adhesion molecule 
IE   immediate early 
Ig   Immunoglobulin 
IKK   IκB kinase 
IL   Interleukin 
Ink   Inhibitors of cdk 
IPTG   Isopropylthio-β-D-galactoside 
ITAM   immune receptor tyrosine-based activation motif 
JAK   Janus kinase 
JNK   c-jun N-terminal kinase 
Kan   Kanamycin 
Kanr   Kanamycin-resistance 
kb   kilobases 
KCP   complement control protein 
kDa   kilo Dalton 
KIP   CdK inhibitory protein 
KS   Kaposi´s sarcoma 
KSHV  Kaposi´s sarcoma-associated herpesvirus 
LANA  latency associated nuclear antigen 
LBS   LANA-binding site 
LCL   lymphoblastoid cell lines 
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LFA   lymphocyte function-associated antigen 
LMP1  latent membrane protein 1 
LMP2A/B  latent membrane protein 2A/B 
LPS   lipopolysaccharide 
MAPK  mitogen-activated protein kinase 
MCD   Multicentric Castleman´s disease 
MCM   mini-chromosome maintenance 
MCS   multiple cloning site 
MEM   Modified Eagles´ medium 
MOPS  3-(N-Morpholino)propansulfonic acid 
mRNA  messenger RNA 
NCBI   National Centre of Biotechnology Information 
NEAA  non-essential amino acids 
NEMO  NF-κB essential modulator 
NFAT  nuclear factor of activated T lymphocytes 
NF-κB  nuclear factor κB 
NK   natural killer 
NLS   nuclear localisation signal 
OD   optical density 
ORC   origin recognition complex 
ORF   open reading frame 
PAGE  Polyacrylamide gelelectrophoresis 
PAN   polyadenylated nuclear 
PBS   Phosphate buffered saline 
p/CAF  p300/CBP-associated factor 
PCR   polymerase chain reaction  
PEL   primary effusion lymphoma 
PFA   paraformaldehyde 
PI3K   phospatidylinositol 3-kinase 
PKA   protein kinase A (cAMP dependent) 
PKC   protein kinase C (calcium dependent) 
PMSF  Phenylmethylsulfonyl fluoride 
PTK   non-receptor protein tyrosine kinase 
RACE  rapid amplification of cDNA ends 
RB   retinoblastoma protein 
RIP   receptor interacting protein 
RFP   red fluorescent protein 
RNA   ribonucleic acid 
rpm   rounds per minute 
RPMI   Roswell Park Memorial Institute 
RRV   rhesus rhadinovirus 
RSV   Rous Sarcoma virus 
RT   room temperature 
RTA   regulator of transcriptional activation 
SAGA  Spt/Ada/GCN5/acetyltransferase 
SCID   severe combined immunodeficiency 
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SDS   sodium dodecyl sulfate 
SH   Src homology 
SH-B   Src homology (SH) binding 
SNF   sucrose non-fermenting 
snRNA  small nuclear RNA 
STAT   signal transducer and activator of transcription 
Stp   saimiri-transforming protein 
SV40   Simian Virus 40 
SWI   refers to the yeast mating type switching 
TAE   Tris-acetic acid EDTA buffer 
TAF   TBP associated factor 
TAP   tandem affinity purification 
TBP   TATA-box binding protein 
TCA   Trichloroacetic acid 
TES   transformation effector site 
TGF   transforming growth factor 
Tio   two-in-one protein 
Tip   tyrosine kinase interacting protein 
TMP   terminal membrane protein 
TNF-α  tumour necrosis factor α 
TNFR  Tumour necrosis factor receptor 
TPA   Phorbol 12-myristate 13-acetate 
TR   terminal repeat 
TRADD  TNFR-associated death domain 
TRAF  TNFR associated factor 
TRE   TPA response element 
Tris   Tris(hydromethyl)aminomethan 
VEGF  vascular endothelial growth factor 
VZV   Varizella zoster virus 
Xgal   5-Bromo-4-chloro-3-indolyl-β-D-galactoside 
Y2H   yeast two hybrid 
 
Internationally used physical and biochemical abbrevations are not listed. 
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