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1 Zusammenfassung 

Die aktive Vermehrung (lytische Replikation) des Epstein-Barr-Virus (EBV) wird von zwei 

Transkriptionsfaktoren, Zta und Rta, kontrolliert. Diese schalten die Transkription von viralen 

lytischen Genen an, die stufenweise exprimiert werden. Rta aktiviert einige lytische Gene, in-

dem es im Zellkern direkt an DNA in ihren Promotoren bindet. Da diese DNA-

Bindungsstellen die Aktivierung der nachgeschalteten Gene vermitteln, werden sie Rta 

responsive Elemente (RRE) genannt. Auerdem aktiviert Rta lytische Promotoren, die keine 

Rta-Bindungsstellen aufweisen, zum Beispiel Zp und Rp, die die Expression von Zta und Rta 

regulieren. Das lytische EBV-Protein LF2 interagiert mit Rta, inhibiert virale Replikation und 

die Rta-abhängige Aktivierung viraler Promotoren.  

Der erste Teil dieser Arbeit untersucht, wie Rta von LF2 reguliert wird. LF2 inhibierte spezi-

fisch die Aktivierung von RRE-abhängigen Promotoren, aber nicht von Zp oder Rp. 

Koexpression von Rta und LF2 führte zur Umverteilung von Rta aus dem Zellkern zum 

Zytoskelett ausserhalb des Zellkerns. Es wurde gezeigt, dass die Bindung an LF2 sowohl für 

die Inhibition als auch für die Umverteilung von Rta notwendig ist. Die Umverteilung von Rta 

wurde beobachtet während der Replikation eines LF2-positiven Viruses (P3HR1), aber nicht 

waehrend der Replikation eines LF2-negativen Viruses (B95-8). Diese Daten legen nahe, 

dass das LF2 Protein die transkriptionelle Aktivität von Rta und damit auch die Replikation 

von EBV reguliert, indem es an Rta bindet und es aus dem Zellkern verteilt. LF2 könnte es 

Rta somit ermöglichen, verschiedene lytische Promotoren geziehlt zu aktivieren. 

Der zweite Teil dieser Arbeit identifiziert Rta-Bindungsstellen im EBV-Genom. Chromatin-

Immunopräzipitation (ChIP) von endogenem Rta in der frühen lytischen Phase reicherte be-

reits bekannte RREs an. Da ein hingegen nur vergleichsweise geringer Teil von Zp oder Rp 

mit Rta präzipitiert wurde, kann geschlossen werden, dass die angewandte Rta ChIP-

Methode vor allem direkte Interaktionen von Rta mit DNA erfasst. Die Sequenzierung von 

Rta ChIP-assozierter DNA identifizierte neue Rta-DNA-Bindungsstellen. Diese waren häufig 

Zielgenen von Rta vorgeschaltet und fungieren daher wahrscheinlich als RREs. Dies wurde 

am Beispiel des Promotors des viralen DNA-Polymerasegens (BALF5) und mittels einer Rta 

Mutante (K156A) getestet, die RRE-abhängige Promotoren nicht aktivieren kann. Zudem 

wurde gezeigt, dass Rta zwei Rta-abhängige späte Promotoren in der späten Phase, nicht 

aber in der frühen Phase, bindet. Die hier vorgelegte genom-weite Analyse von Rta-DNA-

Bindungsstellen identifiziert neue RREs in frühen Genen, wie z. B. in BALF5, und unter-

streicht die komplexe Regulation von späten Genen.    
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2 Abstract 

The switch from Epstein-Barr virus (EBV) latent infection to lytic replication is governed by 

two essential transactivators, Zta and Rta. Rta activates many EBV promoters through direct 

binding to cognate DNA sites termed Rta response elements (RREs). Rta can also activate 

promoters that apparently lack Rta binding sites, most notably the promoters driving Zta and 

Rta expression, Zp and Rp. The lytic EBV protein LF2 has previously been found to asso-

ciate with Rta, block EBV replication and inhibit Rta promoter activation.  

The first part of this thesis investigates LF2 regulation of Rta promoter activation. It shows 

that LF2 specifically inhibits Rta activation of RRE promoters, but allows activation of Zp or 

Rp. Coexpression studies revealed that Rta is redistributed from the nucleus to the extranuc-

lear cytoskeleton in the presence of LF2. LF2 binding to the Rta carboxy-terminus was critical 

for Rta redistribution and inhibition. Rta localization changed during replication of the LF2-

positive P3HR1 genome, but not during replication of the LF2-negative B95-8 genome. 

These data support a model in which LF2 regulates Rta promoter activation, and therefore 

EBV replication, by binding Rta and redistributing it out of the nucleus. As Zp or Rp activation 

is not inhibited by LF2, LF2 provides a means by which the two modes of Rta lytic promoter 

activation may be differentially regulated. 

The second part of this thesis identifies Rta binding sites throughout the EBV genome. 

Chromatin immunoprecipitation (ChIP) of endogenous Rta during the early replication cycle 

resulted in strong enrichment of known RREs, but little or no enrichment for Rp and Zp, sug-

gesting that the Rta ChIP approach enriches for direct Rta binding sites. Rta ChIP combined 

with deep sequencing (ChIP-seq) identified most known RREs and several novel Rta binding 

sites. Rta ChIP-seq peaks were frequently upstream of Rta-responsive genes, indicating that 

these Rta binding sites are likely RREs. This hypothesis was investigated for the EBV DNA 

polymerase promoter (BALF5p), which had previously been reported to be indirectly acti-

vated by Rta. BALF5p was bound by Rta and its activation was abrogated by a mutation in 

the Rta DNA binding domain (K156A), which abolished DNA binding and RRE activation. Rta 

binding to late gene promoters was not seen during the early replication cycle, but was spe-

cifically detected during the late cycle in two Rta-responsive late promoters. These results 

represent the first genome-wide analysis of Rta DNA binding during EBV replication, identify 

previously unknown RREs, such as the BALF5p RRE, and highlight the complexity of EBV 

late gene regulation.  
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3 Introduction 

3.1 Introduction to gammaherpesviruses 

Herpesviruses share common virion morphology (37). The herpesvirus virion is 

spherical and approximately 200nm in diameter. It comprises the core, which con-

tains a single copy of linear, double-stranded DNA and is packaged in the icosahe-

dral capsid. The capsid is surrounded by the tegument, a structurally less defined 

layer of viral proteins. A lipid membrane containing viral glycoproteins forms the en-

velope of the virion. Herpesviruses are among the most successful parasites known. 

They are thought to have evolved from a common ancestor approximately 600 million 

years ago and are widely distributed among humans and other vertebrates (115). 

Herpesviruses exist in two states in infected cells. During lytic replication, nearly all 

viral genes are transcribed, the viral genome is actively replicated by viral enzymes 

and infectious virions are produced. Critical to the success of herpesviruses is their 

ability to establish latent infection in host cells. In latency, a limited subset of viral 

genes is expressed, the viral genome is maintained as an extrachromosomal epi-

some, and infectious virions are not produced. Latently infected cells serve as a res-

ervoir from which herpesviruses can evade the host immune response and periodi-

cally reactivate the lytic replication cycle in order to spread to other cells and/or hosts 

(8). All herpesviruses can infect and replicate in epithelial cells and establish latency 

in specific non-epithelial cells (37).  

Gammaherpesviruses establish latency in lymphocytes, have the unique ability to in-

duce lymphoproliferation and malignancies and share a similar genomic structure (9, 

104). The gammaherpesvirus subfamily diverged from the alphaherpesvirus and be-

taherpesvirus subfamilies approximately 200 million years ago (115) and includes the 

Epstein-Barr virus (EBV or HHV4) gamma 1 or lymphocryptovirus genus and the Ka-

posi’s sarcoma-associated herpesvirus (KSHV or HHV8) and herpesvirus saimiri 

gamma 2 or rhadinovirus genus (92).  
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3.2 EBV life cycle and EBV-associated diseases  

Epstein-Barr virus (EBV) is transmitted through saliva and infects 95% of the human 

population within the first decades of life (93, 135). Primary EBV infection occurs 

typically during early childhood and is asymptomatic. Primary infection is controlled 

by an EBV-specific immune response that continues, but is unable to clear the infec-

tion completely, as the virus persists life-long asymptomatically in latently infected B 

lymphocytes (93). Periodic reactivation of virus replication in either oral epithelial cells 

or B cells near the oral epithelium leads to virus shedding into the saliva and trans-

mission of EBV from one individual to another (93) (Fig. 1).  

 

Fig. 1. Schematic of the EBV life cycle, modified from (93). The virus is spread through saliva and en-

ters through the oral mucosal epithelium. It is unclear whether the virus infects epithelial cells and rep-

licates within the epithelium or passes directly to the lymphoid tissue, where it infects B cells. EBV in-

fection leads to proliferation of the infected B cells, which is controlled by an EBV-specific immune re-

sponse. EBV establishes latency, during which the virus is present in only a very few infected B cells 

(1 in 10
6
). Periodically the virus is reactivated. Lytic replication in either the oral epithelium or B cells 

near the epithelium results in shedding of EBV virions into the saliva, through which the virus is trans-

mitted to a new host (93).  
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EBV infection is associated with a number of diseases: Primary EBV infection during 

adolescence or adulthood can lead to infectious mononucleosis, a self-limiting lym-

phoproliferative disorder. EBV causes B-cell lymphoproliferative disease in immuno-

suppressed patients, and rarely, B cell lymphomas, Hodgkin lymphoma, and naso-

pharyngeal carcinoma in otherwise healthy individuals (93, 135). EBV was the first 

human tumor virus to be discovered (18, 43). The EBV-associated malignancies are 

not due to virus replication, but a by-product of the growth and survival signals that 

are triggered by limited viral gene expression that allows EBV to persist in latently in-

fected cells (92).   

In vitro, EBV infects resting primary B cells and induces their indefinite proliferation 

(84). Expansion of these cells gives rise to lymphoblastoid cell lines (LCLs), which 

express EBV-encoded nuclear antigens (EBNAs 1, 2, 3A, 3B, 3C and -LP), latent 

membrane proteins (LMPs 1, 2A and 2B) as well as more than 40 small, non-coding 

RNAs and micro RNAs (155). Every cell in an LCL maintains multiple copies of non-

integrated, circular viral DNA (episomes) in its nucleus (92).  

3.3 EBV genome and nomenclature 

The first EBV genome to be sequenced was the B95-8 laboratory strain (9). The B95-

8 virus was derived from a patient with infectious mononucleosis and maintained in a 

Saguinus oedipus (cotton-top tamarin) lymphoblastoid cell line, also designated as 

B95-8, which is partially permissive for lytic replication (117, 118, 121). The B95-8 vi-

rus genome comprises approximately 172 kilobase (kb) pairs and was later deter-

mined to be deleted for a 12 kb region that contains micro RNA seeding regions and 

at least three open reading frames (10, 127, 129). The B95-8 deletion must have oc-

curred during establishment of the B95-8 cell line, since it was not present in the 

original patient isolate (142). The B95-8 virus became the most commonly used EBV 

laboratory strain, most likely because the B95-8 cell line releases high titers of trans-

forming virus.    

The EBV genome contains approximately 90 open reading frames. Each gene is 

named for the BamHI restriction fragment in which the open reading begins, with 

BamHI-A (“BA”) being the largest and BamHI-B (“BB”) being the second largest 
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fragment. The third letter of the gene name indicates whether the reading frame is 

leftward or rightward (“L” or “R”) oriented. The reading frames in each fragment are 

then numbered. BALF2, for example, is the second leftward reading frame in the 

BamHI-A fragment. The three open reading frames contained within the B95-8 dele-

tion are named Raji LF1, Raji LF2, and Raji LF3, since they were originally identified 

in the genome of the Raji EBV strain, and are called LF1, LF2, and LF3 in this thesis 

(104).          

3.4 EBV reactivation and lytic replication 

In order to produce progeny virus and spread within the host as well as to a new 

host, EBV has to enter the lytic cycle. While EBV very efficiently establishes latency 

in B cells in vitro, there is currently no cell culture system for efficient lytic replication 

(88). Therefore, lytic EBV replication in vitro has been mostly studied by reactivating 

the lytic cycle from latently infected cells. The lytic cycle can be reactivated by a vari-

ety of inducing stimuli, including B-cell receptor crosslinking, phorbol esters, butyrate, 

and calcium ionophores (31, 44, 106, 162). These stimuli activate signal transduction 

pathways that ultimately result in the activation of the immediate-early promoters Zp 

and Rp, which drive the expression of the immediate-early genes BZLF1 and BRLF1 

(143). Rp initiates bicistronic transcripts that encode both the BRLF1 and BZLF1 

gene products. However, most of the BZLF1 protein is thought to be derived from the 

Zp-initiated BZLF1 transcript (143). 

Immediate-early gene transcription is defined by its ability to occur in the presence of 

protein synthesis inhibitors (14). This definition is less straight forward in EBV as for 

other herpesviruses, because the requirement for protein syntheis can be a function 

of the stimulus used to induc replication (14, 154). BZLF1 and BRLF1 are the first vi-

ral genes expressed following induction of the lytic cycle (88, 156) and encode the 

transcription factors Zta (Z, ZEBRA, EB1) and Rta (R), respectively. Both Zta and Rta 

are essential for EBV replication: EBV genomes from which either BZLF1 or BRLF1 

have been deleted are not competent for viral DNA replication or virion production 

(47). Zta and Rta stimulate their own expression and one another’s expression by ac-

tivating Zp and Rp (1, 50, 132), and act in concert to regulate the expression of other 
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lytic genes, which occurs in a temporally controlled manner (Fig. 2). First, Zta and Rta 

activate early genes (88). Since early gene transcription relies on the immediate-early 

gene products to be expressed, it does not occur in the presence of protein synthesis 

inhibitors. Early genes encode proteins that are important for viral DNA replication 

(41). Following viral DNA replication, late gene expression is activated. Late gene 

transcription is blocked by inhibitors of DNA replication, such as phosphonoacetic 

acid (74, 75). Many late genes encode structural proteins that function in virion as-

sembly (88). EBV lytic genes vary in their responsiveness to Zta and Rta (34, 47, 56, 

80, 87, 105, 133). Some genes are activated primarily by Rta, others primarily by Zta, 

and some are synergistically activated by Zta and Rta. The late gene BLRF2 is acti-

vated by Rta, but repressed by Zta (42).  

 

Fig. 2. Cascade of EBV lytic gene expression, modified from (139). Lytic cycle activation leads to ex-

pression of the immediate early genes encoding the viral transactivators Zta and Rta, that stimulate 

their own and one another’s expression. Zta and Rta act in concert to induce early genes. Examples of 

early genes activated by Rta include BALF2, BMRF1, and BMLF1. Following viral DNA replication, late 

genes are expressed. Examples of late genes activated by Rta include BLRF2 and BFRF3.  

Zta functions not only as transcriptional regulator of lytic genes, but also as origin 

binding protein during viral DNA replication. The viral origin of replication (oriLyt) is a 

complex intergenic region that contains divergent promoters of the two early genes 

BHRF1 and BHLF1 as well as binding sites for Zta, Rta and cellular transcription fac-

tors (62). Zta serves as physical link between the oriLyt and core components of the 
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replication machinery (11, 41). The six core replication factors are the DNA poly-

merase (BALF5), the polymerase processivity factor (BMRF1), the helicase (BBLF4), 

the primase (BSLF1), the primase associated factor (BBLF2/3), and the single- 

stranded DNA binding protein (BALF2) (52, 99, 159). EBV DNA replication takes 

place at discrete sites in the nucleus, called replication compartments (35), which 

have been reported to associate with promyelocytic leukaemia (PML) protein nuclear 

bodies (5, 12). Herpesviral DNA replication occurs through a rolling-circle mechanism 

that results in head-to-tail contcatamers of the genome. These are clipped and single 

linear genomes are packaged into capsids that assemble in the nucleus (66, 88). 

Herpesvirus late genes classically depend on viral DNA replication for their expres-

sion, but are also expressed relatively late in the lytic cycle (6, 74, 75). Late genes 

can be classified into leaky-late (delayed early, gamma 1) and true-late (gamma 2) 

genes (114). Leaky-late genes, such as the EBV BLRF2 gene, are dramatically upre-

gulated upon DNA replication, but can be expressed in its absence (133). In contrast, 

true-late genes, such as the EBV BFRF3 gene, absolutely require viral DNA replica-

tion in order to be expressed (147). How EBV late gene promoters are regulated is 

relatively poorly understood. Late gene timing is thought to be conferred by oriLyt in 

cis and short promoter sequences around the TATA box are sufficient for this effect 

(4), but late gene promoters can also be activated in reporter gene assays in a repli-

cation-independent manner (141). The latter study suggests that EBV late promoters 

are induced in trans by the late lytic cycle. 

In contrast to the latent and immediate-early genes of EBV, most early and late 

genes lack introns. Transcripts from intronless genes are often unstable in cells. The 

early lytic SM (EB2) protein is derived from the spliced RNA joining BSLF2 and 

BMLF1 and essential for lytic replication (27, 30, 57, 140). It enhances EBV lytic gene 

expression by binding non-spliced viral mRNAs and increasing their stability and nuc-

lear export (63, 68-70, 83, 124).    

3.5 EBV transactivators Zta and Rta 

The BZLF1 and BRLF1 gene products (Zta and Rta) control the switch from EBV la-

tent infection to lytic replication (47). Zta was discovered by analyzing EBV DNA 
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fragments that were capable of disrupting latency (32, 33), Rta was initially described 

to transactivate the early antigen encoded by BHRF1 (64). In most latently infected 

cell lines, high-level expression of either Zta or Rta induces lytic replication. Zta can 

activate promoters regardless of their methylation state and induce the entire EBV 

lytic cycle in almost all cell backgrounds. The capacity of Rta to induce the full lytic 

cascade is limited by its ability to induce Zta or its own expression, when Zp or Rp 

are methylated (131, 158).  

3.5.1 Zta transactivation 

Zta is a bZIP DNA binding protein that activates immediate-early as well as early lytic 

EBV promoters through direct binding to Zta response elements (ZREs) within the 

promoters (45, 88, 100, 146) and recruiting histone acetylating complexes as well as 

basal transcription machinery (88). In latently-infected cells, lytic gene transcription is 

repressed by extensive methylation of the EBV genome. Preferential binding of Zta to 

methylated versus unmethylated ZREs allows Zta to overcome this epigenetic silenc-

ing of the latent EBV genome (13, 84). Upon infection of resting B cells, Zta is initially 

expressed and drives proliferation of the infected cells, but fails to induce lytic replica-

tion. The unmethylated state of incoming EBV genome has been proposed to prevent 

lytic cycle activation by Zta (84). Thus, the biphasic life cycle of EBV is also epigen-

etically regulated. The activities of Zta are modulated by posttranslational modifica-

tions. Phosphorylation of Zta by casein kinase II mediates the ability of Zta to inhibit 

Rta activation of the BLRF2 gene (42). Modification of Zta by the small ubiquitin-like 

modifier (SUMO) proteins impairs its activity to disrupt PML bodies and to transacti-

vate (2, 61)  

3.5.2 Rta structure and promoter activation   

Rta is a 605-amino-acid (aa) member of the gammaherpesvirus ORF50 family of 

transcriptional activators, which have no apparent homology to cellular transcription 

factors. The Rta amino-terminus contains overlapping dimerization (aa 1-231) and 

DNA binding (aa 1-280) domains (110) (Fig. 3). The carboxy-terminal activation do-

main interacts with basal cellular transcription factors and is comprised of an essen-
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tial acidic activation domain (aa 520-605) and an accessory activation domain (aa 

416-519), which adds activation potential and is not required in epithelial cells (65, 

109, 110). BRLF1 knockout studies have demonstrated that Rta is essential for EBV 

lytic gene expression and replication (47, 76).  

 

 

Fig. 3. Schematic of the EBV Rta protein, modified from (19). Domains that mediate homodimerization 

and DNA-binding, the essential acidic activation domain (AD) as well as the accessory activation do-

main (aAD) are indicated. A nuclear localization signal (NLS) has been mapped to Rta aa 410-413. 

Multiple mechanisms have been proposed for Rta promoter activation (Fig. 4). Rta 

activates many lytic promoters through direct binding to cognate DNA sites called Rta 

response elements (RREs). In vitro cyclic selection and amplification of Rta-bound 

sequences from random 23 basepair DNA sequences was applied to define 

GNCCN9GGNG as an Rta consensus binding site, where N can be any nucleotide, 

but the 9-nucleotide spacing appears to be critical (26, 60). Although this consensus 

sequence occurs 354 times in the B95-8 genome, only a limited number of RREs 

have been characterized to date. These include Rta binding sites in the BMLF1, 

BMRF1, BALF2, BaRF1, and BLRF2 promoters  (26, 58, 80, 128, 133) as well as in 

the BHLF1/BHRF1 promoter (also called the BHLF1/LF3 promoter or the DL/DR en-

hancer) that is part of the viral origin of replication (oriLyt) (59, 62, 134). The 

BHLF1/BHRF1 and BMLF1 RREs confer the strongest, the BaRF1 and BLRF2 RREs 

the weakest response to Rta in reporter gene assays (26). Rta also activates pro-

moters that lack apparant Rta binding sites. The best-studied examples are the im-

mediate-early promoters Zp and Rp. Rta auto-stimulation of Rp requires Sp1 binding 

sites within the promoter, although it is not known whether Rta binds to its own pro-

moter through Sp1 or regulates cellular factors that act via the Sp1 binding sites (22, 
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102, 132). Rta activation of Zp is thought to be mediated by Rta-dependent activation 

of cellular signalling pathways in the cytoplasm. Rta expression in cells activates mi-

togen-activated protein (MAP) kinase and phosphatidylinositol-3 kinase (PI3) kinase 

signalling and inhibition of either of the pathways decreases Zp activation or disrup-

tion of latency by Rta (2, 36, 96). Recently, Rta has been reported to bind Zp through 

the cellular transcription factor Oct-1, which acts as positive regulator of EBV lytic 

gene expression (136). The third Rta-responsive promoter that lacks known Rta bind-

ing sites, is the one driving the expression of the viral DNA polymerase (BALF5) (51). 

Rta has been reported to activate the BALF5 promoter indirectly through USF and 

E2F binding sites (101).  

Rta also regulates cellular genes both through RREs and indirectly. Rta binds to a 

consensus Rta binding site in the promoter of the cellular Decoy Receptor 3 gene 

and activates its expression during the lytic cycle (71), while the cellular fatty acid 

synthase gene is activated by Rta in a p38 kinase dependent manner (98). 

 

Fig. 4. EBV Rta activates its target genes by at least two modes. Rta binds directly to Rta response 

elements (RRE) within promoters. Examples of lytic gene promoters that contain RREs are BMLF1p, 

BMRF1p, and BALF2p. Promoters that lack Rta binding sites (non-RRE), including Zp and Rp, are ac-

tivated through indirect mechanisms. These may involve Rta promoter targeting through interactions 

with cellular transcription factors (TF) or activation of cytoplasmic signalling pathways that act through 

cellular transcription factors.     
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3.5.3 Rta localization and cellular interactors  

Rta localizes predominantly to the nucleus (34, 36). One nuclear localization signal 

has been mapped to the Rta residues 410 to 413. Mutation of this signal impaires Rta 

nuclear localization and activation of BALF2 expression (79).  

Rta has been found to interact with a number of cellular proteins, including the basal 

transcription factors TBP and TFIIB (109), the specific transcription factors TSG101 

and Oct-1 (28, 136), the chromatin regulators CBP, MCAF1 and Rb1 (21, 22, 157), 

the sumoylation enzymes PIAS1 and Ubc9 (23) as well as the scaffold proteins 

RanBPM and BRAP2 (24, 96). The BRAP2 interaction has been proposed to explain 

how the mostly nuclear Rta activates cytoplasmic MAP kinase signalling (96). Rta 

binding to MCAF1 has been implicated to bridge between Rta and Sp1 as well as be-

tween Rta and Zta, which may be important for Rp autostimulation and the synergis-

tic activation of BMRF1, respectively (21, 22). Recently, Rta has been reported to 

target the Zp promoter through its interaction with Oct-1 (136). 

3.6 EBV LF2 as a novel Rta interactor 

The EBV protein LF2 was found to interact with Rta in a comprehensive yeast two-

hybrid screen designed to map the EBV-EBV protein interactome (20). LF2 is also 

called Raji LF2 or BI’LF4 and is one of three genes (LF1, LF2, LF3) deleted from the 

B95-8 EBV genome (127, 129). LF1 and LF2 share minimal homology. Both genes 

are thought to have arisen from duplication of the dUTPase gene (BLLF3), but have 

not retained the sequences required for functional dUTPase activity (38). LF2 is a 

gammaherpesvirus specific gene and LF2 homologues in KSHV or the murine gam-

maherpesvirus 68 (MHV68) are called ORF11. KSHV and MHV68 ORF11 encode 

virion proteins (16, 161). In MHV68, ORF11-deficient virus replicated normally in vi-

tro, but showed reduced lytic replication in vivo (16). Establishment of latency in vivo 

was not impaired by deletion of ORF11 (16). The protein encoded by ORF11 local-

ized to the perinuclear cytoplasm in infected cells (16). While MHV68 ORF11 is a late 

gene (3, 112), early studies classified EBV LF2 as an immediate-early gene (14), that 

encodes a 48-kDa protein (429 aa) and activated its own promoter, but not lytic repli-

cation (15, 111). More-recent studies find LF2 to be expressed with early-gene kinet-
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ics (156). LF2 was also identified as an interferon regulatory factor 7 (IRF7) antago-

nist in a screen for EBV-encoded inhibitors of type I interferon signalling (152). Since 

most studies use the B95-8 virus interchangibly with wild-type EBV, there has been 

little systematic examination of LF2. 

After the EBV-EBV interactome study had identified LF2 as a novel Rta interactor 

(20), LF2 was found to associate with Rta at physiologic levels of expression (19). 

LF2 overexpression blocks Rta or Zta induced lytic replication in B95-8 infected cells, 

raising the question of how LF2 inhibits EBV replication (19). LF2 inhibits Rta trans-

activation of the BMLF1, BMRF1, and BALF2 promoters in reporter gene assays 

without decreasing Rta expression (19, 20). The Rta activation domain conferred 

LF2-mediated inhibition onto the DNA-binding domain of the yeast transcription factor 

Gal4 without affecting its DNA-binding, suggesting that the LF2 inhibitory effect acts 

on the Rta activation domain (19). The observation that LF2 coexpression specifically 

promoted the covalent modification of Rta with the small ubiquitin-like modifier 

(SUMO) provided a plausible mechanism for LF2-mediated inhibition of Rta (19, 55, 

61). 

There are at least three SUMO paralogs (SUMO-1, -2, and -3) in mammalian cells 

(90). SUMO-1 is 45% identical to SUMO-2 and SUMO-3, while SUMO-2 and SUMO-

3 are 95% identical to each other (120). They are approximately 10 kD in size, struc-

turally related to ubiquitin and covalently attached to an -amino group of an acceptor 

lysine within the modified protein. SUMO conjugation (sumoylation) occurs through 

an enzymatic cascade analogous to that of ubiquitination (148). First, the SUMO pro-

tein is activated by an E1 enzyme that catalyzes the adenylation of SUMO. Next, 

SUMO is conjugated to an E2 enzyme via a thioester bond. Finally, E3 ligases cata-

lyze the transfer of SUMO to the substrate (54). SUMO conjugation is a highly dy-

namic process and can be rapidly reversed by SUMO proteases, isopeptidases that 

cleave the bond between SUMO and the modified protein (120). Sumoylation mod-

ulates protein-protein interactions and can alter subcellular localization, transcription-

al activity or stability of proteins (54). SUMO-1 modification of the Rta lysines 19, 213, 

and 517 has been previously suggested to be important for Rta transactivation activi-
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ty (23, 24, 103), but this observation is most likely due to the K213A mutation, which 

not only prevented Rta sumoylation, but also disrupted DNA binding (22, 23). Indeed, 

mutation of the Rta lysines 19, 213, and 517 to arginines did not affect Rta transacti-

vation, LF2-mediated Rta sumoylation, or Rta inhibition by LF2 (19). 
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4 Rationale 

Epstein-Barr virus (EBV) infection is associated with infectious mononucleosis, and 

rarely, B-cell lymphoproliferative disease, B-cell lymphomas, Hodgkin lymphoma, and 

nasopharyngeal carcinoma (93, 135). Although EBV malignancies are linked to latent 

infection, recent studies suggest a more direct role for viral replication in EBV patho-

genesis (77, 107). Moreover, lytic replication is an essential part of the EBV life cycle 

and necessary for the successful persistence of the virus in the human population. 

Rta activation of lytic genes is critical for EBV to enter and progress through the lytic 

replication cycle (47, 116). It is, therefore, important to understand how Rta is regu-

lated and how it activates its target genes.   

Rta has previously been reported to associate with LF2 (19, 20), which is deleted 

from the most commonly used EBV laboratory strain B95-8 (129) and inhibits Rta 

promoter activation as well as EBV replication (19). The first aim of this project was to 

define the mechanism by which LF2 inhibits Rta. Understanding a viral inhibitor of 

lytic replication can be important for at least two reasons: First, it may explain the 

modulation of Rta activity during lytic replication and the high propensity of EBV to 

establish latent infection. Secondly, activation of lytic replication has been proposed 

as a potential treatment for malignances that are associated with latent EBV infection 

(48, 49, 119); thus, it is crucial to elucidate the viral mechanisms that control lytic rep-

lication. Especially since many laboratory studies use the B95-8 virus as surrogate 

for wild-type EBV and therefore do not account for LF2 inhibition of lytic replication.  

Rta activates its target genes through at least two distinct mechanisms, direct binding 

to RREs or indirectly through cellular factors. The activation mode has been charac-

terized for only a few Rta-responsive promoters. The BALF2 RRE does not conform 

to the in vitro Rta binding consensus site, while Rp, which does not depend on direct 

Rta binding for activation, contains the consensus site (80, 132). This discrepancy 

underscores the limitations of using the in vitro consensus binding site to predict 

RREs and highlights the need for an empiric assessment of Rta DNA binding in vivo. 

The second aim of this project was to analyze Rta binding to the EBV genome during 

lytic replication. The identification of novel Rta binding sites can explain the relative 
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importance of Rta binding for the activation of different lytic promoters and shed light 

on the complex regulation of the lytic gene expression program.  
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5 Results 

5.1 LF2 regulation of Rta promoter activation 

5.1.1 LF2 and Rta associate in EBV-infected cells undergoing lytic replication 

In order to confirm that LF2 and Rta interact in EBV-infected cells, LF2 and Rta were 

co-immunoprecipitated from P3HR1 cells.  Immunoprecipitations from B95-8 cells, 

which are deleted for the genomic region containing the LF2 gene, were included as 

control (127, 129). To allow efficient induction of lytic replication, Zta fused to the hy-

droxytamoxifen-responsive estrogen receptor hormone binding domain (Z-HT) was 

stably expressed in the P3HR1 (P3HR1 Z-HT) and B95-8 (B95-8 Z-HT) cells (19, 82). 

Addition of 4-hydroxytamoxifen (4HT) results in nuclear translocation of the otherwise 

cytoplasmic Z-HT and induces the lytic cascade. P3HR1 Z-HT and B95-8 Z-HT cells 

were treated with 4HT for 72 h and LF2 was immunoprecipitated using a polyclonal 

rabbit serum raised against the LF2 C-terminus. Rta was specifically co-

immunoprecipitated with LF2 from induced P3HR1 cells, but absent in the immuno-

precipitations from B95-8 cells (Fig. 5). LF2 protein was detected in the P3HR1 ly-

sates by Western blotting with the anti-LF2 serum. It was specifically immunoprecipi-

tated, as the rabbit preimmune serum did not bring down LF2. Rta detection in the 

input samples (2.5%) demonstrated that both cell lines had been induced for the lytic 

cycle (Fig. 5). This experiment confirms that endogenous Rta and LF2 associate in 

EBV-infected cells undergoing lytic replication, as Calderwood et. al. had previously 

described (19). 

Fig. 5. LF2 and Rta associate in EBV-infected 

cells undergoing lytic replication. Coimmuno-

precipitation assay from B95-8 Z-HT (left) and 

P3HR1 Z-HT (right) cells. Cells were lysed in 

high-salt 1% NP-40 buffer 72 h after induction of 

lytic replication by addition of 4HT. Proteins im-

munoprecipitated with rabbit polyclonal anti-LF2 

serum (LF2) or preimmune serum (Pre) were identified by Western blotting with anti-Rta and anti-LF2 

antibodies. In each case, 2.5% of input lysate is shown for comparison. 
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5.1.2 LF2 inhibition of Rta transactivation is promoter specific 

Calderwood et al. had found LF2 to inhibit Rta activation of the BALF2, BMLF1, and 

the BMRF1 promoter, which each contain RREs (19, 26, 58-60). This result was con-

firmed with reporter gene assays using the BMLF1 and BMRF1 promoter (BMLF1p, 

BMRF1p). Rta activated the BMLF1p reporter 300-fold and the BMRF1p reporter 70-

fold (Fig. 6, third bar in the first and second graph), while expression of LF2 alone did 

not affect the reporters (Fig. 6, second bar). LF2 co-expression reduced Rta activa-

tion of BMLF1p and BMRF1p by 80% and 70%, respectively (Fig. 6, fourth bar in the 

first and second graph), despite the fact that Rta protein levels increased in the pres-

ence of LF2, suggesting that LF2 reduces Rta activity (Fig. 6, Western blots). In order 

to test whether LF2 affects Rta activation of lytic promoters that lack RREs, reporter 

assays with the BZLF1 and BRLF1 promoters (Zp and Rp, respectively) were per-

formed. Rta activated the Rp reporter about 20-fold and co-expression of LF2 did not 

significantly impair this activation (Fig. 6, third graph).  Zp was activated about 24-fold 

by Rta expression and co-expression of LF2 resulted in 54-fold activation (Fig. 6, 

fourth graph). This data suggest that LF2 does not reduce Rta activation of promoters 

that lack known RREs. Thus, LF2 inhibition of Rta is specific for Rta activation of 

RRE-dependent promoters.   

Fig. 6. LF2 inhbition of Rta transactivation is promoter-specific. Reporter assay results from 293T cells 

transfected with luciferase reporter constructs from the BMLF1, BMRF1, BRLF1 (Rp) or BZLF1 (Zp) 

promoter with or without Rta and LF2. Luciferase activities are shown as fold activation over reporter 

alone and were corrected with -galactosidase activities. Data are averages for six transfections from 

three independent experiments. Error bars indicate standard deviations. Western blots of the cell ly-

sates with anti-Rta and anti-LF2 antibodies demonstrate Rta and LF2 protein expression levels. 
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5.1.3 LF2-dependent Rta sumoylation is not required for Rta inhibition by LF2 

Rta had been previously observed to be covalently modified by SUMO in the pres-

ence of LF2 (19). SUMO modification of transcription factors frequently results in their 

inhibition, through recruitment of histone deacetylases and other repressive com-

plexes (53, 55, 61, 148). To test whether LF2-induced sumoylation of Rta is required 

for its inhibition, Rta residues that become sumoylated in the presence of LF2 were 

identified by a candidate lysine approach. Of the 31 lysines within Rta, only 4 are lo-

cated within the activation domain. These four lysine residues 426, 446, 517, and 530 

are likely candidates for sumoylation, because the Rta activation domain fused to the 

Gal4 DNA binding domain is susceptible to LF2 inhibition (19), and were therefore 

mutated to arginines (Rta 4KR-AD). The SUMOplot algorithm (Abgent, San Diego, 

CA) predicted lysine 316 as the most probable Rta residue to be sumoylated and Rta 

lysines 19, 213, and 517 had been suggested as SUMO acceptors in the literature 

(23). Thus, Rta lysines 19, 213, 316, and 517 were mutated to arginines to create a 

second Rta mutant (Rta 4KR). The Rta mutants 4KR-AD and 4KR were tested for 

LF2-induced sumoylation by expressing them in 293T cells along with His-tagged 

SUMO3, with or without LF2. Sumoylated proteins were purified by denaturing His 

pulldowns. The denaturing conditions abrogate non-covalent protein interactions and 

inactivate SUMO proteases (144). The purified proteins were analyzed by Western 

blotting in order to detect Rta and LF2. When LF2 was co-expressed with His-

SUMO3 and Rta or Rta 4KR, Rta species of higher molecular weight were specifically 

pulled down (Fig. 7A). These modified Rta species depended on the presence of 

both His-SUMO3 and LF2, consistent with covalent modification of Rta and Rta 4KR 

by SUMO. This confirms the previously published result that LF2 induces sumoyla-

tion of Rta (19) and shows that this sumoylation is not prevented by the mutation of 

lysines 19, 213, 316, and 517. In contrast, mutation of the four lysines within the Rta 

activation domain (Rta 4KR-AD) abrogated Rta sumoylation (Fig. 7A), but did not off-

set the association of Rta with LF2 in co-immunoprecipitation assays (data not 

shown). LF2 was pulled down with His-SUMO3, confirming that LF2 itself is sumoy-

lated under these conditions, and provided an internal control for the consistency 

among His pulldowns. These sumoylation assays were performed with SUMO3. SU-
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MO2 is 95% identical to SUMO3 and was not tested. SUMO1 shares only 50% se-

quence identity with SUMO2/3. Results obtained with SUMO1 were similar to the 

ones described above. In summary, this data suggest that LF2 promotes sumoylation 

of the Rta activation domain. 

To determine which of the four lysine residues within the activation domain were tar-

geted for sumoylation by LF2, four single lysine revertant mutants of Rta 4KR-AD 

were made (K426, K446, K517, K530) and tested for sumoylation (Fig. 7B). These 

assays revealed that any of these four lysine residues could serve as a SUMO ac-

ceptor site, but that lysine 426 appeared to be the preferred residue for sumoylation. 

The limited ability of lysine 517 to serve as a SUMO acceptor is consistent with the 

insignificant decrease in sumoylation seen with the Rta 4KR mutant. 

In order to address whether LF2-induced sumoylation of Rta is required for its inhibi-

tion, Rta 4KR-AD was tested in luciferase reporter gene assays. Rta 4KR-AD acti-

vated the BALF2 promoter about 35-fold comparable to the 50-fold activation by wild-

type Rta (Fig. 7C). LF2 co-expression completely abrogated BALF2 promoter trans-

activation by Rta as well as by Rta 4KR-AD. Similar results were obtained for the 

BMLF1 and BMRF1 promoter (Fig. 9C). As Rta 4KR-AD is not sumoylated in the 

presence of LF2, but inhibited comparable to wild-type Rta, Rta sumoylation is not 

responsible for LF2-mediated inhibition of Rta promoter activation.  

 



 

Results 

 

 

 

21 

 

Fig. 7. LF2-dependent sumoylation of Rta is not required for inhibition of Rta by LF2. (A) Sumoylation 

assay to detect SUMO3 modification of Rta (wt), Rta K19R K213R K316R K517R (4KR) or Rta K426R 

K446R K517R K530R (4KR-AD) in the presence of Flag-LF2. Western blotting with anti-Rta antibodies 

(upper panels) demonstrated the levels of SUMO3-modified Rta or Rta mutants in the presence of 

Flag-LF2. Input lysates for pulldowns (1%) are shown in the left half of each panel. Western blotting 

using anti-Flag antibodies revealed bands corresponding to SUMO3-modified LF2 (lower right panel).  

Western blot detection of GAPDH served as loading control. GAPDH could not be detected in His pull-

downs. (B) Sumoylation assay to detect SUMO3 modification of wt Rta, Rta 4KR-AD, Rta K426R 

K446R K517R (K530), Rta K426R K446R K530R (K517), Rta K426R K517R K530R (K446) or Rta 

K446R K517R K530R (K426). Western blotting with anti-Rta antibodies (upper panels) demonstrated 

the level of SUMO3-modified wt Rta or Rta mutant in the presence of Flag-LF2. Input lysates for pull-

downs (1%) are shown in the left half of each panel. (C) Reporter assay results from 293T cells trans-

fected with a BALF2 promoter driven luciferase reporter construct with or without Rta or Rta 4KR-AD in 

the presence or absence of Flag-LF2. Luciferase activities are shown as fold activation over reporter 

alone and were corrected with -galactosidase activities. Data are averages for six transfections from 

three independent experiments. Error bars indicate standard deviations. Western blots of the cell ly-

sates with anti-Rta and anti-Flag antibodies demonstrate Rta and LF2 protein expression levels.  
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5.1.4  LF2 redistributes Rta out of the nucleus to the cytoskeleton 

Rta protein levels increase when LF2 is co-expressed. Transcriptional effects of LF2 

on the cytomegalovirus (CMV) promoter driving Rta expression from the pcDNA3 

vector were ruled out, since LF2 does not affect CMV-driven reporter genes or ex-

pression of other genes from the pcDNA3 vector (data not shown). Although Rta su-

moylation may alter Rta protein stability, sumoylation of Rta was not required for its 

accumulation in the presence of LF2 (Fig. 7). Rta accumulation may relate to inhibi-

tion of its transcriptional activity, as transcription factor activation and degradation 

can be functionally linked (122, 137). Sequestration of transcription factors into nuc-

lear domains, such as promyelocytic leukaemia (PML) bodies, frequently leads to 

their accumulation (123, 160). Rta inhibition and accumulation were therefore hy-

pothesized to be due to LF2-mediated relocalization of Rta to a transcriptionally inac-

tive site. 

To investigate whether Rta localization is affected by LF2 coexpression, cytoplasmic-

nuclear fractionations were performed according to the Dignam protocol (39) from 

293T cells expressing Rta and Flag-tagged LF2 alone and in combination. Western 

blotting revealed that alpha-tubulin, a cytoplasmic protein, fractionated with the su-

pernatant, while lamin B, a nuclear protein, fractionated with the pellet (Fig. 8A, panel 

i). As most of Rta and LF2 was in the pellet, this crude nuclear fraction was further 

extracted with the detergent NP-40. Lamin B, a component of the nuclear matrix, lo-

calized to the NP-40-insoluble fraction (Fig. 8A, panel ii). LF2 was always found in 

the NP-40-insoluble component of the crude nuclear fraction. Rta, when expressed 

alone, was approximately equally NP-40-soluble and insoluble, with a small amount 

present in the Dignam supernatant. When LF2 was coexpressed, however, Rta was 

redistributed into the NP-40-insoluble fraction. This data suggest that Rta is redistri-

buted into an NP-40-insoluble compartment, which also contains LF2, consistent with 

the sequestration of Rta by LF2.     

In order to examine the subcellular localization of Rta and LF2 by a second indepen-

dent method, 293T cells expressing V5-tagged Rta and Flag-tagged LF2 alone or in 

combination were analyzed by indirect immunofluorescence microscopy (Fig. 8B). 
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The nuclei were defined by DNA staining with Draq5®. LF2 localized exclusively to 

the cytoplasm. This cytoplasmic localization was surprising in light of the Dignam 

fractionation results and was confirmed for green fluorescent protein (GFP)-tagged 

and untagged LF2 (data not shown). Rta expressed alone was predominantly nuc-

lear. LF2 coexpression resulted in relocalization of Rta to the cytoplasm (Fig. 8B), 

confirming that Rta redistributes in the presence of LF2 and suggesting that Rta re-

tention in the cytoplasm may be responsible for LF2-mediated inhibition of Rta. 

Nuclei prepared by the Dignam method frequently have cytoplasmic contaminants. 

These potentially explain the discrepancy between the results on the LF2 and LF2-

Rta complex localization described above. The subcellular localization of LF2 and 

Rta was therefore more precisely defined by a sequential protein extraction proce-

dure. This procedure applies a series of extraction buffers with increasing detergent 

strength and allows for isolation of chromatin using micrococcal nuclease. Rta and 

Flag-LF2 were again expressed alone and in combination in 293T cells. The trans-

fected cells were fractionated into cytoplasm, membrane, nucleoplasm, chromatin, 

and cytoskeleton fractions. The fractions were analyzed by Western blotting and mo-

nitored for purity by detection of proteins of known localization: Alpha-tubulin (cytop-

lasm), BRG1 (nucleoplasm and chromatin), and lamin B (cytoskeleton including nuc-

lear matrix). LF2 was predominantly detected in the cytoskeleton fraction and was not 

affected by Rta coexpression (Fig. 8C). Rta was found mostly in the nucleoplasm in 

the absence of LF2. By contrast, when LF2 was coexpressed, Rta protein levels were 

increased in the cytoskeleton fraction and decreased in the nucleoplasm as well as 

chromatin fraction. These data and the immunoflurescence analysis suggest that ex-

ogenously expressed LF2 localizes to a cytoskeletal component outside of the nuc-

leus. In the presence of LF2, Rta is retained from the nucleus and colocalizes with 

LF2. 
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Fig. 8. LF2 redistributes Rta out of the nucleus to the cytoskeleton. (A) Crude cytoplasmic nuclear frac-

tionation and subsequent NP-40 extraction of the nuclear fraction. 293T cells were transfected with 

Rta, Flag-LF2 or both, harvested 48 h after transfection and fractionated. (i) 1% of the cytoplasmic and 

crude nuclear fractions were analyzed by Western blotting using anti-Rta and anti-Flag antibodies. (ii) 

The crude nuclear fraction was lysed in 1% NP-40 buffer, fractionated into soluble and insoluble com-

ponents by centrifugation. 2% of the NP-40 lysate and pellet were analyzed by Western blotting. (B) 

Immunofluorescence analysis of 293T cells transfected with Flag-LF2, Rta-V5 or both. Cells were sub-

jected to DNA (blue) staining, fixation with 1% paraformaldehyde, indirect immunofluorescence using 

rabbit anti-Flag (red) and mouse anti-V5 (green) antibodies and confocal microscopy. Single channel 

and merged images are shown. (C) Subcellular fractionation of 293T cells transfected with Rta, Flag-

LF2 or both. Transfected cells were fractionated into cytoplasm, membrane, nucleoplasm, chromatin-

bound and cytoskeleton fractions and analyzed by Western blotting using anti-Rta and anti-Flag anti-

bodies. Purity of the fractions was monitored by blotting for alpha-tubulin, BRG1 and lamin B. 

5.1.5 LF2 binding to Rta is required for Rta inhibition and redistribution         

In order to address whether LF2-mediated redistribution of Rta is responsible for its 

inhibition, the LF2 binding site within Rta was defined. Previous data had implicated 
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the C-terminal 149 amino acids (aa) of the Rta activation domain in LF2 binding (19). 

Because this region includes the epitope for the anti-Rta monoclonal antibody 

(8C12), Rta deletion mutants were constructed with a C-terminal V5 tag to permit 

Western blotting. Interactions of Flag-tagged LF2 with the V5-tagged Rta mutants 

were tested by Flag immunoprecipitation followed by Western blotting using anti-Flag 

and anti-V5 antibodies. Rta-V5 associated with Flag-LF2 (Fig. 9A, second lane), 

which confirm that the V5-tag did not hinder the ability of Rta to bind LF2 (Fig. 9). In 

contrast, Rta deleted for the aa 476-519 (Rta-476-519-V5) was not detected in the 

Flag immunoprecipitation (Fig. 9A, fourth lane). Because stringent extraction condi-

tions (1% NP-40 buffer containing 300 mM NaCl) were used to solubilize LF2-Rta 

complexes, the possibility of weak residual interactions between LF2 and Rta-476-

519-V5, as suggested by the accumulation of this deletion mutant in the presence of 

LF2, cannot be excluded. However, our data indicate that an Rta mutant deleted for 

44 aa of the accessory activation domain is highly impaired for LF2 binding. 

To determine whether LF2 binding is required for Rta redistribution out of the nu-

cleus, the subcellular localization of Rta-V5 and Rta-476-519-V5 were compared in 

the presence and absence of LF2 by indirect immunofluorescence. Full length Rta 

and the deletion mutant were detected using anti-V5 antibody. Both Rta-V5 and Rta-

476-519-V5 alone were almost exclusively nuclear (Fig. 9B). To quantify the effect 

of LF2 coexpression on Rta localization, at least 100 cells were observed and classi-

fied as showing exclusively nuclear, exclusively cytoplasmic, or nuclear and cyto-

plasmic Rta staining (Fig. 9B, panel i). Representative confocal microscopy images 

are shown in Fig. 5B, panel ii. When LF2 and full-length Rta were co-expressed, cells 

with exclusively nuclear Rta staining were not observed, 26% of cells showed nuclear 

and cytoplasmic Rta staining. By contrast, Rta-476-519-V5 nuclear localization was 

not as strongly affected in the presence of LF2: 77% of cells showed exclusively or 

partially nuclear Rta staining (Fig. 9B, panel i). Thus, Rta-476-519-V5 is deficient for 

LF2-mediated Rta redistribution out of the nucleus, suggesting that LF2 binding is 

necessary for Rta redistribution. 
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To assess whether LF2 binding is also required for the inhibition of Rta transactiva-

tion by LF2, full-length Rta and Rta-476-519 were tested for RRE promoter activa-

tion with and without LF2. The BMLF1 and BMRF1 promoters were used in reporter 

gene assays. The sumoylation-deficient Rta mutant (Rta 4KR-AD) had only been 

tested for BALF2 promoter activation and was therefore included in these assays. 

Full-length Rta and Rta 4KR-AD strongly activated both RRE promoters and these 

activities were reduced by 65-90% in the presence of LF2 (Fig. 9C, both graphs, 

fourth and eigth bar), confirming that sumoylation of Rta is not essential for its inhibi-

tion. Consistent with the deletion of a part of the accessory activation domain, Rta-

476-519-V5 activated the RRE promoters less than full-length protein (Fig. 9C, fifth 

bar). When LF2 was co-expressed, this activation was not decreased or even en-

hanced (Fig. 9C, first and second graph, respectively). Of note, accumulation of the 

deletion mutant in the presence of LF2 was markedly reduced, further indicating a 

correlation between Rta accumulation and inhibition of its transcriptional activity. Rta-

476-519-V5 can only be detected with anti-V5 antibody, but not with the monoclonal 

anti-Rta antibody 8C12, suggesting that these 44 aa also contain the epitope for 

8C12. Thus the Rta aa 476-519 are likely to be on the Rta surface accessible for LF2 

or 8C12 binding under native conditions. In conclusion, these reporter assay results 

suggest that LF2 binding is required for inhibition of Rta RRE promoter activation. As 

LF2 binding is also necessary for Rta redistribution out of the nucleus, these results 

establish a strong correlation between LF2 binding, Rta redistribution and inhibition.  
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Fig. 9. LF2 binding to Rta is required for inhibition and redistribution of Rta. (A) Coimmunoprecipitation 

assay using 293T cells transfected with V5-tagged full-length Rta (1-605) or Rta deleted for aa 476-

519 (476-519) in the presence or absence of Flag-LF2. Proteins immunoprecipitated by anti-Flag 

agarose from high-salt 1% NP-40 lysates were identified by Western blotting (two top panels, Flag IP) 

with anti-V5 and anti-Flag antibodies. In each case, 2% of the input lysate is shown for comparison 

(lbottom panels). (B) Immunofluorescence analysis of 293T cells transfected with Rta-V5 1-605 or 

476-519 in the presence or absence of Flag-LF2. After DNA staining and fixation, the cells were sub-

jected to indirect immunofluorescence using mouse anti-V5 and rabbit anti-Flag antibodies and con-

focal microscopy. (i) Number of cells observed with exclusively nuclear, exclusively cytoplasmic and 

nuclear and cytoplasmic V5-staining in the presence or absence of Flag-LF2. (ii) Merged representa-

tive images of the green (anti-V5), red (anti-Flag) and blue (DNA) channels. (C) Reporter assay results 

from 293T cells transfected with a BMLF1 (left) or BMRF1 (right) promoter driven luciferase reporter 

with or without Rta-V5 1-605 and 476-519 in the presence or absence of HA-LF2. Luciferase activi-

ties are shown as fold activation compared to reporter alone and were corrected with -galactosidase 

activities. Data are averages for six transfections from three independent experiments. Error bars indi-

cate standard deviations. Western blots of the cell lysates with anti-V5, anti-Rta, and anti-LF2 antibo-

dies demonstrate Rta and LF2 expression levels.  
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5.1.6 LF2-mediated inhibition can be conferred onto an artificial transcription 

factor 

The data above suggest that LF2 inhibits Rta transactivation by redistributing it out of 

the nucleus. At least three mechanisms of Rta nuclear exclusion can be imagined. 

LF2 may compete with an Rta binding partner required for nuclear localization, LF2 

may induce an Rta modification that retains Rta outside of the nucleus, or LF2 may 

sequester Rta by tethering it to the extranuclear cytoskeleton. The first potential 

mechanism was explored by conversion of the four basic Rta residues 410-413, 

which had been reported to function as a nuclear localization sequence (79), into 

alanines. The corresponding Rta mutant was characterized for its subcellular local-

ization, transactivation and LF2-mediated inhibition. It was evenly distributed in the 

nucleus and cytoplasm, activated the BALF2 promoter at 30% of wild-type activation 

and this impaired activation was further reduced in the presence of LF2 (data not 

shown), suggesting that there are additional nuclear localization signals in Rta. As 

the deletion of the LF2 binding site did not affect nuclear localization of Rta-476-519 

in the absence of LF2, the LF2 binding site is not likely to contain a nuclear localiza-

tion signal. The second mechanism of a potential Rta modification had been ad-

dressed for sumoylation, but sumoylation was not required for Rta inhibition. The 

third mechanism of sequestration implies that LF2 binding would confer LF2-

mediated inhibition onto another transcription factor. In order to test this, the ability of 

Rta residues to confer LF2-mediated inhibition onto the artificial transcription factor 

GAL4-VP16, in which the DNA binding domain of the yeast transcription factor Gal4 

is fused to the activation domain of the herpes simplex virus transactivator VP16, was 

investigated. LF2 co-expression did not inhibit activation of a multimerized GAL4 

luciferase reporter by GAL4-VP16 (Fig. 6A). When Rta aa 480-501 or 527-550 were 

fused in frame between the GAL4-VP16 DNA binding and activation domains, LF2 

did not inhibit their activities. By contrast, the activity of the GAL4-VP16 fusion with 

Rta aa 500-526 was reduced by 90% in the presence of LF2 (Fig. 10A, third bar from 

right). Although the GAL4-VP16 fusion proteins could be detected by immunofluores-

cence, they could not be identified by Western blotting, despite robust activity in re-

porter assays. This is consistent with a report on the protein instability of GAL4-VP16 
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fusion proteins (138). Only the LF2-inhibited GAL4-500-526-VP16 was detected by 

Western blot in the presence of LF2, mirroring the Rta accumulation in the presence 

of LF2 (Fig. 10A, Western blot).  

To investigate whether the LF2 inhibition was due to redistribution, GAL4-VP16 by it-

self or fused to Rta aa 480-501, 500-526 or 527-550 were transiently expressed 

along with Flag-LF2. Immunofluorescence was performed using VP16 and Flag anti-

bodies. Like Rta, GAL4-500-526-VP16 was cytoplasmic in the presence of Flag-LF2. 

In contrast, GAL4-VP16 by itself or fused to Rta aa 480-501 or 527-550 were de-

tected in the nucleus when co-expressed with LF2 (Fig. 10B). These data suggest 

that Rta residues within aa 500-526 are sufficient to confer LF2-mediated transcrip-

tional inhibition and redistribution out of the nucleus. Thus, LF2-mediated sequestra-

tion appears to be the most likely mechanism for Rta retention outside of the nucleus. 

While a posttranslational modification can not be completely excluded, this modifica-

tion would have to occur within Rta aa 500-526 or in the heterologous Gal4 or VP16 

domains.  

 

Fig. 10. Rta aa 500-526 are sufficient to confer LF2-mediated inhibition and redistribution onto an ar-

tificial transcription factor. (A) Reporter assay results from 293T cells transfected with a multimerized 

GAL4 luciferase reporter construct along with GAL4-VP16 or with Rta aa 480-501, aa 500-526 or aa 

527-550 fused between GAL4 DNA binding domain and the VP16 activation domain (GAL4-VP16, 

480-501, 500-526, and 527-550) in the presence or absence of HA-LF2. (legend continues on the next 

page)  
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Continued legend for figure 10. Luciferase activities are shown as fold activation over reporter alone 

and were corrected with -galactosidase activities. Data are averages for six transfections from three 

independent experiments. Error bars indicate standard errors of the mean. Western blots of the cell ly-

sates with anti-VP16 and anti-HA antibodies are shown below the graph. (B) Indirect immunofluores-

cence analysis of 293T cells transfected with GAL4-VP16, 480-501, 500-526, 527-550 in the presence 

or absence of Flag-LF2. Single channel (green, mouse anti-VP16; red, rabbit anti-Flag; blue, DNA) 

and merged images are shown. 

5.1.7 Rta redistributes from the nucleoplasm to the cytoskeleton during EBV 

replication  

In order to examine LF2 effects on Rta during EBV replication, we compared Rta lo-

calization in B95-8 cells, which lack LF2, to B95-8 cells stably transfected with LF2 

and to P3HR1 cells, which contain an intact LF2 gene. To allow efficient induction of 

lytic replication, B95-8 Z-HT and P3HR1 Z-HT cells were used (see paragraph 5.1.1). 

The episomal pCEP4 vector containing Flag-LF2 or GFP was used for stable expres-

sion in B95-8 Z-HT cells. Following initial hygromycin selection, B95-8 Z-HT cells ex-

pressing Flag-LF2 or GFP were induced for lytic replication with 4HT and subjected 

to subcellular fractionation at 24 and 72 h after 4HT addition. LF2 was predominantly 

present in the cytoskeletal fraction (Fig. 11A), and its expression increased over time, 

possibly due to activation of the pCEP4 CMV promoter during viral replication. Com-

pared to GFP-expressing controls, cytoskeletal-associated Rta increased, when LF2 

was ectopically expressed in the B95-8 Z-HT cells. LF2 expression monitoring by 

immunofluorescence, however, revealed that only about 20% of cells expressed de-

tectable Flag-LF2, despite continuous culture in hygromycin (Fig. 11B). Since 80% of 

fractionated cells did not contain detectable LF2, the degree of Rta redistribution in 

response to LF2 may be greater than observed. 

To investigate Rta redistribution by endogenous LF2, Rta localization in P3HR1 Z-HT 

and B95-8 Z-HT cells was analyzed by subcellular fractionation and compared at 24, 

48 and 72 h after induction with 4HT  (Fig. 11C). As previously, detection of nuc-

lear/chromatin (BRG1) and cytoskeletal (lamin B) markers was used to monitor sub-

cellular fraction purity (Fig. 11C, panel iii). Western blotting revealed that LF2 was 

most highly expressed in the cytoskeletal fraction of the P3HR1 cells at 72 h (Fig. 
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11C, panel i). LF2 first appeared in the nuclear fractions of P3HR1 cells at 48 h. Rta 

protein was detected primarily in the nucleoplasm of P3HR1 cells at 24 h. With time, 

nucleoplasmic Rta levels decreased and Rta accumulated in the cytoskeleton. By 72 

h, Rta was mostly cytoskeletal in the P3HR1 cells. Thus, the Rta distribution corre-

lates with LF2 protein expression in P3HR1 cells in a temporal fashion. By contrast, 

in B95-8 cells, Rta was detected equally in the nucleoplasmic, chromatin and cy-

toskeletal fractions and this distribution did not change over time. LF2 was absent in 

all three B95/Z-HT fractions at any time point (Fig. 11C, panel i). These results dem-

onstrate that Rta redistributes from the nucleoplasm to the cytoskeleton during repli-

cation the LF2-positive P3HR1 virus, but not during replication of the LF2-negative 

B95-8 virus. 

To identify differences in lytic gene activation, expression of the protein products of 

the Zta- and Rta-responsive early gene BMRF1 and the Rta-responsive late genes 

BLRF2 and BFRF3 were examined (Fig. 11C, panel ii). In both P3HR1 and B95-8 

cells, BMRF1 protein was detectible in the nucleoplasmic and chromatin fractions at 

24 h and increased through the 72 h time point. In P3HR1 cells, BMRF1 levels were 

slightly lower at 24 and 48 h as compared to B95-8 cells. BLRF2 and BFRF3 expres-

sion were markedly delayed in P3HR1 cells compared to B95-8 cells during replica-

tion. In B95-8 cells, the BLRF2 protein was highly expressed in the nuclear fractions 

by 24 h and remained at elevated levels through 72 h. In P3HR1 cells, BLRF2 distri-

bution was similar, but expression levels were markedly decreased at the earlier time 

points and this difference persisted to a lesser degree through 72 h. BFRF3 protein 

was detected in B95-8 cells in the cytoplasmic and membrane fraction at 24 h, in-

creased over time and was present in all fractions at 72 h. In P3HR1 cells, BFRF3 

protein was almost absent at 24 and 48 h and was most highly expressed in the cy-

toskeletal and chromatin fractions at 72 h (Fig. 11C, panel ii). In summary, Rta–

responsive early and late genes can be expressed during replication of an LF2-

positive virus, but their gene products oare expressed at slightly lower levels and with 

delayed kinetics, indicative of a decreased Rta activity.  
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Fig. 11. Rta redistributes from the nucleoplasm to the cytoskeleton during replication of an LF2-

positive EBV genome. (A) B95-8 Z-HT cells were continuously selected for stable maintenance of 

pCEP4-GFP or pCEP4-Flag-LF2 plasmids, induced for replication by treatment with 4HT for 24 or 72 h 

and fractionated into cytoplasm, membrane, nucleoplasm, chromatin-bound and cytoskeleton frac-

tions. Equal relative amounts of the nucleoplasm (N), chromatin-bound (Ch) and cytoskeleton (Cs) 

fractions were analyzed by Western blotting for Rta and LF2. Fraction purity was assessed by detec-

tion of nucleoplasmic and chromatin associated BRG1 protein and the nuclear matrix/cytoskeleton 

component, lamin B. (B) B95-8 Z-HT pCEP4-GFP (GFP, top row) and pCEP4-Flag-LF2 (Flag-LF2, 

bottom row) cells were subjected to fixation with 1% paraformaldehyde, DNA (blue) staining, indirect 

immunofluorescence using anti-Flag (red) antibodies and confocal microscopy. Single channel and 

merged images are shown. 20% of cells with pCEP4-Flag-LF2 expressed detectable Flag-LF2. (C) 

P3HR1 Z-HT and B95-8 Z-HT cells were treated with 4HT for 24, 48 and 72 h and fractionated as in 

(A). Equal relative amounts of the cytoplasm (C), membrane (M), nucleoplasm (N), chromatin (Ch), 

and cytoskeleton (Cs) fractions were analyzed by Western blotting for (i) Rta and LF2 as well as for (ii) 

BMRF1, BLRF2, and BFRF3 proteins. Fraction purity was assessed by detection of the subcellular 

markers BRG1 and lamin B (iii). (D) Reporter assay results from 293T cells transfected with luciferase 

reporter constructs from the BLRF2 or BFRF3 promoter with or without Rta and LF2. Luciferase activi-

ties are shown as fold activation over reporter alone and were corrected with -galactosidase activi-

ties. Data are averages for six transfections from three independent experiments. Error bars indicate 

standard deviations. Western blots of the cell lysates with anti-Rta and anti-LF2 antibodies demon-

strate Rta and LF2 protein expression levels.  
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In conclusion, these data support a model in which LF2 regulates EBV replication by 

binding to the Rta accessory activation domain and redistributing Rta out of the nuc-

leus. Rta redistribution is most likely due to LF2-mediated sequestration of Rta in the 

cytoskeleton. This redistribution specifically shuts off Rta activation of early promoters 

that contain RREs, but allows activation of the BZLF1 and BRLF1 promoter, provid-

ing indirect evidence that these promoters are activated through cytoplasmic signal-

ling. Since LF2 prevents Rta from binding to cognate DNA in the nucleus, the second 

part of this thesis analyzes Rta binding to lytic gene promoters. 
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5.2 Genome-wide analysis of Rta DNA binding 

5.2.1 Rta binds to RREs within early promoters during EBV replication 

In order to characterize the interactions of endogenous Rta with the EBV genome 

during lytic replication, an Rta chromatin immunoprecipitation (ChIP) assay was es-

tablished. B95-8 Z-HT cells were used for this assay as the stable expression of Zta 

fused to the hydroxytamoxifen-responsive estrogen receptor hormone binding do-

main (Z-HT) allows for efficient and synchronous induction of virus replication. Addi-

tionally in this system, Rta is expressed under the control of its own promoter at en-

dogenous levels. In these cells, Rta protein expression was first detected 3 h after 

addition of 4HT, endogenous Zta was expressed at 6 h (Fig. 12A). BMRF1 protein, 

an early gene product, was detected at 9 h (Fig. 12A) and coincided with the start of 

viral DNA replication as quantified by real-time PCR (Fig. 12B). At later time points, 

after DNA replication occurred, we observed an increased background signal in our 

qPCR assays. In order to avoid this effect, we elected to restrict our analysis to early 

time points. This time point additionally ensured that all Rta-DNA interactions charac-

terized were with parental EBV episomes as opposed to interactions with newly syn-

thesized DNA.  

Rta ChIPs were performed from B95-8 Z-HT cells that had been treated with 4HT for 

6 h (Fig. 12C, black bars) or not (grey bars), and chromatin-immunoprecipitated DNA 

was quantified relative to input DNA using real-time PCR with primer sets covering 

the BALF2p, BMLF1p or BMRF1p RRE (RRE) or control sites (CTL) that were cho-

sen to be 3 to 6 kb upstream of the corresponding RRE and distant from any 

GNCCN9GGNG consensus site. Rta occupancy of all three RREs significantly in-

creased over the untreated control, while there was no significant increase of Rta oc-

cupancy at any of the control sites (Fig.12C). ChIPs with control IgG resulted in con-

sistently low signals (Fig. 12C, white and dark grey bars). These results indicate that 

endogenous Rta interacts with known RREs in the context of the viral episome during 
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viral replication. They show that the Rta ChIP detects specific Rta occupancy at 

known RREs. 

  

Fig. 12. Rta binds to known RREs within early promoter during EBV replication. (A) Western blot re-

sults from B95-8 Z-HT cells that were treated with 4HT for 0, 3, 6, 9, and 12 h and lysed in SDS load-

ing buffer. Lysates were analyzed by Western blotting for the indicated EBV proteins. Detection of 

GAPDH served as loading control. (B) EBV DNA levels in B95-8 Z-HT cells that were treated with 4HT 

for 0, 3, 6, 9, and 12 h. EBV DNA in PCR lysates was quantified by real-time PCR for a site in the viral 

genome (BMLF1 RRE) and corrected for cellular DNA input by real-time PCR for a site in the cellular 

genome (CD21 exon 5). (C) Anti-Rta monoclonal antibody (Rta ChIP) and control IgG antibody (IgG 

ChIP) chromatin immunoprecipitation and its associated DNA. B95-8 Z-HT cells were induced for lytic 

replication by treatment with 4HT for 6 h (black and dark grey bars) or left untreated (grey and white 

bars). Amount of precipitated viral DNA was measured by real-time PCR using primers specific to the 

RRE in the BALF2, BMLF1 or BMRF1 promoter (RRE) and control sites (CTL) 3 to 6 kb upstream of 

the corresponding RRE. Locations of RRE and CTL sites are indicated relative to the transcriptional 

start site and the core promoter used in reporter gene assays (BALF2p, BMLF1p, BMRF1p); Schemat-

ic drawings on the bottom are not to scale. The bar graph represents the amount of DNA precipitated 

relative to the amount of DNA in the corresponding input sample. Data are arithmetic means from four 

independent Rta ChIP experiments. Error bars indicate standard errors of the means. P-values are in-

dicated for statistically significant Rta ChIP changes relative to the uninduced control (one-tailed t test 

for unequal variances).   
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5.2.2 Rta occupancy of the Rp and Zp promoters is low. 

The immediate-early gene promoters Zp and Rp are responsive to Rta, but lack func-

tional Rta binding sites. It is unclear whether Rta localization to these promoters is 

required for their activation. Thus, we asked whether endogenous Rta localizes to Zp 

or Rp during viral replication. We focused on the core promoters (Zp, -221/+13; Rp -

299/+59) that had previously been characterized as the minimal regions conferring 

Rta responsiveness in reporter gene assays and were also used in the reporter gene 

assays presented in this study. Rta occupancy of these core promoters was as-

sessed by quantitative PCR for two sites each (Rp-1, -86/+3; Rp-2, -345/-251; Zp-1, -

80/+13; Zp-2, -221/-91), which cover 39% of the Rp and 96% of the Zp core. An addi-

tional site, located just upstream of the corresponding core promoter (Rp-3, -436/-

352; Zp-3, -346/-222), did not show any significant Rta association (Fig. 13). Quantit-

ative PCR signals for the Rp core did not increase significantly during replication (Fig. 

13A). Zp core enrichment in Rta ChIPs increased slightly with induction of viral repli-

cation (Fig. 13B). This increase was statistically significant (Zp-1, p=0.044; Zp-2, 

p=0.038), but low compared to the increase at BMLF1p RRE, where the largest in-

crease in Rta occupancy had been observed (p=0.010). It is possible that the low Rta 

occupancy observed mainly at Zp reflects low affinity to non-consensus Rta binding 

sites or an indirect association of Rta with the promoter. Overall these data suggest 

that the ChIP assay preferentially detects direct Rta binding to cognate DNA.  
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Fig. 13. Rta occupancy at the Rp and Zp promoters is low. Chromatin immunoprecipitation of Rta pro-

tein (Rta ChIP) and its associated DNA. B95-8 Z-HT cells were induced for lytic replication by treat-

ment with 4HT for 6 h (black bars) or left untreated (grey bars). Amount of precipitated viral DNA was 

measured by real time PCR using primers specific to (A) three sites in the Rp promoter region (Rp-1, -

2, -3) or (B) three sites in the Zp promoter region (Zp-1, -2, -3). Locations of these sites are indicated 

relative to the transcriptional start site and the core promoter used in the reporter gene assays (Zp or 

Rp); Schematic drawings on the bottom are not to scale. For comparison, the results for the BMLF1p 

RRE and control site (CTL) and the corresponding locations are shown (compare Fig. 1C). The bar 

graph represents the amount of DNA precipitated relative to the amount of DNA in the corresponding 

input sample. Data are arithmetic means from three independent Rta ChIP experiments. Error bars in-

dicate standard errors of the means. Asterisks mark statistically significant (p<0.05) Rta ChIP changes 

relative to the uninduced control (one-tailed t test for unequal variances).   

5.2.3 Rta ChIP-seq identifies known and novel Rta binding sites in the EBV 

genome. 

In order to identify Rta interactions with the EBV genome, a large-scale Rta ChIP was 

performed and ChIP DNA as well as an DNA input sample (0.2%) were analyzed by 

next-generation sequencing. Approximately 100x106 and 120x106 sequence reads 

were obtained from the Rta ChIP sample and the input sample, respectively; 1.14 

million ChIP reads (1.1%) and 0.21 million of the input reads (0.18 %) were mapped 

to the EBV B95-8 genome and displayed using the UCSC genome browser 

(http://genome.ucsc.edu) (89). The combined forward and reverse sequence reads 

mapping to the EBV genome from the Rta ChIP or the input sample are depicted in 

Figure 14. Enrichment or depletion for the Rta ChIP sequences relative to the input 

was calculated and is displayed as the lower bound of the 95% confidence interval 

http://genome.ucsc.edu/
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for enrichment using a log base 2 scale (Fig. 14). Fifteen high-confidence peaks were 

identified based on a read depth of at least 600 and an enrichment score relative to 

input higher than 0.1 (see materials and methods for details) (Table 1). The six tallest 

peaks contain the four well described RREs within the BHLF1/BHRF1, BMLF1, 

BMRF1, and BALF2 promoter, consistent with the Rta ChIP enriching for Rta cognate 

DNA. Further, the relative height of the peaks corresponded to the degree of Rta res-

ponsiveness with BHLF1/BHRF1 being the strongest, followed by the BMLF1 RRE.  

The median distance between the peaks and the nearest Rta binding site predicted 

by a position specific weight matrix (58) was only 28 nucleotides, which is highly sig-

nificant (p=0.0034) based on the null hypothesis that the peaks are randomly distri-

buted over the EBV genome (Fig. 15A). Eleven of the fifteen high-confidence peaks 

were tentatively associated with a regulated gene(s) based on being 2 kb or less up-

stream of its transcriptional start site. Two peaks were located between divergent 

transcriptional start sites. These included the peak within the known bidirectional 

BHLF1/BHRF1 promoter as well as a potential bidirectional promoter between BALF2 

and BARF1. We noticed a significant enrichment for known Rta-responsive genes 

among the genes assigned to the Rta-ChIP-seq peaks (9 out of 13, p<0.01), suggest-

ing that the observed Rta binding sites are upstream of Rta target genes (Fig. 15B) 

(17, 64, 72, 80, 87, 101, 105, 149). In agreement with the early time point chosen for 

the Rta ChIP-seq, EBV genes downstream of peaks were significantly enriched for 

early lytic genes (12 out of 13, p<0.001) (Fig. 15C). All genes listed had been pre-

viously classified as early genes (156), except for BGLF3, whose class is not known.  
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Fig. 14. Rta ChIP-seq confirms Rta interactions with known RREs and identifies new Rta binding sites 

in the EBV genome. Rta ChIP and input sequence reads were mapped to the B95-8 genome using the 

aligner MAQ and displayed with the UCSC genome browser. The protein-coding genes in the B95-8 

genome are schematically drawn as blocks in the top half of the figure; White arrows on the blocks in-

dicate orientation of the open reading frame and are only occasionally present due to space con-

straints. The Rta ChIP track represents the combined tracks of mapped forward and reverse Rta ChIP 

reads. Two Rta ChIP peaks are approximately 8- and 2-fold taller than the displayed scale and are 

therefore labeled with their approximate read depth (11900, 2800). The dashed line indicates the thre-

shold of 600 applied for selection of prominent peaks based on read depth (Table 1). The input track 

represents the combined tracks of mapped forward and reverse input reads. Sharp peaks were called 

using the SPP package (91): The enrichment track shows conservative fold enrichment or depletion of 

Rta ChIP over input profile on log base 2 scale. The conservative fold enrichment reported by SPP is 

the lower bound of the 95% confidence interval, the depletion is the upper bound of the 95% confi-

dence interval.  
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Table 1. High-confidence Rta ChIP-seq peaks and their downstream genes.  

 

 

 

 

Fig. 15. The high-confidence Rta ChIP-seq peaks are within significant proximity of predicted Rta bind-

ing sites and the genes downstream of the peaks are significantly enriched for Rta-responsive and for 

early genes. (A) Histogram of median distance between randomized peaks and predicted Rta-binding 

sites.  Rta binding sites in the EBV B95-8 genome were predicted using a position weight matrix and 

the distances between these sites and 15 randomly distributed peaks were simulated (sample size 

1000). (legend continues on the next page) 
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Continued legend of figure 15. The empirical p-value for 15 peaks to have the observed median dis-

tance of 28 bp, which is indicated by the dotted red line, is 0.0034 (standard deviation 0.0014). (B) 

Contingency table showing the distribution of Rta-responsive genes witin the 81 EBV genes (Total) 

profiled by Lu et al. (105) and within the downstream genes (Peaks) assigned to the high-confidence 

Rta ChIP-seq peaks (for genes and references see table 3). Among the 13 downstream genes, 

BARF1 and BFRF0.5 were exempt from the analysis, because their Rta-responsiveness has not been 

determined yet. The p-value for Fisher’s exact test is shown below the table. (C) Contingency table 

showing the distribution of early and late EBV genes witin the 64 early and late EBV genes (Total) pro-

filed by Yuan et al. (156) and within the downstream genes (Peaks) assigned to the high-confidence 

Rta ChIP-seq peaks (for genes see table 3). Among the 13 downstream genes, BGLF3 was exempt 

from the analysis, because its gene class has not been determined yet. The p-value for Fisher’s exact 

test is shown below the table. 

5.2.4 An Rta DNA binding domain mutant fails to activate RRE promoters. 

The significant Rta occupancy observed at the BALF5 promoter (peak height 714, 

0.47 log enrichment score) was unexpected, since this promoter had previously been 

reported to be activated indirectly by Rta (101). In order to test whether promoters 

that were occupied by Rta depend on Rta RRE binding for their activation, we sought 

to find an Rta DNA binding mutant that fails to bind RREs. We utilized an Rta K156A 

mutant that was constructed in analogy to a KSHV Rta RRE binding mutant (25). The 

K156A mutation abolished Rta DNA binding to a BMLF1 RRE-containing probe in an 

electrophoretic mobility shift assay (data not shown) and western blotting confirmed 

that Rta K156A was expressed at levels similar to wild-type Rta (Fig. 16). In reporter 

assays, Rta K156A failed to activate the RRE-dependent BALF2p and BMLF1p con-

structs, but still stimulated Zp or Rp, albeit less efficiently than wild-type Rta (Fig. 16). 

These results indicate that the Rta K156A mutant is completely defective for activa-

tion of RRE promoters, and somewhat impaired for the activation of Rp and Zp that 

are upregulated independent of RRE binding. 
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Fig. 16. The Rta DNA binding domain mutant K156A fails to activate RRE promoters. Reporter assay 

results from 293T cells transfected with firefly luciferase reporter constructs from the BMLF1 

(BMLF1p), BALF2 (BALF2p), BZLF1 (Zp) or BRLF1 (Rp) promoter with or without Rta or Rta K156A. 

Firefly luciferase activities are shown as fold activation over reporter alone and were corrected with the 

renilla luciferase internal control. Data are averages for six transfections from three independent expe-

riments. Error bars indicate standard deviations. Western blots of the cell lysates with anti-Rta antibo-

dy demonstrate Rta protein expression. 

 

5.2.5 Rta activates the BALF5 promoter through DNA binding. 

The Rta binding peak observed at the BALF5 promoter falls within a region of the 

promoter previously shown to be important for Rta responsiveness (101). Rta occu-

pancy of the BALF5 promoter was confirmed by Rta ChIP followed by quantitative 

PCR for a BALF5 promoter site (BALF5p, -166/-82) that was located within the Rta-

ChIP-Seq peak upstream of the BALF5 gene. Rta occupancy was significantly in-

creased at the BALF5 promoter 6 h after 4HT addition, confirming that Rta indeed 

associates with this promoter (Fig. 17A). The Rta ChIP-Seq peak covered approx-

imately 250 bp upstream of the BALF5 transcription start site. Thus, a portion 

(BALF5p, -376/+16) of the previously identified BALF5 promoter (-1277/+16) (51) 

was cloned into the pGL3 reporter plasmid and tested for Rta activation in reporter 

gene assays (Fig. 17B). While wild-type Rta activated the BALF5p reporter 9.9-fold, 

the Rta K156A mutant activated only 1.7-fold. This fold-activation ranks lowest 

among the lytic gene promoters tested for activation by Rta K156A (Fig. 17C) and 

thus groups with the fold activation observed for the RRE-dependent promoters 
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BMLF1p and BALF2p. Rp, which shows comparable fold activation by wild-type Rta 

(10.5-fold), is activated almost twice as highly by Rta K156A (3.2-fold). These data 

suggest that Rta activation of the BALF5 promoter depends at least partially on Rta 

DNA binding.    

 

Fig. 17. Rta activates the BALF5 promoter through DNA binding. (A) Rta ChIP and control IgG ChIP 

DNA from B95-8 Z-HT cells, which had been induced with 4HT for 6 h (black and dark grey bars) or 

left untreated (grey and white bars), was analyzed by real-time PCR using primers specific for a site 

within the BALF5 promoter (BALF5p-1). The location of this site is indicated relative to the transcrip-

tional start site and the promoter used in the reporter assays (BALF5p); schematic drawing is not to 

scale. The bar graph represents the amount of DNA precipitated relative to the amount of DNA in the 

corresponding input sample. Data are arithmetic means from three independent ChIP experiments. Er-

ror bars indicate standard errors of the means. The asterisk marks the statistically significant (p<0.05) 

Rta ChIP change relative to the uninduced control (one-tailed t test for unequal variances). (B) Report-

er assay results from 293T cells transfected with firefly luciferase reporter constructs from the BALF5 

(BALF5p) promoter with or without Rta or Rta K156A. Firefly luciferase activities are shown as fold ac-

tivation over reporter alone and were corrected with the renilla luciferase internal control. Data are av-

erages for six transfections from three independent experiments. Error bars indicate standard devia-

tions. Western blots of the cell lysates with anti-Rta antibody demonstrate Rta protein expression. (C) 

Summary of fold activations of different promoters by Rta K156 and wild-type Rta that were observed 

in reporter assays presented in figures 16 and 17B. Promoters were ranked according to fold activa-

tion by Rta K156A in descending order.  
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5.2.6 Rta interacts with late promoters specifically late during the lytic cycle. 

Late gene expression by definition requires viral DNA replication. The Rta ChIP-seq 

had been performed at 6 h after induction of the lytic cycle, before EBV DNA replica-

tion had started. None of the 15 identified Rta ChIP-Seq peaks was located upstream 

of late genes, suggesting that Rta might not target late gene promoters during the 

early lytic cycle. To test whether the activation of late gene promoters requires Rta 

DNA binding, the responsiveness of BLRF2p and BFRF3p (26, 42, 141) to Rta and 

Rta K156A was compared in reporter assays (Fig. 18A). Wild-type Rta activated both 

reporters robustly (17.5-fold and 13.1-fold, respectively), but activation by Rta K156A 

was as low as for RRE-dependent promoters (compare Fig. 16 and 17C), indicating 

that these late gene promoters are activated through direct Rta DNA binding. Given 

this, our failure to observe Rta binding to these promoters at early time points, sug-

gests that temporal regulation of Rta binding may be a mechanism governing se-

quential gene expression during replication. To investigate this hypothesis, Rta ChIP 

DNA from different time points was quantified by real-time PCR for BLRF2p and 

BFRF3p. Quantitative PCR signals for sites in BLRF2p and BFRF3p (BLRF2p-1, 

BFRF3p-1) did not increase significantly 6 h post induction of viral replication (p=0.2), 

corroborating the Rta ChIP-seq data (Fig. 18B) that indicate these promoters are not 

bound by Rta at early time points. Thus, Rta interactions with late gene promoters 

were examined at time points later than 6 h. At 12 or 24 h, however, a general in-

crease in DNA precipitated with Rta was observed (data not shown), likely due to the 

amplification of viral DNA. Therefore, Rta ChIPs were performed from B95-8 Z-HT 

that had been induced for lytic replication for 24 h in the presence of 1.6 mM PAA, 

which efficiently abrogated viral DNA replication (data not shown). PAA treatment did 

not affect Rta or Zta protein expression, but slightly reduced BMRF1protein levels, as 

compared to those seen in the absence of PAA (Fig. 18C). In the presence of PAA, 

expression of the leaky-late (delayed-early) gene BLRF2 was dramatically decreased 

and expression of the true-late gene BFRF3 was abrogated, confirming that expres-

sion of these late genes depends on DNA replication (Fig. 18C) (4, 133, 156). Twen-

ty-four h after induction of replication with 4HT in the presence of PAA, we detected a 

significant increase of Rta occupancy at two sites within both BLRF2p (BLRF2p-1, 
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BLRF2p-2) (p0.01) and BFRF3p (BFRF3p-1, BFRF3p-2) (p<0.01) as compared to 

uninduced cells treated with PAA only (Fig. 18D). In contrast, quantitative PCR sig-

nals for a site (background) distant to any GNCCN9GGNG consensus sites did not 

increase significantly (p=0.07) (Fig. 18D). This data suggest that Rta interacts with 

late gene promoters specifically late during replication. As BFRF3 was not expressed 

in the presence of PAA despite significant Rta recruitment to its promoter, we con-

clude that Rta interaction with this late gene promoter is not sufficient for the expres-

sion of this true-late gene.  

 

 

(figure legend on next page) 
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Fig. 18. Rta interacts with late gene promoters specifically late during the viral replication cycle. (A) 

Reporter assay results from 293T cells transfected with firefly luciferase reporter constructs from the 

BLRF2 (BLRF2p) or BFRF3 (BFRF3p) promoter with or without Rta or Rta K156A. Firefly luciferase 

activities are shown as fold activation over reporter alone and were corrected with an Rta-independent 

renilla luciferase control. Data are averages for six transfections from three independent experiments 

and error bars indicate standard deviations. Western blots of the cell lysates with anti-Rta antibody 

demonstrate Rta protein expression. (B) Rta ChIP and control IgG ChIP DNA from B95-8 Z-HT cells, 

which had been induced with 4HT for 6 h (black and light grey bars) or left untreated (grey and white 

bars), was analyzed by real-time PCR using primers specific for sites in the BLRF2 and the BFRF3 

promoter (BLRF2p-1, BFRF3p-1). The locations of these sites are indicated relative to the TSSs and 

the promoters used in the reporter assays (BLRF2p, BFRF3p); schematic drawings are not to scale.  

The bar graph represents the amount of DNA precipitated relative to the amount of DNA in the corres-

ponding input sample. Arithmetic means from three independent Rta ChIP experiments and error bars 

indicating standard errors of the means are shown. Rta ChIP changes were tested for statistical signi-

ficance using the one-tailed t test for unequal variances and corresponding p-values are depicted. (C) 

Western blot results from B95-8 Z-HT cells treated with PAA, 4HT or both for 24 h and lysed in SDS 

loading buffer. Lysates were analyzed by Western blotting for the indicated EBV proteins. Detection of 

GAPDH served as loading control. (D) Chromatin immunoprecipitation of Rta protein (Rta ChIP) and 

its associated DNA. B95-8 Z-HT cells were induced for viral replication by treatment with 4HT for 24 h 

(black bars) or left untreated (grey bars). PAA was added to 4HT-treated and untreated cells in order 

to block viral replication. Amount of precipitated viral DNA, as measured by real-time PCR using pri-

mers specific to two sites each in the BLRF2 promoter (BLRF2p-1, BLRF2p-2) or in the BFRF3 promo-

ter (BFRF3p-1, BFRF3p-2), is shown on the y-axis. Locations of these four sites are indicated relative 

to the TSSs and the promoters; schematic drawings are not to scale. Real-time PCR was additionally 

performed with primers specific to a control site (CTLsite) distant to any GNCCN9GGNG consensus 

site. The bar graph represents the amount of DNA precipitated relative to the amount of DNA in the 

corresponding input sample. Arithmetic means from three independent Rta ChIP experiments and er-

ror bars indicating standard errors of the means are shown. Asterisks mark statistically significant 

(p<0.05) Rta ChIP changes relative to the uninduced control (one-tailed t test for unequal variances). 
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6 Discussion 

6.1 The mechanism of Rta regulation by LF2 

The results described in the first part of this thesis support a model in which the lytic 

EBV protein LF2 regulates viral replication by binding to the essential transactivator 

Rta and redistributing it out of the nucleus. In the absence of LF2, Rta can transacti-

vate lytic promoters through direct RRE binding and indirectly through pathways that 

involve the activation of cellular transcription factors (Fig. 19A). This study identifies 

the control of Rta subcellular localization by LF2 as a novel mechanism to differen-

tially regulate these two modes of Rta transactivation. LF2 binds Rta and mediates its 

redistribution out of the nucleus. By doing so, it specifically inhibits Rta activation of 

RRE-containing early gene promoters, but allows Rta activation of the immediate-

early gene promoters, which does not require Rta RRE binding (Fig. 19B). This 

model and the experiments that support it provide indirect evidence that Rta stimu-

lates the immediate-early gene promoters through the induction of signalling path-

ways in the cytoplasm.  

 

 

 

(figure legend on next page) 
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Fig. 19. Model of Rta lytic gene promoter activation (A) in the absence of LF2 and (B) in the presence 

of LF2. (A) There are at least two modes of Rta promoter activation. Rta binds directly to RREs and 

recruits transcriptional machinery to promoters, such as BMLF1p, BMRF1p, or BALF2p. Lytic promot-

ers that lack Rta binding sites (non-RRE), such as Zp or Rp, are activated by cellular transcription fac-

tors that either act upon activation of cytoplasmic signalling pathways or bridge between Rta and DNA. 

(B) LF2 binds Rta and redistributes it out of the nucleus. It therefore inhibits the direct activation mode 

that requires Rta DNA binding, but allows activation of Zp and Rp, most likely through cytoplasmic sig-

nalling by Rta.   

6.1.1 Rta redistribution as a novel mechanism to regulate Rta  

Data presented here suggest Rta redistribution from the nucleoplasm to the cy-

toskeleton as the mechanism of LF2-mediated Rta regulation. Rta redistribution ob-

served during replication of an LF2-positive virus is most likely mediated by LF2. 

First, LF2 coexpression in the absence of other EBV proteins is sufficient for it to oc-

cur. Second, Rta redistribution is not observed during EBV replication in LF2-deficient 

B95-8 cells, but takes place, when LF2 is ectopically expressed in B95-8 cells. Third, 

LF2 binding to Rta is critical, as an LF2-binding deficient Rta mutant is significantly 

impaired for redistribution. Lastly, the core of the LF2 binding site is sufficient to con-

fer redistribution onto a heterologous transcription factor.  

The phenotypes of the LF2-binding deficient Rta mutant provide the strongest evi-

dence for Rta being regulated by its subcellular localization. Deletion of the LF2-

binding site within Rta showed that LF2 binding is required for both LF2 inhibition of 

Rta RRE promoter activation as well as Rta redistribution out of the nucleus, estab-

lishing a strong correlation between the later events. A second line of evidence 

comes from the GAL4-VP16 experiments. The core of the LF2 binding site specifi-

cally conferred LF2-mediated inhibition of transactivation and redistribution onto this 

artificial transcription factor. Although the exclusion of Rta from the nucleus is clearly 

sufficient to inhibit Rta activation of promoters that rely on Rta DNA binding to be 

stimulated, an outstanding question is whether Rta redistribution is essential.   

LF2-mediated Rta sequestration in the cytoskeleton appears to be the most likely 

mechanism for Rta redistribution. Sequestration is supported by the observation that 
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Rta accumulates in the same subcellular fraction as LF2 and it best explains how the 

core of the LF2 binding site confers redistribution and inhibition onto the heterologous 

GAL4-VP16 transcription factor. A sequestration mechanism predicts that LF2 binds 

to a cell protein in order to tether the Rta-LF2 complex in the cytoskeleton. There are 

examples for cytoskeletal tethering mechanisms in the literature: The antioxidant re-

sponse element transcription factor Nrf2 is sequestered by Keap1, which anchors 

Nrf2 to the actin cytoskeleton (85), and the transcriptional activity of Smads has been 

suggested to be regulated by their interaction with microtubules (40). Attempts to 

prove the sequestration mechanism by making specific mutations in LF2 have been 

hampered by the lack of an LF2 structure or defined domains. The structural homol-

ogy to the herpesviral dUTPase suggests a rather globular structure for LF2. In order 

to define an LF2 mutant competent for Rta binding that could not redistribute Rta, 50-

aa deletions spanning the LF2 protein were constructed (67). With the exception of 

the very C-terminal LF2 deletion mutant that redistributed and inhibited Rta, all re-

maining eight LF2 mutants failed to inhibit and redistribute (67). As for the Rta mutant 

discussed above, Rta inhibition and redistribution remained inseparable for these LF2 

mutants. While this may provide further evidence for the correlation between the two 

events, the deletions could have simply disrupted LF2 folding. Thus, construction of 

LF2 mutants that that are deficient for specific protein interactions or functions re-

mains an important problem.    

6.1.2 The Rta-LF2 interaction 

LF2 interacts with the Rta accessory activation domain. Deletion of 44 aa (Rta aa 476 

to 519) of this domain abrogated coimmunoprecipitation with LF2 and 27 aa within 

this region (Rta aa 500-526) were identified as the critical mediator of LF2 effects on 

the fusion protein with GAL4-VP16. The LF2 binding site contains a stretch of resi-

dues that are highly conserved among Rta homologues of other lymphocryptoviruses 

(Fig. 20). Secondary structure algorithms predict an alpha-helix within these con-

served residues (29). Preliminary experiments suggest that the acidic cluster (Rta aa 

509 to 511) before the alpha-helix is critical for LF2 binding and inhibition, as muta-

tion of the three acidic residues to alanines abrogated LF2 binding and inhibition 
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(data not shown). This cluster was reported to be part of a CK2 inhibitory motif (130). 

The CK2 inhibitory motif in the CK2 regulatory subunit forms an acidic loop and is in-

volved in acidic-basic contacts between different CK2 holoenzymes (125). It is there-

fore tempting to speculate that these Rta residues form an acidic loop LF2 holds on 

to, potentially via a basic protein interface. The overlap of the LF2 binding site with 

the epitope for the 8C12 monoclonal Rta antibody (compare Fig. 9C), which can rec-

ognize Rta in its native conformation, further supports the notion, that the binding site 

is readily accessible at the surface of the Rta protein.    

 

Fig. 20. Evolutionary conservation of Rta residues within the LF2 binding site.  A subset of the Clus-

talW (95) alignment of the EBV and the rhesus and marmoset lymphocryptovirus (rLCV and mLCV, 

respectively) Rta aa sequence is shown that corresponds to the LF2 binding site within EBV Rta. The 

degree of conservation is indicated at the bottom:  “*” completely conserved, “:” highly conserved, and 

“.” partially conserved.  The Jpred3 algorithm (29) predicted an alpha helix depicted above the EBV 

Rta sequence.  

6.1.3 The role of Rta sumoylation 

LF2-mediated Rta sumoylation was mapped to the Rta activation domain, with lysine 

446 being the predominant SUMO acceptor. This Rta sumoylation did not affect Rta 

transactivation and, more importantly, was not required for LF2-mediated inhibition of 

Rta transactivation. Therefore, the role of Rta sumoylation remains enigmatic. The 

sumoylation status of Rta might depend on its subcellular localization. The first pro-

tein found to be SUMO-modified, Ran GTPase-activating protein (RanGAP1), for ex-

ample, is recruited to the nuclear pore complex upon sumoylation (108, 113); and 

nuclear pore complexes are sites of sumoylation and desumoylation (126). If Rta is 

sumoylated, before it passes through the nuclear pore, and SUMO is removed in the 

nucleus, redistribution of Rta out of the nucleus could favour sumoylation. Enhanced 
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Rta sumoylation might then be a bystander effect of LF2-mediated redistribution. It is 

also possible that sumoylation of LF2 itself determines the localization of LF2 and of 

the Rta-LF2 complex. Alternatively, Rta sumoylation may enhance LF2-mediated in-

hibition and be an important means of Rta inactivation if LF2 levels are limiting or Rta 

sequestration is incomplete. Introduction of the sumoylation-deficient Rta mutant into 

a recombinant EBV genome may reveal functions of Rta sumoyaltion that are not ap-

parent in transient assays.            

6.1.4 The role of LF2 during lytic replication and the EBV life cycle 

Data presented here suggest that LF2 regulates EBV replication by altering Rta sub-

cellular localization. LF2 might therefore serve different functions during lytic replica-

tion. As LF2 is expressed relatively late in the lytic cyle (156) and specifically inhibits 

Rta transactivation of early genes, LF2 may act as a temporal switch to turn of early 

gene expression and viral DNA replication and set the scene for late gene expression 

and virion assembly. In accordance with this potential role, two late gene products 

were found to be expressed with a notable delay during replication of the LF2-

positive P3HR1 virus as compared to the LF2-negative B95-8 virus. LF2 may also 

provide a negative feedback mechanism that limits the expression of lytic gene prod-

ucts, before they reach toxic levels, and allow the infected cell to exit replication. Al-

ternatively, LF2 may balance the expression of lytic genes controlled by Rta with 

those regulated by Zta. In contrast to KSHV, where only KSHV Rta controls the lytic 

switch, EBV encodes two viral transactivators that must act in concert to regulate lytic 

gene expression. Our results show that BMRF1 expression, driven by the combined 

effects of ectopic Z-HT and endogenous Zta, is similar in induced B95-8 and P3HR1 

cells. In contrast, BLRF2 and BFRF3 are expressed markedly delayed and at lower 

levels in P3HR1 cells. This effect might be due to reduced Rta activity, while Rta ex-

pression levels in B95-8 and P3HR1 cells appeared to be comparable. However, 

unmeasured effects due to the different backgrounds of the two cell lines can not be 

excluded. In order to study LF2 effects in an isogenic background, an EBV genome 

selectively deleted for the LF2 open reading frame is required. Attempts to construct 

an LF2 knock-out virus using second-site homologous recombination in the P3HR1 
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genome (145) have not succeeded so far. Alternatively, the B95-8 virus could be 

complemented with the deleted sequence except for the LF2 open reading frame, us-

ing the EBV Bacterial Artificial Chromosome, which contains the B95-8 genome (46). 

The precise role of LF2 in the EBV life cycle remains uncertain. If LF2 is an EBV 

virion protein, as are its homologues in other gammaherpesviruses (16, 161), the dif-

ferential regulation of Rta transactivation by LF2 may play out during the initial events 

of EBV infection. LF2 may contribute to the so called abortive lytic replication. Upon 

delivery into the newly infected cell, LF2 may block lytic replication, but allow expres-

sion of the immediate-early gene products that drive proliferation of the infected cell. 

Inhibition of Rta would be sufficient, as Zta activation of lytic gene expression is pre-

vented by the unmethylated state of the newly delivered EBV genome (84). The abil-

ity of LF2 to inhibit IRF7-mediated innate immune signalling is possibly also most im-

portant during the intial infection. Thus, incorporation of LF2 into the EBV virion could 

support the establishment of latency, while allowing the transient expression of the 

immediate-early genes and subverting the cell’s innate immune response.           

6.2 Rta binding to lytic gene promoters  

The second part of this thesis presents a detailed characterization of Rta binding to 

the EBV genome during viral replication. This analysis supports the conclusion that 

direct DNA binding is the most important mode of Rta early gene activation and rais-

es interesting questions about EBV late gene regulation. 

6.2.1 The high-confidence Rta-binding sites identified by Rta ChIP-seq are 

likely RREs  

The Rta ChIP-seq during early replication identified fifteen high-confidence binding 

sites within the B95-8 genome (Table 1). These peaks include four of the five known 

early gene promoter RREs (26, 80) and demonstrate that the BHLF1/BHRF1, 

BMLF1, BMRF1, and BALF2 RRE are indeed occupied by endogenous Rta during 

early viral replication (Fig. 12C and 14) (26, 80). The lone early gene RRE for which 

we did not observe a peak was in the BaRF1 promoter. This BaRF1 RRE has been 

shown to bind Rta by EMSA and to confer weak Rta responsiveness onto the herte-
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rologous E4 promoter, but has not been evaluated as an RRE in the context of its na-

tive transcriptional start site (26). The chromatin state of the BaRF1 promoter, for ex-

ample, might not allow Rta binding to the BaRF1 RRE during early replication. Seven 

of the remaining eleven Rta ChIP-seq peaks were within 2 kb upstream sequence 

from the transcription start sites of the genes BFLF2, BFRF0.5, BORF2, BBLF2/3, 

BGLF4, BGLF3, and BALF5. The following observations suggest that the identified 

Rta binding sites likely function as RREs for those genes: First, the ChIP technique 

applied here enriches for direct Rta DNA-binding events. While known Rta-binding 

sites were reliably detected, the unbiased Rta ChIP-seq did not detect Rta interac-

tions with Rp or Zp. Small-scale ChIPs confirmed the limited Rta presence at these 

promoters. These results do not exclude indirect Rta interactions with Zp or Rp (22, 

136), but suggest that our Rta ChIP assay preferentially identifies direct Rta-DNA in-

teractions. Additionally, the Rta ChIP-seq peak centers are significantly closer to in 

vitro Rta-binding consensus sites than expected for a random distribution of peaks, 

providing in vivo evidence for the GNCCN9GGNG consensus (60). Finally, our data 

establish a correlation between Rta binding and transactivation, because genes 

downstream of the Rta ChIP-seq peaks are significantly enriched for Rta-responsive 

genes as previously defined.  

6.2.2 Rta activates the EBV DNA polymerase promoter through DNA binding  

To test the hypothesis that the novel Rta binding sites in the EBV genome are RREs, 

we focused on the DNA polymerase promoter (BALF5p). This promoter is a suitable 

candidate to disprove our hypothesis, since BALF5p had previously been reported to 

be activated by Rta through E2F and USF sites (101), but was occupied by Rta in the 

Rta ChIP-seq. The proximal 250 bases of the BALF5p characterized in the literature 

were covered by the Rta ChIP-seq peak, and partial deletion of this site had pre-

viously reduced the promoter activation by 60% (51). Rta occupancy at BALF5p was 

confirmed in ChIP-qPCR assays (Fig. 17A). To focus our studies on the region occu-

pied by Rta, we cloned a smaller portion of the BALF5p (-376/+16). Rta activation of 

this promoter was dependent on Rta DNA binding (Fig. 17B). While we can not ex-

clude that Rta activates BALF5p also through cellular transcription factors, our obser-
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vations suggest that the proximal region of BALF5p (-376/+16) contains an RRE and 

requires Rta DNA-binding for its activation. 

6.2.3 Rta binding to late gene promoters is temporally regulated  

Even so this analysis of Rta binding primarily focused on the early replication cycle, it 

yielded insights into the activation of late genes by Rta. Our observation that the Rta 

ChIP-seq did not identify peaks at known Rta-responsive late gene promoters, such 

as the BLRF2 promoter (4, 42, 133, 141), raised the question whether Rta interacts 

with late gene promoters only at late times or can not be detected there by ChIP. At a 

late time point, however, Rta binding to the BRLF2 and BFRF3 promoters could be 

observed by ChIP-qPCR, but this binding was not dependent on new DNA replica-

tion. Previous work has shown that EBV late gene regulation, like that of alphaher-

pesviruses, is determined primarily by sequences near the TATA box and appears to 

require an origin of lytic replication in cis (4, 73, 150). Our results suggest, in addition 

to proximal elements responsible for late gene regulation, that Rta binding to late 

gene RREs is temporally regulated, which raises the question of how the delayed re-

cruitment of Rta to late promoters is regulated. That synthesis of new viral DNA is not 

required for Rta interactions with late promoters narrows down the possibilities for cis 

or trans signals that direct Rta to late promoters (4, 141). Chromatin changes in the 

parental episome, viral or cellular gene expression independent of viral DNA replica-

tion (7, 86, 151, 153) (78), Rta modifications such as sumoylation (23, 67), or translo-

cation of the episome to and from nuclear sites, such as PML bodies (5), might play a 

role in the recruitment of Rta to late gene promoters.  

However, there must be events downstream of Rta promoter recruitment that deter-

mine late gene expression. These events are possibly most important for true-late 

genes, such as BFRF3, that absolutely require viral DNA replication in order to be 

expressed, since Rta recruitment to the BFRF3 promoter was not sufficient for 

BFRF3 protein expression. The BLRF2 gene belongs to the subclass of late genes, 

sometimes referred to a leaky-late (delayed-early) genes, which are dramatically 

upregulated upon viral replication, but can be expressed in the absence of DNA repli-

cation. In agreement with studies done in the replication incompetent Raji cell line 
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(133), the BLRF2 protein was detected in our system despite the block of viral DNA 

synthesis. 

6.2.4 Rta-responsive early genes are predominantly activated by Rta DNA 

binding 

In summary, this study represents the most comprehensive analysis of EBV early 

gene promoter RREs undertaken to date. Four of the five previously identified early 

gene RREs and a large number of peaks upstream of Rta-responsive early genes 

were captured. Therefore, we conservatively estimate to have identified at least half 

of all early promoter RREs, suggesting that direct DNA binding is the most important 

mode of Rta early promoter activation in early replication. Since LF2 sequesters Rta 

outside of the nucleus (Fig. 8) (67) and, thus, prevents Rta from binding to cognate 

DNA in the nucleus (19), we predict that LF2 decreases activation of most of the Rta-

dependent early genes. In contrast, LF2 does not inhibit Rta-mediated activation of 

Zp or Rp (Fig. 6) (67), where we detected little or no Rta binding (Fig. 13). Because 

LF2 might have a strong impact on Rta binding to early gene promoters, future stu-

dies will need to contrast Rta binding observed in LF2-positive genomes with that ob-

served here. In Akata cells, the LF2 transcript becomes detectible at 8 h post induc-

tion (156). Thus, it is unlikely, for the 6 h time point studied here, that Rta binding to 

wild-type EBV genomes differs significantly from that observed in B95-8 EBV used 

for our experiment (129).  

This thesis reveals that LF2 regulates Rta promoter activation by altering Rta subcel-

lular localization. Furthermore, it provides evidence that Rta binding to early gene 

promoters is the most important mechanism of Rta-dependent early gene activation. 

Altering the subcellular localization of Rta is likely to exert profound effects on Rta 

target gene activation during the early replication cycle. Thus, the subcellular locali-

zation of Rta is a potential therapeutical target in order to modulate EBV gene ex-

pression during active replication. For instance, treatments that target EBV-specific 

proteins in EBV-infected tumor cells, which have been reactivated for lytic replication, 

might be more effective, if early gene expression is extended or enhanced by block-

ing the interaction of Rta and LF2.  
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7 Materials and Methods 

7.1 Cell culture 

293T is a human embryonic kidney cell line and was cultured in Dulbecco’s modified 

Eagle’s medium (Gibco, Grand Island, NY) supplemented with L-glutamine (Gibco), 

penicillin-streptomycin (Gibco) and 10% (v/v) fetalplex (Gemini Bio-Products, West 

Sacramento, CA). The B95-8 Z-HT cell line was derived by stable expression of Z-HT 

in the EBV-transformed cotton-top tamarin cell line B95-8 as previously described 

(82). The P3HR1 Z-HT cell line was constructed by stable expression of Z-HT in the 

human Burkitt’s lymphoma cell line P3HR1, which is infected with non-transforming 

replication-competent EBV, as previously decribed (19). The B95-8 Z-HT and P3HR1 

Z-HT cells were cultured in RPMI 1640 medium (Gibco) supplemented with L-

glutamine, penicillin-streptomycin and 10% (v/v) fetalplex. B95-8 Z-HT pCEP4-GFP 

and pCEP4-Flag-LF2 cells were derived from B95-8 Z-HT cells that had been trans-

fected with pCEP4-GFP or pCEP4-Flag-LF2 plasmids, followed by continous hygro-

mycin selection. B95-8 Z-HT cells were induced for lytic replication at a density of 3 x 

105 cells/ml by addition of 300 nM 4-hydroxytamoxifen (4HT) (Sigma, St. Louis, MO). 

7.2 Plasmids 

pcDNA3-Rta, dsRed-HA-Rta, pFLAG-LF2, pGL3-BALF2, pGL3-BMLF1 and pGL3-

BMRF1, pGK-BGal, and the GAL4 reporter plasmid have been described previously 

(19, 20). The promoters of BZLF1 (-221/+13, B95-8 nt103182-103415), BRLF1 (-

299/+59, B95-8 nt106123-106480), BLRF2 (-349/+28, B95-8 nt88548-88924), 

BFRF3 (-727/+128, B95-8 nt60585-61439) and BALF5 (-376/+16, B95-8 nt156859-

157250) were amplified from B95-8 genomic DNA using Pfu DNA polymerase (Stra-

tagene, La Jolla, CA) and cloned into the pGL3 promoter (Promega, Madison, WI). 

pRL-EF1 was constructed by cloning the human elongation factor-1 alpha promoter 

into the pRL-null reporter control vector (Promega). pcDNA3-His-SUMO3 was con-

structed by inserting a double stranded oligo into the KpnI/BamHI sites of pcDNA3-

HA-SUMO3 (19) that replaces the HA tag with the 6xHis tag containing sequence 

GGTACCATGGGCAGCAGCCATCATCATCATCATCACGGATCC. pcDNA3-Rta 
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4KR, pcDNA3-Rta 4KR-AD, and pcDNA3-Rta K156A were constructed from 

pcDNA3-Rta with Quickchange site directed mutagenesis (Stratagene) using oligos 

containing the appropriate point mutations. Single lysine revertant mutants K530, 

K517, K446, and K426 were constructed from pcDNA3-Rta 4KR-AD.  pcDNA3-Rta-

V5 was constructed by cloning an oligo encoding the V5 epitope 

(GTACGGGTAAGCCTATCCCTAACCCTCTCCTCGGTCTCGATTCTACGCGTACC

GGTTAGTAATGATCTAG) downstream of the Rta ORF in pcDNA3-Rta. pcDNA3-

Rta-d476-519-V5 was produced by generating the 476-519 deletion by site overlap 

extension and cloning it into pcDNA3-Rta-V5. pGAL4-VP16 was constructed by PCR 

amplifying the VP16 activation domain from pVP16 and cloning it into the MluI and 

XbaI site of pM. GAL4-Rta480-501-VP16, GAL4-Rta500-526-VP16, GAL4-Rta527-

550-VP16, were produced by amplifying the appropriate Rta residues by PCR and 

inserting the fragments into the EcoRI and MluI sites of pGAL4-VP16.  

Enzymes for molecular biology applications and the DH5 alpha cloning strain were 

from New England Biolabs (NEB, Ipswich, MA). DNA was analyzed by DNA gel elec-

trophoresis in TAE buffer (40 mM Tris [pH 8.5], 20 mM acetic acid, 1 mM EDTA). The 

QIAquick PCR purification and gel extraction kits (Qiagen, Hilden, Germany) were 

used for cloning. Plasmids were prepared using the QIAprep Spin Miniprep and 

Plasmid Maxi kit (Qiagen) according to the manufacturer’s instructions. All plasmids 

used in this study were sequenced. The amount of plasmid was quantified with a Hi-

tachi U-2000 Spectrophotometer (Hitachi Instruments, Pleasanton, CA).  

7.3 Antibodies 

The following antibodies were used for Western blotting, immunofluorescence and 

immunoprecipitations: Mouse monoclonal antibodies against HA (16B12; Covance, 

Emeryville, CA), Flag (M2; Sigma, St. Louis, MO), V5 (V5-10; Sigma), VP16 (1-21; 

Santa Cruz Biotechnology, Santa Cruz, CA), EBV Rta (8C12; Argene, Varilhes, 

France), EBV BMRF1 (R3; Chemicon), Glyceraldehyde-3-Phosphate Dehydrogenase 

(GAPDH, 6C5; Millipore, Bedford, MA), and alpha-tubulin (B-5-1-2; Sigma); rat mo-

noclonal antibody against EBV BFRF3 (VCA-p18,  generous gift from Jaap Middle-

dorp, VU University Medical Center, Amsterdam, The Netherlands); goat polyclonal 

http://www.millipore.com/coa/tech1/7qxujs
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anti-lamin B (C-20; Santa Cruz); rabbit polyclonal anti-BRG1 (H-88; Santa Cruz) and 

against EBV BLRF2 (SLO25-1, generous gift from George Miller, Yale University 

School of Medicine, New Haven, CT). Polyclonal anti-LF2 rabbit sera were raised 

against LF2 aa 26 to 44 and LF2 amino acids 406 to 419 and affinity purified (Open 

Biosystems, Huntsville, AL). 

7.4 Western blot analysis 

Protein samples were boiled in Laemmli buffer for 5 min and size-separated by so-

dium dodecyl sulphate (SDS)-polyacrylamide gel electrophoresis according to the in-

structions by Laemmli (94). Briefly, electrophoresis was carried out in a Mini PRO-

TEAN Tetra system (Bio-Rad) with SDS running buffer (25 mM Tris, 192 mM glycine, 

0.1% (w/v) SDS) at 200 V for 1 h. Separation gel and stacking gel compositions are 

listed in Table 2.  

Table 2. Composition of SDS-PAGE gels. Volumes are for a total of two gels each. 

  

 

 

 

 

 

Electrophoretic transfer onto Trans-Blot nitrocellulose membrane (Bio-Rad) was per-

formed with a Criterion Blotter (Bio-Rad) in transfer buffer (25 mM Tris, 192 mM gly-

cine, 20 % (v/v) methanol) at 100 V for 1 h. The blots were blocked in 4 % (w/v) skim 

milk in wash buffer (10 mM TrisHCl pH 7.6, 50 mM NaCl, 1.25 mM EDTA, 0.1 % (v/v) 

Tween 20) for 1 h at room temperature and probed with appropriate antibodies di-

luted in 1 % (w/v) bovine serum albumin (BSA) in wash buffer containing 0.3 mM so-

dium azide either for 1 h at room temperature or over night at 4 °C. All washing steps 

were performed in wash buffer on a shacking platform for at least 5 min at room tem-

perature. The blots were washed three times and incubated with the appropriate 

Chemical  Separating gel 10% Separating gel 12% Stacking gel 

3 M Tris, pH 8.8 1.25 ml 1.25 ml - 

1 M Tris, pH 6.8 - - 625 l 

30% Acrylamide 3.33 ml 4.00 ml 833 l 

H2O 5.32 ml 4.65 ml 3.5 ml 

10% (w/v) SDS 100 l 100 l 50 l 

10% (w/v) APS 55 l 55 l 35 l 

TEMED 16 l 16 l 15 l 
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horseradish peroxidase conjugated secondary antibodies secondary antibodyies 

(Jackson Immuno Research, West Grove, PA). Secondary antibodies were diluted 

1:5000 in 2 % (w/v) skim milk in wash buffer and incubated on the membrane for 45 

min at room temperature. The blots were washed four times, developed with chemi-

luminescence reagent (Perkin Elmer, Waltham, MA) and visualized on a KODAK Im-

age Station 4000R (Kodak Molecular Imaging Systems, Rochester, NY). 

7.5 Immunoprecipitation 

For anti-Flag immunoprecipitations, 293T cells were seeded in 6-well plates and 

transfected with 1 μg of total DNA using Effectene transfection reagent (Quiagen, 

Hilden, Germany) according to the manufacturer’s instructions. 48 h after transfec-

tion, cells were washed with ice-cold PBS and lysed in high-salt NP-40 lysis buffer 

(1% (v/v) Igepal CA-630, 40 mM TrisHCl [pH7.5], 300 mM NaCl, and 10 mM MgCl2) 

containing EDTA-free Complete protease inhibitor (Roche, Mannheim, Germany). 

Lysates were cleared by centrifugation at 10,000  g for 10 min. Supernatants were 

diluted 1:1 with 1% (v/v) NP-40 and precleared with Sepharose CL-6B (Sigma) for 2 

h at 4°C. Input samples were taken, before incubation with anti-Flag M2 agarose 

(Sigma) overnight at 4°C. The beads were washed extensively with NP-40 lysis buf-

fer (1% (v/v) Igepal CA-630, 20 mM TrisHCl [pH 7.5], 150 mM NaCl, and 5 mM 

MgCl2) and eluted with 0.4 mg/ml Flag peptide (Sigma) in NP-40 lysis buffer for 30 

min at 4°C. The eluates were separated from beads using micro Biospin chromato-

graphy columns (Bio-Rad) and analyzed by Western blotting. 

For anti-LF2 immunoprecipitations, B95-8 Z-HT and P3HR1 Z-HT cells were induced 

for replication with 4HT. 72 h after induction, cells were processed and lysed as for 

anti-Flag immunoprecipitations. Precleared lysates were immunoprecipitated with 

rabbit anti-LF2 serum overnight at 4°C. Anti-LF2 antibody immunocomplexes were 

captured with Protein G (GE Healthcare, Uppsala, Sweden) for 2 h at 4°C. The beads 

were washed extensively with NP-40 lysis buffer. The immunoprecipitated proteins 

were eluted by boiling the bead suspensions for 5 min in Laemmli buffer and ana-

lyzed by Western blotting. 
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7.6 Sumoylation assays 

293T cells were seeded in 6-well plates and transfected with 1.5 μg of total DNA us-

ing Effectene transfection reagent. The sumoylation assay was performed as de-

scribed elsewhere (81, 144). Briefly, after 48 h, the cells were washed and resus-

pended with ice-cold phosphate-buffered saline (PBS). A fraction was taken and pre-

pared as total-cell lysates (input). Remaining cells were lysed in lysis buffer (6 M gu-

anidinium-HCL, 100 mM sodium phosphate buffer [pH 8.0], 10 mM 2-

mercaptoethanol) containing 5 mM imidazole and sonicated. His-SUMO modified 

proteins were purified by nickel affinity chromatography using nickel-nitrilotriacetic ac-

id (NTA) agarose (Qiagen). The agarose was incubated with the lysates for 2 h at 

25°C, washed with lysis buffer and 8 M urea wash buffers (8 M urea, 10 mM Tris, 0.1 

M sodium phosphate buffer [pH 8.0], 10 mM 2-mercaptoethanol, and 8 M urea, 10 

mM Tris, 0.1 M sodium phosphate buffer [pH 6.3], 10 mM 2-mercaptoethanol with 0-

0.2% (v/v) Triton X-100) and eluted with elution buffer (250 mM imidazole, 150 mM 

Tris [pH 6.8]) for 30 min at 25°C. The input samples and eluates were analyzed by 

Western blotting.  

7.7 Reporter assays 

293T cells were seeded in 6-well plates and transfected with up to 1.0 μg of total 

DNA using Effectene transfection reagent. After 48 h, cells were washed and har-

vested in PBS. Cells were lysed in reporter lysis buffer (Promega), followed by one 

freeze-thaw cycle on dry ice and at 37°C, respectively. Reporter assay lysates were 

clarified by centrifugation. Firefly luciferase (Luciferase assay system; Promega) and 

β-galactosidase (Galacto-Light Plus System; Applied Biosystems, Bedford, MA) val-

ues were measured using an Optocomp I luminometer (MGM Instruments, Hamden, 

CT). Luciferase assays were controlled for experimental variability by correction with 

the β-galactosidase activity. The data presented in figures 7D and 8 were obtained 

using the Dual-luciferase reporter assay system (Promega). Firefly luciferase and re-

nilla luciferase values were measured using an LMax II384 luminescence microplate 

reader (Molecular Devices, Sunnyvale, CA). Firefly luciferase reporter values were 

corrected with the renilla luciferase values. 
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7.8 Immunofluorescence analysis 

293T cells were grown on glass coverslips coated with Poly-D-lysine (BD Bios-

ciences, San Jose, CA). 0.5 to 1.0 μg of total DNA was transfected with Effectene. 

After 48 h, cells were subjected to Draq5 (Biostatus Limited, Shepshed, UK) DNA 

staining, fixed with 1% (w/v) paraformaldehyde in PBS and permeabilized with 0.1% 

(v/v) TritonX-100 in PBS containing 1 mM glycine. Cells were blocked with 5% fetalp-

lex in PBS and incubated with primary antibodies diluted in PBS plus 1% (w/v) BSA. 

Secondary antibodies were goat Alexa Fluor 488 and Alexa Fluor 568 (Molecular 

Probes, Eugene, OR) and diluted in PBS plus 1% (w/v) BSA. The coverslips were 

mounted with ProLong Gold antifade reagent (Molecular Probes). Images were taken 

with a laser scanning Zeiss Axioskop PCM 2000 using a plan-apochromatic 1.40 NA 

63  objective (Zeiss, Germany) and are single confocal slices.  

7.9 Subcellular fractionation 

For crude cytoplasmic nuclear fractionations (39), 293T cells were transfected with 

0.5 μg of LF2 and 0.5 μg of Rta expression plasmids using  Effectene. Cells were 

washed and gently dislodged with ice-cold PBS. Cells were swollen in hypotonic buf-

fer (10 mM Hepes [pH 7.9], 10 mM KCl, 1.5 mM MgCl2, 5 mM Dithiothreitol, 0.5 mM 

PMSF, 10 μg/ml Aprotinin) for 1h on ice, homogenized by 20 dounce strokes using a 

tight pestle and pelleted at 350  g. 1% of supernatant and pellet were analyzed by 

Western blotting. The pellet fraction was lysed with isotonic NP-40 buffer (1% (v/v) 

Igepal CA-630, 20 mM Tris-HCl [pH 7.5], 150 mM NaCl, and 5 mM MgCl2) containing 

Complete protease inhibitor (Roche). 2% of NP-40-soluble lysate and NP-40-

insoluble pellet were analyzed by Western blotting.  

Subcellular fractions were also generated from transfected 293T cells, B95-8 Z-HT, 

and P3HR1 Z-HT cells using a commercially available sequential extraction proce-

dure (Pierce, Rockford, IL) according to the manufacturer’s instructions. 20% of each 

of the five final fractions was analyzed by Western blotting.  
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7.10 Chromatin immunoprecipitation (ChIP) 

B95-8 Z-HT cells were treated with 4HT for 6 h or PAA and/or 4HT for 24 h prior to 

Chromatin immunoprecipitation (ChIP). ChIP assays were performed following the 

Millipore ChIP assay kit protocol (Millipore). Briefly, 1x106 cells were used per ChIP. 

Cells were fixed in 1% (w/v) formaldehyde (Sigma) for 10 min at 37ºC, followed by 

two washes with PBS. Cells were lysed in 1 ml of lysis buffer (50 mM Tris-HCl [pH 

8.1], 10 mM EDTA, 1% [w/v] SDS, PMSF, leupeptin, aprotinin) for 10 min on ice be-

fore extensive sonication using a 550 Sonic Dismembrator (Fisher Scientific, Pitts-

burgh, PA). After extract clearing by centrifugation, supernatants were diluted 1:10 in 

dilution buffer (16.7 mM Tris-HCl [pH 8.1], 1.2 mM EDTA, 167 mM NaCl, 1.1% [v/v] 

Triton X-100, 0.01% [w/v] SDS, PMSF, leupeptin, aprotinin) and incubated with pro-

tein A-sepharose 4B (Sigma) for 1 h with rotation at 4ºC. Protein A-sepharose was 

spun out and supernatants were used in ChIP experiments. Input DNA (25%) was 

stored at -20ºC until elution of samples. 4 μg of monoclonal Rta antibody (8C12) 

were added per 1x106 cells and incubated overnight at 4ºC with rotation. After incu-

bation, 65 μl of salmon sperm DNA/protein A agarose (Millipore) was added to each 

sample and incubated for 2 h at 4ºC with rotation to capture the antibody. Samples 

were then centrifuged and protein A-beads washed once with cold low salt wash buf-

fer (20 mM Tris-HCl [pH8.1], 2 mM EDTA, 150 mM NaCl, 1% [v/v] Triton X-100, 0.1% 

[w/v] SDS), twice with high salt wash buffer (20 mM Tris-HCl [pH8.1], 2 mM EDTA, 

500 mM NaCl, 1% [v/v] Triton X-100, 0.1% [w/v] SDS), twice with LiCl wash buffer 

(10 mM Tris-HCl [pH8.1], 1 mM EDTA, 0.25 M LiCl, 1% [v/v] NP40, 1% Deoxycholic 

acid), and finally twice with TE buffer (10 mM Tris-HCl [pH8.1], 1 mM EDTA).  Beads 

were then resuspended in 250 μl of elution buffer (0.1 M NaCOH3, 1% [w/v] SDS) 

and rotated for 15 min at room temperature. Two rounds of elution of protein-DNA 

complexes were pooled and NaCl was added to the samples and inputs at a final 

concentration of 200 mM NaCl and heated at 65ºC for at least 4 h. DNA was purified 

using the QIAquick PCR purification kit and quantified with the Power SYBR Green 

PCR master mix (Applied Biosystems, Warrington, UK) using a 7300 Real Time PCR 

system (Applied Biosystems). Purified inputs were serially diluted to 5, 1, and 0.2% 

and used in real-time PCR reactions for standardization. Thermal cycling conditions 
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were: 1 cycle of 10 min Taq polymerase activation at 95ºC, 40 cycles of 15 sec dena-

turation at 95ºC and 60 sec elongation at 60ºC. The specificity of PCR product forma-

tion was monitored by dissociation curve analysis. The primers used for real-time 

PCR are listed below (Table 3).  

Table 3. The following primers were used for real-time PCR. 

Site Orientation Sequence 

BALF2p-RRE Forward  TGTGGTCATCCAGGTAGTTTCGCA 

  Reverse ACTACGACTACTGGTCGCGGCT 

BALF2p-CTL Forward  CAACGCCCGGGTCCTTGCTA 

  Reverse AAAGGAGGACATGCGAGAATTGGC 

BMLF1p-RRE Forward  GAGGGCCAGATGCAGGAGCTGA 

  Reverse GTGGAGAATGTCTGCGCCATGATA 

BMLF1p-CTL Forward  TAGTCACTGGTGAGGTGGAGC 

  Reverse GGTGACACCAAGTCCATCTCCAT 

BMRF1p-RRE Forward  ATCGCATCCTGGGTGACATTGGT 

  Reverse TGATGCTAGTCATGTAGGTGAGCG 

BMRF1p-CTL Forward  AGCATGGCAACGACCAGTCATGT 

  Reverse GGTCTGAGTTGGCCTTGACCTTTA 

Zp-3 Forward  CATGCAGCAGACATTCATCATTTAGA 

  Reverse CCATTTGGACGAACTGACCACAAC 

Zp-2 Forward  CCATGCATATTTCAACTGGGCTGTC 

  Reverse GGTGTGTCTATGAGGTACATTAGCA 

Zp-1 Forward  CACGTCCCAAACCATGACATCACA 

  Reverse GGCAAGGTGCAATGTTTAGTGAGT 

Rp-3 Forward  TCCAGGGACGATTTAATCCCAGC 

  Reverse AGGTCTCACCTGGAATAACACCCA 

Rp-2 Forward  TCTACCAGATGTTGGGAGGGCATT 

  Reverse TTCGCGATGCTATAAACCAGACCC 

Rp-1 Forward  CCCATGTGATGGTCAGGGTTT 

  Reverse AAAGGCCGGCTGACATGGATTACT 

BALF5p-1 Forward  ATGGGATTAATGCCTGGACCCTCA 

  Reverse AGCAGCCGGTGCAGATGCTCTA 

BLRF2p-2 Forward  GGGAAGGTCCTAAGAAAGCCGTTT 

  Reverse CCGCGTTTGTGGGACTGGAA 

BLRF2p-1 Forward  ACTGAAGCCCAGGACCAGTTCTA 

  Reverse TAAGACAAGCGTCAGAAGTGCCCA 

BFRF3p-2 Forward  TGGACTGCGGTTACTGCTTGAACT 

  Reverse AGGTCAGCACATGCTTCTCCTTCT 

BFRF3p-1 Forward  TCCCGCCTCTTGGATGCCATCAT 

  Reverse CTGGCCTCTGTCCGCAAAGTTAAA 

CTLsite Forward  ATCTACCTCGGTTGTGCAGGAA 

  Reverse AGGTGGGCATCTTCTGCTTCCTTT 
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7.11 Chromatin immunoprecipitation followed by sequencing (ChIP-seq) 

The ChIP protocol described above was scaled up for subsequent Illumina sequenc-

ing (ChIP-seq). The large-scale ChIP deviated from the small-scale ChIP as follows: 

450 x106 cells were cross-linked, washed and lysed at a density of 25x106 cells/ml. 

Immunoprecipitation was carried out with 160 μg of monoclonal Rta antibody (8C12). 

The immunocomplexes were captured with a total of 900 μl of salmon sperm 

DNA/protein A agarose, which was washed once with every wash buffer and twice 

with the TE buffer. After elution and DNA purification, libraries were built from the 

chromatin-immunoprecipitated DNA as well as from an input sample (0.2%) using the 

ChIP-Seq DNA sample prep kit (Illumina, San Diego, CA). Single-end reads of 50 

base pair length were sequenced on an Illumina HiSeq2000 platform (Illumina). Li-

brary preparations and Illumina sequencing were performed by The Center for Can-

cer Computational Biology, Dana-Farber Cancer Institute, Boston, MA. Sequence 

reads were mapped to the B95-8 genome using the aligner Mapping and Assembly 

with Qualities (MAQ) (97) und displayed with the UCSC genome browser (89). Posi-

tion-specific read depth was calculated by summing the first 36 bp of all forward and 

reverse reads at each location in the EBV genome. Rta ChIP-enriched regions were 

identified using the SPP software package (91) with the foreground window size set 

to 500 bp and the p-value threshold of 0.01 (enrichment score). High-confidence 

peaks were defined as Rta ChIP-seq peaks with a read depth of at least 600 and an 

enrichment score of higher than 0.1.  

7.12 Quantification of viral DNA amplification by real-time PCR 

Cells were resuspended in 75 μl of HE buffer (10 mM HEPES pH 7.9, 1 mM EDTA) 

and boiled at 95ºC for 5 min. Lysates were digested with 1 μl of proteinase K (10 

mg/ml) at 37ºC for 12 h, followed by proteinase K inactivation at 95ºC for 20 min. 

EBV DNA was quantified with the 7300 Real Time PCR system and the Power SYBR 

Green PCR master mix as decribed above using primers specific for the BMLF1 RRE 

(Table 3) and corrected with the relative amount of cellular DNA as quantified by real-

time PCR.   
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9 Abbreviations 

 

aa   amino acids 

AP-1   activating protein 1  

APS   ammonium persulfate 

BALF2p  BALF2 promoter (BALF2 encodes the single-stranded DNA binding protein) 

BALF5p  BALF5 promoter (BALF5 encodes the DNA polymerase) 

BFRF3p  BFRF3 promoter (BFRF3 encodes the smallest capsid protein) 

BLRF2p  BLRF2 promoter (BLRF2 encodes the tegument protein VCA-p23) 

BMLF1p  BMLF1 promoter (BMLF1 encodes, together with BSLF2, the SM protein) 

BMRF1p  BMRF1promoter (BMRF1 encodes the DNA polymerase processivity factor) 

bp   base pair(s) 

BSA    bovine serum albumin 

CaCl2   calcium chloride 

CBP/p300  CREB-binding protein  

ChIP chromatin-immunoprecipitation 

ChIP-seq chromatin-immunoprecipitation followed by sequencing  

°C   degree Celsius 

DMEM   Dulbecco’s minimum essential medium 

DNA   desoxyribonucleic acid 

ds   double stranded 

EBNA   Epstein-Barr virus nuclear antigen 

EBV   Epstein-Barr virus 

EDTA   ethylenediaminetetraacetic acid 

EF1   elongation factor 1 alpha 

FCS   fetal calf serum 

g   g-force 

GAPDH  glyceraldehyde 3-phosphate dehydrogenase 

h   hour(s) 

HEK   human embryonic kidney 

HEPES   4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HHV8   human herpesvirus 8 

HRP   horseradish peroxidase 

4HT   4-hydroxytamoxifen 
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IgG   immunoglobulin G 

kb   kilobase(s) 

KCl   Potassium chloride 

kDa   kilodalton 

LB   Luria bertani (medium) 

LCL   lymphoblastoid cell line 

LMP   latent membrane protein 

M   molar 

MgCl2   magnesium chloride 

µg   microgram(s) 

µl   microlitre(s) 

µm   micrometre(s) 

min   minute(s) 

mg   milligram(s) 

ml   millilitre(s) 

mM   millimolar 

MW   molecular weight 

NaCl   sodium chloride 

NLS   nulcear localization signal 

nm   nanometre(s) 

NP-40   nonyl phenoxypolyethoxylethanol (detergent) 

nt   nucleotide 

ORF   open reading frame 

PAA   phosphonoacetic acid 

PBS   phosphate buffered saline 

qPCR   quantitative PCR 

RNA   ribonucleic acid 

Rp   BRLF1 promoter 

RRE   Rta response element 

RT   room temperature 

Rta   replication and transcription activator  

sec   second(s) 

ss   single stranded 

SDS   sodium dodecyl sulphate 

SDS-PAGE  sodium dodecyl sulphate-polyacrylamide gel electrophoresis 

SUMO   small ubiquitin-like modifier 

TAE   tris-acetate-EDTA 
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TEMED   tetramethylethylenediamine 

Tris   trishydroxymethylaminomethane 

TSS   transcription start site 

Tween 20  poloxyethylenesorbitan monolaurate   

UV   ultra violet 

V    volt 

Z-HT   Zta fused to the 4HT-responsive estrogen receptor hormone binding domain 

Zp   BZLF1 promoter 

ZRE Zta response element
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