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Latent infection of B lymphocytes by Epstein-Barr virus (EBV) in vitro results in 

their immortalization into lymphoblastoid cell lines (LCLs); this latency program is 

controlled by the EBNA2 viral transcriptional activator that targets promoters via RBPJ, a 

DNA binding protein in the Notch signaling pathway. Three other EBNA3 proteins 

(EBNA3A, EBNA3B, and EBNA3C) interact with RBPJ to regulate cell gene expression. 

The mechanism by which EBNAs regulate different genes via RBPJ remains unclear. Our 

ChIP-seq analysis of the EBNA3 proteins analyzed in concert with prior EBNA2 and RBPJ 

data demonstrate that EBNA3A, EBNA3B and EBNA3C bind to distinct, partially 

overlapping genomic locations. Although RBPJ interaction is critical for EBNA3A and 

EBNA3C growth effects, only 30-40% of EBNA3 bound sites co-localize with RBPJ. Using 

LCLs conditional for EBNA3A or EBNA3C activity, we demonstrate that EBNA2 binding 

at sites near genes regulated by EBNA3A or EBNA3C is specifically regulated by the 

respective EBNA3. To investigate EBNA3 binding specificity, we identified sequences and 

transcription factors enriched at EBNA3A, EBNA3B, and EBNA3C bound sites. This 
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confirmed the prior observation that IRF4 is enriched at EBNA3A and EBNA3C bound 

sites and revealed IRF4 enrichment at EBNA3B bound sites. Using the IRF4 negative BJAB 

cell, we demonstrate that IRF4 is essential for EBNA3C, but not EBNA3A or EBNA3B 

binding to specific sites. These results support a model in which EBNA2 and EBNA3s 

compete for distinct subsets of RBPJ sites to regulate cell genes and where EBNA3 subset 

specificity is determined by interactions with other cell transcription factors. Finally, we 

examined changes in the H3K27me3 mark that is believed to mediate EBNA3 repression of 

cell genes. Surprisingly, we observed no correlation between changes in this mark with 

EBNA3A or EBNA3C binding upon EBNA3A or EBNA3C inactivation. Furthermore, 

EBNA3 bound sites were characterized by activating (H3K4me3 and H3K9ac) histone 

marks. This suggests that EBNA3 proteins may exert their transcriptional effects through 

indirect mechanisms. We performed H3K27me3 ChIP-seq analysis in the presence and 

absence of EBNA3C activity to determine the exact locations that undergo this mark change 

in response to EBNA3C activity. Our study represents the first genome-wide 

characterization of EBNA3A, EBNA3B and EBNA3C binding in LCLs; as well as the first 

genome-wide characterization of H3K27me3 pattern in response to EBNA3C activity. 

Moreover, our results suggest a mechanism by which EBNA3 proteins regulate distinct, but 

partially overlapping, sets of cell genes and provide a basis for understanding their role in 

lymphomagenesis. 
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EBV and its associated malignancies 

Epstein-Barr virus (EBV), a member of the gamma-herpes virus subfamily, is a 

highly successful human pathogen, infecting 90-95% of the adult human population (1). It is 

the first human tumor virus discovered, having been isolated from Burkitt lymphoma cells 

in 1964 by Epstein and colleagues (2). EBV is primarily transmitted via saliva and in 

healthy immunocompetent individuals it establishes a life-long latent infection in 

B-lymphocytes (3, 4). EBV transformation of B lymphocytes in vitro is an important model 

system for understanding oncogenesis. This propensity to transform cells is usually 

controlled by an intact immune response, making EBV cancers rare in immunocompetent 

individuals. Nevertheless, EBV’s high seroprevalance makes it a major human carcinogen 

(5, 6). Epidemiological studies estimate the global burden of mortality from EBV-attributed 

malignancies to be equal to 1.8% of all cancer deaths (7). To date, EBV has been causally 

linked to Burkitt lymphoma (BL), Hodgkin lymphoma (HL), gastric (GC) and 

nasopharyngeal (NPC) carcinomas, and post-transplant lymphoproliferative disorder (PTLD) 

(8). There is currently no licensed EBV vaccine and no available antiviral therapy with 

demonstrated efficacy in treating EBV-associated cancers.  

        

EBV transformed lymphoblastoid cell lines (LCLs) 

Much of what we know about EBV’s role in malignant transformation of cells 

derives from studies of its ability to transform B lymphocytes into indefinitely proliferating 

lymphoblastoid cell lines (LCLs) in vitro (2, 9). This transformation capacity of EBV has 

been widely used to establish ‘normal’ human B cell lines for genetic, epigenetic and 
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tumorigenesis studies. For example, the ENCODE (ENCyclopedia Of DNA Elements) 

project and the HapMap (haplotype map) project relied heavily on LCLs to study functional 

human genomics and genetics, respectively (10, 11). After several decades of study, we 

have gained tremendous knowledge about the general strategies used by EBV to drive 

resting B cells from quiescence into the active proliferation state, to promote survival of 

infected cells, to evade immune surveillance, and to regulate the switch from latent infection 

to viral replication (12). However, fundamental questions about how EBV gene products 

manipulate B lymphocyte development to establish lifelong infection of its host remain.  

 

EBV latent gene products 

In LCLs and EBV associated cancers, EBV does not replicate and gene 

expression is restricted to so-called “latency genes”. EBV latency genes encode 6 nuclear 

proteins (EBNAs), 3 membrane proteins (LMPs) and non-coding RNAs (EBERs and 

microRNAs) (8). Expression of this full complement of latency genes is referred to as 

latency III, though some EBV associated tumors express more restricted subsets of genes 

termed latency I and II (Table I.1).  

EBV latent membrane proteins are multi-pass membrane proteins that lack 

extracellular domains, but signal constitutively through their cytoplasmic tails. LMP1 

induces B cell proliferation by mimicking activated CD40 signaling, activating the NF-κB 

pathway as well as JAK/STAT, ERK/MAPK, IRF and Wnt (13-19). LMP2A is a B cell 

receptor (BCR) mimic (20). Therefore, EBV latent membrane proteins mimic two signals 

that are critical for B cell development and function. LMP2A appears to provide survival 
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and developmental signal to B cells, and in some cases LMP2A can activate viral lytic 

replication (21-23). LMP2B is a splice variant of LMP2A that lacks the cytotoplasmic 

signaling tail. LMP2B co-localizes with LMP1 and LMP2A in the cytoplasmic membrane 

and several studies have suggested that LMP2B can enhance LMP1 signaling and negatively 

regulate LMP2A function (24, 25). 

EBV also encodes about 22 microRNAs derived from the non-coding BamHI A 

Rightward Transcripts (BART). Because the fully transforming B95.8 laboratory strain of 

EBV contains a deletion that eliminates 17 of 22 BART microRNAs, it was not clear 

whether these played a significant role in EBV oncogensis (26). However, it has long been 

known that the BARTs are highly expressed in many cancers, particularly NPC, and 

accumulating evidence suggested they exert important oncogenic effects in vivo. BARTs 

have been implicated in inhibition of apoptosis by regulating genes in apoptosis pathway, 

such as Caspase 3, PUMA and BIM. BARTs are also involved in immune evasion by 

modulating host cytokine networks (27-31). A second type of EBV non-coding RNAs 

(EBERs) is the most abundant EBV RNAs in latently infected cells. They are transcribed by 

RNA polymerase III and localize to the nucleus (32, 33). Several studies have suggested a 

role for EBERs in EBV associated cancer; however, EBV deleted for EBERs showed 

similar transformation efficiency and LCLs growth rate compared with wild type EBV 

(34-39). Thus, the exact role of EBERs in EBV biology is still mysterious.  

EBV nuclear proteins play a crucial role in EBV mediated transformation. 

EBNA1 is a DNA binding protein that ensures that the EBV episome is licensed for 

replication by the cellular machinery and, via bridging interactions with the EBV genome 
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and host chromosomes, ensures partitioning to daughter cells (40-42). Because EBNA1 is 

expressed in all EBV associated cancers, there has been considerable interest in determining 

if it has a direct oncogenic effect (reviewed in (43)). Though many potentially important 

mechanisms have been proposed for EBNA1 oncogenic effects, studies in animal models 

have been equivocal (44-47).  

EBNA2 is a strong transcriptional activator that up-regulates the other EBV 

latent gene products required for LCL growth, as well as cell oncoproteins such as c-MYC 

(48-51). EBNA-LP is co-expressed with EBNA2 soon after EBV infection in B cells from 

the Wp-initiated transcripts. Multiple isoforms of EBNA-LP with different numbers of 

W-repeat domains are produced during the early stage of Wp activation (52-54). EBNA-LP 

is thought to act as a co-activator of EBNA2 to potentiate its effects on cell and EBV 

promoters (55-58). Genetic studies support a role for EBNA-LP in EBV mediated 

transformation (59), but have yet to establish if co-activation explains this requirement. 

 

EBNA3 protein family 

Expressed only during latency III and in Wp restricted BL cells, EBNA3A, 

EBNA3B and EBNA3C comprise a protein family with no known homologues outside the 

primate lymphocryptoviruses (60-62). The EBNA3 proteins are approximately 1000 amino 

acids in size and share a similar exon structure. They are encoded in tandem in the EBV 

genome and exhibit approximately 40% homology of their N-terminal 300aa, suggesting 

they arose from triplication of a single ancestral gene (63, 64). Each EBNA3 protein 

contains multiple nuclear localization signals (NLS) and demonstrates an exclusively 
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nuclear distribution. They also associate tightly with chromatin and/or the nuclear matrix, 

but do not bind directly to DNA (65-70) (Figure I.1). An early indication that the EBNA3 

proteins were transcription factors was the demonstration that specific EBNA3 domains 

could mediate transcriptional repression or activation in heterologous reporter assay systems 

(71-73). 

Genetic studies using recombinant viruses indicated that EBNA3A and EBNA3C 

are essential for in vitro transformation of B cells into LCLs and maintain their continuous 

proliferation. By contrast, EBNA3B is dispensable for LCL formation and growth (74-77). 

However, in a mouse model of EBV lymphomagenesis, EBNA3B deleted EBV lead to 

development of aggressive diffuse large B cell lymphoma (DLBCL) not seen with wild type 

virus (78). These studies suggest that EBNA3B may be a tumor suppressor gene that is 

important in vivo for attenuating the oncogenic potential of EBV and ensuring long-term 

survival of infected host.  

 

EBNA3s, EBNA2 and RBPJ 

Shortly after EBNA2 was identified as an essential transactivator of viral and 

cellular genes during B cell transformation, it was found not to bind DNA by itself, but 

instead be targeted to EBNA2 responsive promoters by a cellular DNA sequence-specific 

transcription factor called RBPJ (Recombination Signal Binding Protein for 

Immunoglobulin Kappa J Region, also called RBP-Jκ, KBF2, CBF1 or CSL) (79-81). RBPJ 

is ubiquitously expressed and highly conserved during evolution. In Drosophila, it is known 

as Suppressor of Hairless Su(H). RBPJ/Su(H) is involved in the Notch signaling pathway, 
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which plays an essential role in cell fate decisions in all metazoan organisms (82). Upon 

Notch ligandation, the cytoplasmic tail of the Notch receptor is cleaved and intracellular 

Notch (ICN) is released. ICN translocates to the nucleus, where it interacts with RBPJ and 

replaces the co-repressor complexes which ultimately lead to downstream gene activation 

(83) (Figure I.3). Since EBNA2 could also interact with RBPJ to modulate gene expression, 

EBNA2 may be viewed as a functional homologue of ICN. In contrast, EBNA2 activation is 

ligand independent (49, 80, 84-87). Despite the functional similarities between ICN and 

EBNA2, ICN cannot fully substitute for EBNA2 to maintain LCL growth. Unlike EBNA2, 

ICN does not induce LMP1 or c-MYC expression and that may explain the inability of ICN 

to maintain proliferation of immortalized B cells (88-92).  

Remarkably, all of the EBNA3 proteins (EBNA3A, EBNA3B, and EBNA3C) 

were also found to bind to RBPJ. However, unlike EBNA2 which binds to RBPJ beta-trefoil 

domain via its “Notch-like” WΦP motif, EBNA3s bind to the RBPJ N-terminal domain 

(NTD) through their highly conserved “homology domains” (93-97). Immunoprecipitation 

experiments demonstrated that EBNA2, EBNA3A, EBNA3B, and EBNA3C all form 

distinct RBPJ complexes in LCLs (98). By gel shift assays, the EBNA3 proteins compete 

with EBNA2 for RBPJ binding (99). Furthermore, in transient reporter assays, each EBNA3 

protein can inhibit EBNA2 mediated activation of viral LMP2A and Cp promoters 

(100-102). This suggested that one role of the EBNA3s may act as functional antagonists of 

EBNA2, preventing uncontrolled up-regulation of the EBNA (Cp) promoter by EBNA2. 

This hypothesis was also supported by the observation that EBNA3A over-expression 

dissociated EBNA2 from RBPJ, down-regulated c-MYC and Cyclin D2 expression, and 
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lead to G0/G1 cell cycle arrest (76, 103). Interestingly, in the context of the LMP1 promoter, 

EBNA3C potentiates EBNA2 transactivation (104-107), suggesting a complex interplay 

exists among these RBPJ targeting EBNA proteins.  

An observation that reinforced the importance of RBPJ in EBV biology is that 

EBNA3A and EBNA3C mutants defective for RBPJ interaction are null for LCL 

proliferation and survival in vitro (77, 108, 109). However, it remains unclear if EBNA3 

interactions with RBPJ are important for limiting EBNA2 access to RBPJ, for targeting 

EBNA3 proteins to DNA, or both. In some assays EBNA3s destabilize RBPJ interaction 

with DNA and it has been suggested that the EBNA3 interaction with RBPJ serves only to 

limit EBNA2 access to RBPJ (93, 99, 101). However, this shared mechanism does not 

explain the unique requirement that both EBNA3A and EBNA3C must interact with RBPJ 

to maintain LCLs in a transformed state.  

 ChIP-seq (chromatin immunoprecipitation followed by high-throughput 

sequencing) studies have become a powerful tool to map transcription factor protein binding 

on a genome-wide scale. Several groups have published ChIP-seq studies for EBNA2, 

EBNA3A, EBNA3C and RBPJ localization in BLs and LCLs. An EBNA3C ChIP-seq study 

done by Jiang et al. showed that most EBNA2 sites coincided with RBPJ whereas 84% of 

EBNA3C sites were without significant RBPJ co-binding (110). They also claimed that the 

interaction of EBNA3C with RBPJ is not important for EBNA3C targeting; instead, the 

cellular TFs IRF4, BATF, SPI1 and RUNX3 play a central role. An EBNA3A ChIP-seq 

study done by Schmidt et al. reported that EBNA3A also showed minor concordance with 

RBPJ binding. They suggested that RBPJ may be unimportant for EBNA3A targeting to 
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DNA and instead claimed that EBNA3A is tethered to DNA through interactions with 

BATF-containing protein complexes (111). By contrast, a study done by Harth-Hertle et al. 

demonstrated RBPJ interaction did play a critical role in EBNA3A repression of the CXCL9 

and CXCL10 genes by allowing it to displace EBNA2 (112). McClellan et al. showed that, 

in MutuIII cells, 38% of EBNA2 bound sites are co-bound by one EBNA3 protein. They 

also claimed that 80% of EBNA3 proteins targeted genes were also targeted by EBNA2 

(113). However, no functional data was offered to support this assertion and the role of 

RBPJ in mediating EBNA3 binding was not explored. Because these prior studies have 

either focused on single EBNA proteins or studied them in non-LCL contexts, we conducted 

a complete survey of EBNA3 binding in LCLs and analyzed the data together with EBNA2 

and RBPJ ChIP-seq datasets. We observed that only 30-40% of EBNA3A, EBNA3B and 

EBNA3C bound sites are also bound by RBPJ. Furthermore, we found that sites exhibiting 

EBNA3/RBPJ co-localization were largely EBNA2 co-bound. This suggests that 

EBNA3-RBPJ interactions may primarily serve to limit EBNA2 binding and may be site 

specific. In Chapter III, I will discuss detailed studies which demonstrate that these EBNA3 

proteins regulate EBNA2 binding to distinct RBPJ sites in LCLs. 

 

EBNA3 gene regulation in BLs and LCLs 

Gene profiling studies done in BLs and LCLs using EBNA3 knockout, conditional 

or mutant viruses have demonstrated the host transcriptome is extensively regulated by 

EBNA3 expression (114-118). Using BL31 cells infected with EBV BACmids deleted for 

one or more EBNA3 genes, White et al. found over 1000 genes to be regulated by EBNA3s 
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(116) (Figure I.2A). Remarkably, a third of these genes are regulated by more than one 

EBNA3, indicating an extensive overlap of regulatory target among EBNA3 proteins. 

Microarray studies conducted in LCLs conditional for EBNA3A or EBNA3C activity 

showed that 52 of 287 genes regulated by EBNA3A regulated are also regulated by 

EBNA3C (114, 119) (Figure I.2B). The molecular mechanisms by which EBNA3s uniquely 

regulate some genes while cooperatively regulating others remain poorly understood.  

 

EBNA3 interacting proteins 

EBNA3 proteins have been reported to interact with many cellular proteins. 

Frequently these interactions were defined by the ability to bind to EBNA3 proteins in 

over-expression pull-down assays and/or yeast two-hybrid screens. EBNA3A and EBNA3C 

have been reported to associate with cell transcriptional co-activators such as prothymosin 

alpha (PTMA) and the p300 histone acetyltransferase (120, 121). EBNA3A and EBNA3C 

are also reported to interact with transcriptional repressors including histone deacetylases 

(HDACs) HDAC-1 and HDAC-2, the E1A C-terminal binding protein (CtBP), NCoR and 

Sin3A (110, 115, 122-124). Several studies indicated that EBNA3C can physically interact 

with a variety of cellular factors involved in the regulation of cell cycle progression, 

including SCF
SKP2

, RB, E2F1, Cyclin A, Cyclin E, Cyclin D1, Cyclin D3, CHK2 and 

Aurora kinase B; as well as factors involved in apoptosis, including p53, MDM2, ING4 and 

ING5 (125-134). Despite an extensive literature on putative EBNA3 interacting proteins, it 

remains to be fully determined which of these interactions are functionally important during 

B cell transformation in vitro or during B cell lymphomagenesis in vivo.   
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 To date, the most studied EBNA3 interacting protein is RBPJ which is 

absolutely required for EBNA3A and EBNA3C mediated growth effects (as detailed in the 

previous section). A second protein, the E1a C-terminal binding protein (CtBP) has also 

been shown to be required for EBNA3A and EBNA3C mediated p16INK4a repression, and 

is important, but less important than RBPJ for LCL growth. A recent study from our lab 

attempted to define other physiologic binding partners of EBNA3 proteins by purifying 

endogenous EBNA3A, EBNA3B, and EBNA3C complexes in LCLs and determining their 

protein composition by LC/MS/MS (98). This revealed that EBNA3 complexes contain a 

surprisingly limited repertoire of cell proteins: RBPJ, CtBP and the USP12/USP46 DUB 

complex with its chaperones WDR20 and WDR48. Although the role of the DUB complex 

is unknown, like RBPJ and CtBP, it was shown to bind to EBNA3 domains required for 

LCL growth. 

 

EBNA3s and cell cycle regulation 

The initial observation that EBNA3A and EBNA3C cooperate with oncogenic 

mutant Ras (Ha-Ras) in the transformation of primary rat embryo fibroblasts (REFs) 

indicated that EBNA3A and EBNA3C might possess anti-senescence activity, since Ha-Ras 

alone induces exit from the cell cycle to a state called “premature senescence” (135, 136). 

Additional evidence that EBNA3A and EBNA3C can disrupt the cell cycle includes that, in 

both rodent and human cells, constitutive over-expression of EBN3A or EBNA3C could 

induce a prolonged G0/G1 cell cycle arrest or aberrant cell division resulting in 

multi-nucleation, polyploidy and eventually cell death (76, 103, 137). Many of these effects 
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have been attributed to EBNA3s ability to interact with the cell cycle regulators as indicated 

in the previous section. 

The most direct and compelling evidence that EBNA3A and EBNA3C play a key 

role in regulating cell cycle entry came from a study using LCLs established with 

recombinant EBV encoding conditional EBNA3A or EBNA3C (138). In this study, 

inactivation of either EBNA3A or EBNA3C activity resulted in accumulation of the 

CDKN2A gene products p16INK4a and p14ARF. This occurred at the mRNA and protein 

levels and was accompanied by a dramatic reduction in proliferation and, with time, cell 

death. Moreover, siRNA knockdown of CDKN2A gene products restores growth despite 

EBNA3A or EBNA3C inactivation. The fact that EBNA3A and EBNA3C are able to 

regulate p16INK4a transcript levels also reinforces the notion that they exert their 

transforming effects by acting as transcription factors. Subsequent experiments 

demonstrated that B lymphocyts from individuals with a 19 bp germ line deletion in the 

CDKN2A gene that disrupts p16INK4a (Leiden cells) could be transformed by EBV 

genomes lacking EBNA3C (118, 139).  Contrary to earlier studies, EBV genomes deleted 

for EBNA3A have been found to transform B lymphocytes from healthy donors, albeit at 

reduced efficiency compared to wild type EBV (114). Collectively these studies suggest that 

EBNA3A and EBNA3C can repress the CDKN2A gene products, EBNA3C plays the more 

important role, and that repression of p16INK4a is sufficient to explain the requirement for 

EBNA3C in LCL transformation. The molecular details of how EBNA3A and EBNA3C 

repress cell genes, including p16INK4a, are discussed in the next section.  
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EBNA3s mediate epigenetic gene silencing 

The critical role played by EBNA3C, and to a lesser extent, EBNA3A in LCL 

outgrowth has been linked to their ability to cooperatively repress the CDKN2A gene that 

encodes two tumor suppressors: p16INK4a and p14ARF (138). The CDKN2A gene, located 

on human chromosome 9p21, is among the most frequently mutated genes in human cancer. 

p16INK4a and p14ARF share exons 2 and 3 of CDKN2A gene, but remarkably, are encoded 

in different reading frames determined by their unique exons 1-alpha and 1-beta, 

respectively. The p16INK4a and p14ARF proteins have no amino acid similarity and 

regulate distinct tumor suppressor pathways. p16INK4a is a Cyclin-dependent kinase (CDK) 

inhibitor that acts on the Cyclin D-dependent kinases CDK4 and CDK6 to abolish their 

binding to D-type Cyclins. Therefore, repression of p16INK4a leads to activation of 

CDK4/6-mediated phosphorylation of the retinoblastoma protein (RB). On the other hand, 

increased p16INK4a expression causes a G1 cell cycle arrest and senescence (reviewed in 

(140)). p14ARF regulates p53 by inactivating MDM2, which is an E3 ubiquitin ligase that 

targets p53 for degradation, thus stabilizing and activating p53. This can lead to cell cycle 

arrest by inducing the p53-dependent CDK regulator p21WAF1or apoptosis by inducing 

p53-dependent pro-apoptotic factors including BAX and NOXA (141, 142).  

Using LCLs conditional for EBNA3C activity, Maruo et al. demonstrated that 

p16INK4a up-regulation upon EBNA3C inactivation was not accompanied by changes in 

histone marks associated with active transcription (138). Instead, levels of the repressive 

H3K27me3 histone mark were found to decrease across the CDKN2A locus particularly at 

the INK4a TSS. Furthermore, returning the LCLs to conditions permissive for EBNA3C 
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activity resulted in re-establishment of the H3K27me3 histone mark at the CDKN2A locus 

and repressed p16INK4a expression. Analysis of LCLs established with EBNA3A knockout 

and LCLs conditional for EBNA3A activity revealed that EBNA3A also plays a role in 

maintaining the H3K27me3 modification and the repressed state of p16INK4a (115, 138). 

Neither EBNA3A nor EBNA3C can replace the other in this process. Therefore, EBNA3A 

and EBNA3C cooperatively repress p16INK4a and inactivation of either protein causes 

LCLs to stop proliferating (Figure I.4). Furthermore, EBV genomes expressing EBNA3A or 

EBNA3C mutants that lack CtBP binding, have been used to show that interaction with this 

co-repressor is necessary for the efficient deposition of H3K27me3 at CDKN2A and for 

repression of p16INK4a expression. However, why both EBNA3A and EBNA3C are 

required for p16INK4a repression and what specific role each EBNA3 protein plays in this 

process is poorly understood. 

Another important tumor suppressor inactivated by the cooperative effects of 

EBNA3A and EBNA3C is BIM (Bcl2-interacting mediator). BIM is a pro-apoptotic 

member of the BH3-only family of BCL2-like proteins and is encoded by the BCL2L11gene. 

BIM binds with high affinity to BCL2 (and other pro-survival family members) and thereby 

acts as a potent initiator of apoptosis. BIM is a particularly important regulator of cell 

survival during lymphocyte development (143, 144). The relevance of BIM in EBV 

lymphomagenesis was first suspected based on studies of the Eμ-MYC transgenic mouse 

model. In these mice, expression of the MYC gene is driven by the mu heavy chain enhancer, 

mimicking the effects of the translocation present in classical Burkitt lympomas. In the 

Eμ-MYC transgenic model, Burkitt-like lympoma development was consistently associated 
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with loss of BIM (145). Hemann and colleagues showed that MYC could activate BIM 

expression in EBV negative BL cells (146). Thus, high level MYC expression results in a 

pro-apoptotic response unless accompanied by loss of p53, p14ARF or BIM (147, 148). 

MYC is also strongly induced early after EBV infection of primary human B cells; 

suggesting that EBV must target one of these pro-apoptotic genes as well. A role for the 

EBNA3 proteins in this anti-apoptotic effect was first suggested by the observation that 

Wp-restricted BLs, which express the EBNA3 proteins are more resistant to apoptosis in 

vitro than latency I BLs, which do not. Subsequent work demonstrated that EBNA3A and 

EBNA3C cooperatively repress BIM expression (149-152). The mechanism of EBNA3A 

and EBNA3C repression of BIM is similar to the way of p16INK4a repression: through the 

deposition of the H3K27me3 signature on chromatin proximal to the transcription start site 

for BIM locus (153, 154). Again, the precise mechanism of how EBNA3A and EBNAC 

cooperatively mediate H3K27me3 changes at the BIM gene locus remains to be elucidated. 

In both vertebrate and invertebrate cells, H3K27me3 is the major histone 

modification associated with facultative repression and is mediated by the Polycomb 

repressive complex 2 (PRC2). PRC2 is a multi-protein complex with the key components 

including the SET domain H3 methyltransferase protein EZH2, SUZ12 and RbAp46/48 

which mediate nucleosome binding, and EED which is required for full methyltransferase 

activity of EZH2 (Figure I.5). Polycomb group (PcG) proteins were first discovered in 

Drosophila melanogaster as the products of genes that are required to prevent inappropriate 

expression of homeotic (HOX) genes. In Drosophila, PRC2 is recruited to target genes by 

binding to the Polycomb response elements (PREs). However, there are no such PREs 
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discovered in mammalian cells to date. Thus, the precise mechanism of RPC2 targeting is 

less understood in vertebrate animals. Several factors have been proposed to play a role in 

PRC2 targeting, including CpG dinucleotide enrichment, CTCF, YY1, and long non-coding 

RNA (lncRNA) (reviewed in (155)). In the case of EBNA3 mediated H3K27me3 deposition 

at the CDKN2A and BIM loci, a simple model has been proposed by the Allday group in 

which EBNA3A and EBNA3C physically interact with PRC2 components and recruit them 

to sites near genes targeted for repression (154). However, our detailed examination of 

several of the predictions of this model have found it wanting as I will discuss in Chapter 

IV.  

The level of H3K27me3 modification in cells is also determined by specific histone 

demethylases: KDM6A (UTX) and KDM6B (JMJD3). KDM6B has been shown to remove 

H3K27me3 marks from the INK4a promoter during Ras/Raf oncogene induced cellular 

senescence (156, 157), whereas KDM6A has been implicated in the removal of H3K27me3 

marks from the promoters of several genes encoding RB binding proteins (158). Human 

papillomavirus (HPV) E7 oncoprotein induces KDM6B and thereby globally decreases 

H3K27me3 levels, which results in the up-regulation of p16INK4a that characterizes HPV 

positive cervical cancers (159).  EBV LMP1 is also reported to up-regulate KDM6B in 

germinal center B cells and is over-expressed in Hodgkin Lymphoma (160). How PRC2 and 

KDM6A/6B are involved in EBNA3A and EBNA3C mediated H3K27me3 changes at 

CDKN2A and BIM loci and whether EBNA3s regulate PRC2 targeting to mediate the site 

specific changes in H3K27me3 levels are important unresolved questions. 
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Summary 

EBV latent gene products cause many human cancers and drive the transformation 

of B lymphocytes into immortalized lymphoblastoid cell lines in vitro. EBV encoded 

nuclear antigens (EBNAs) and membrane proteins promote lymphomas by constitutive 

activation of pathways important for B lymphocyte growth and survival. An important 

unresolved question is how four different EBNAs (2, 3A, 3B, and 3C) exert unique effects 

via RBPJ, a transcription factor in the Notch signaling pathway. To investigate this we 

mapped the genome-wide binding distribution of RBPJ and the RBPJ-interacting EBNA 

proteins in LCLs. Chapter III details how each EBNA binds to distinct but partially 

overlapping set of genomic sites. Remarkably, EBNA3A and EBNA3C specifically regulate 

EBNA2’s access to different RBPJ sites, providing a mechanism by which each EBNA can 

regulate distinct cell genes. In Chapter III, I described our efforts to identify other cell 

factors that determine EBNA3 binding specificity. These revealed that IRF4, an essential 

regulator of B cell differentiation, is a critical determinant of EBNA3C (but not EBNA3A or 

EBNA3B) binding specificity.  

EBNA3A and EBNA3C have been shown to cooperatively regulate tumor 

suppressor p16INK4a and BIM. They do so by depositing the repressive histone 

modification H3K27me3 along the TSS of these two genes. However, the precise 

mechanism by which EBNA3s mediate the epigenetic silencing effect is unclear. In Chapter 

IV, I described my work on examining this issue and how my findings challenge the current 

model that EBNA3s directly recruit PRC2 to EBNA3 repressed sites.  
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 Table I.1  

 

 

Table I.1: EBV gene expression in 3 latency types and their associated malignancies. 

*
LMP2A is expressed in about half of EBV-associated GC. BL, Burkitt lymphoma; GC, 

gastric cancer; HL, Hodgkin lymphoma; NPC, nasopharyngeal carcinoma; PTLD, 

post-transplant lymphoproliferative disorders; IM: Infectious mononucleosis, BART, 

BamHI A fragment Rightward Transcripts – serve as precursors for the majority of EBV 

encoded microRNAs. 
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Figure I.1 

 

 

 

Figure I.1 Schematic representation of the EBNA3 protein family. EBNA3A (944aa), 

EBNA3B (938aa) and EBNA3C (992aa) domains and structural motifs are shown by the 

filled grey, green, blue and striped rectangles as indicated. The locations of nuclear 

localization signals (NLS) that have been demonstrated in each protein are represented by 

red lines. These schematics are not drawn accurately to scale. 
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Fgure I.2A 

 

Figure I.2B 

Figure I.2 Overlap of genes differentially regulated by EBNA3s in BL31 cells and 

LCLs. Venn diagram showing the number of genes regulated by each EBNA3 protein by 

microarray analysis. A) EBNA3A, EBNA3B and EBNA3C regulated genes in knockout 

virus-infected BL31 cell lines (p-value < 0.001 and fold change>2). B) EBNA3A 

(p-value<0.01) and EBNA3C (FDR < 0.01 and fold change>1.5) regulated genes in LCLs.  
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Figure I.3 
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Figure I.3 Schematic representation of the Notch signaling pathway disrupted by 

EBNA proteins. The Notch receptor exists at the cell surface consisting of a large 

ectodomain and a membrane-tethered intracellular domain. Notch ligand interacts with 

Notch receptor on an adjacent cell (lower cell, shown in yellow) induces two cleavages that 

free the Notch intracellular domain (ICN) from the cell membrane. ICN translocates to the 

nucleus, where it forms a complex with the RBPJ protein, displacing a repressor complex 

from the RBPJ protein. Components of an activation complex, such as MAML1is recruited 

to the ICN-RBPJ complex, leading to the transcriptional activation of Notch target genes. 

EBNA2 is a strong transactivator that targets RBPJ in a ligand independent manner to 

activate EBNA2 responsive promoters. EBNA3A, EBNA3B and EBNA3C all interact with 

RBPJ which likely limits EBNA2 access and thereby abolish EBNA2 activation of target 

genes.  
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Figure I.4 
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Figure I.4 Schematic representation of EBNA3A and EBNA3C regulation of 

p16INK4a, p14ARF and BIM. EBNA3A and EBNA3C jointly mediate the repression of 

the two closely related tumor suppressor p16INK4a / p14ARF (encoded by CDKN2A) and 

pro-apoptotic protein BIM. In both cases, repression of transcription is associated with the 

deposition of H3K27me3 repressive mark on the CDKN2A and BIM loci, however the exact 

mechanism by which EBNA3A and EBNA3C mediate this histone modification is unclear. 

p16INK4a inhibits CDK4/6 activity which leads to the hypophosphorylation of RB and cell 

cycle arrest. The p14ARF protein regulates p53 activity by inhibiting MDM2-mediated 

degradation of p53, allowing p53 to induce cell cycle arrest and apoptosis. By repressing 

p16INK4a and p14ARF, EBNA3A and EBNA3C cooperatively drive cell proliferation. On 

the other hand, BIM inhibits anti-apoptotic BCL-2 family members and directly activates 

pro-apoptotic proteins such as BAX, which causes Caspase dependent apoptosis. Repression 

of BIM by EBNA3A and EBNA3C inhibits apoptosis in LCLs and Wp restricted BLs, 

promoting their survival. 
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Figure I.5 

 

 

 

 

 

 

Figure I.5 Schematic representation of Transcriptional regulation through 

H3K27me3.  Transcriptional repression regulated by the polycomb repressive complex 2 

(PRC2) which include EED, SUZ12, RbAp46/48 and EZH2 that catalyze H3K27 di- and 

tri-methylation via its SET domain. This in turn leads to transcriptional repression. KDM6A 

and KDM6B are histone demethylase that mediate the removal of methyl groups from 

H3K27me3 leads to transcriptional activation. 
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Plasmids 

 pCEP-EBNA3A-F-HA, pCEP-EBNA3B-F-HA and pCEP-EBNA3C-F-HA 

plasmids were constructed by re-cloning the EBNA3 C-terminal flag-HA fusions used to 

make EBV recombinants into pCEP-EBNA3A, 3B, and 3C, respectively. pVxy-puro-IRF4 

(161), a kind gift of Dr. Lixin Rui, UW-Madison, expresses the human IRF4 gene, contains 

a PGK promoter driven puromycin resistance gene, and was fully sequenced prior to use. 

pCEP-EBNA3CF144A-F-HA plasmid contains phenylalanine to alanine mutation at amino 

acid 144 of EBNA3C protein sequence.  

 

Cell lines 

  LCLs expressing EBNA3A-HT (E3A-HT), EBNA3C-HT (E3C-HT), 

EBNA3A-F-HA, EBNA3B-F-HA, or EBNA3C-F-HA has been previously described (76, 

98, 109). BJAB is an EBV-negative BL cell line (162). B cell lines were maintained in 

RPMI 1640 medium supplemented with 10% fetal bovine serum, streptomycin, and 

penicillin; for E3A-HT and E3C-HT LCLs, the permissive condition included addition of 

400 nM 4-hydroxytamoxifen (Sigma). 293T is a human cell line transformed by adenovirus 

5 and SV40 large T antigen (163) was cultured in Dulbecco’s modified Eagle’s (Gibco) 

medium supplemented with 10% fetal bovine serum, streptomycin and penicillin. Stable cell 

lines were generated by first introducing pCEP-EBNA3A-F-HA, pCEP-EBNA3B-F-HA or 

pCEP-EBNA3C-F-HA plasmids into BJAB cells followed by hygromycin selection 

(600ug/ml). Hygromycin resistant clones were then infected with a retrovirus expressing 

IRF4 or empty vector control followed by puromycin selection (0.4ug/ml). Hygromycin and 
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puromycin resistant clones were screened by western blot for expression of the appropriate 

transgenes and maintained in RPMI 1640 medium supplemented with 10% fetal bovine 

serum, streptomycin, penicillin, 300ug/ml hygromycin and 0.2ug/ml puromycin. E3C-HT 

p16INK4a/p14ARF KO is a cell line derived from E3C-HT LCL which contains a deletion 

in exon 2 of INK4a and ARF locus, thus could not express functional p16INK4a and 

p14ARF proteins. This cell line was made by Dr. Makoto Ohashi in our lab using 

CRISPR-CAS9 technique.   

 

Antibodies 

The following antibodies were used for ChIP-qPCR and western blot: Anti-HA-tag 

mAb-Magnetic beads (M132-9; MBL), anti-EBNA2 PE2 and anti-EBNA3C A10 mouse 

monoclonal antibodies (164), anti-EBNA3A antibody (F115P, Exalpha Biologicals), 

anti-RBPJ rabbit polyclonal sera (79), anti-HA.11 (16B12, Covance), anti-IRF4 antibody 

(SC-6059), and anti-alpha-tubulin (B-5-1-2, Sigma), anti-trimethyl-histone H3K27 (17–622; 

Millipore), anti-histone 3(Abcam, AB1791-100UG), anti-EZH2 antibody. The HA-probe 

Antibody F-7 (sc-7392; Santa Cruz) was used for ChIP-seq.  

 

Cloning 

1. pCEP-EBNA3C-FHA: i) 10 ug pCEP-E3C plasmid was first digest with XbaI 

for 2 hours (B3 +BSA) at 37 ºC, then added SalI and incubated overnight. Gel purified 

desired fragment (#1) which was 8875 base pairs (other fragments were: 3554bp, 1096bp, 

and 6bp). ii) 10 ug pCEP-E3C plasmid was digested with BsiWI first at 55 ºC for 2 hours 
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(B3 + BSA), then cooled to 37 ºC, then added SalI enzyme and incubated overnight. Gel 

purified desired fragment (#2) which was 2952bp (other fragments were 8881 bp and 1698 

bp ). iii) 10ug pSG5-E3C-f-HA (E3C-TAP) plasmid was with BsiWI first at 55 ºC for 2 

hours (B3 + BSA), then cooled to 37 ºC, then added SalI/SpeI enzyme and incubated 

overnight. (SpeI is only needed to make the desired fragment easier to excise). Gel purified 

desired fragment (#3) which was 1757bp (other fragments were 3964bp, 1065, and 791bp). 

iv) The three fragments above were combined in an equal molar ratio with total DNA added 

were adjusted to be 17uL, then added 2uL of T4 DNA ligase buffer and 1 uL of T4 DNA 

ligase, incubate at 16 ºC overnight. In addition, a control ligation with only fragment #3 in 

the ligation reaction was done. v) 2ul of ligation reaction was used to transform DH5alpha 

competent E.coli cells and the transformation was spread onto LB plates with ampicillin 

antibiotics selection of resistant clones. vi) The resistant clones was confirmed by DNA 

sequencing and then transected into 293T cells and blot for HA tagged EBNA3C 

expression.  

2. pCEP-EBNA3CF144A-FHA:  i) PCR amplify pSG5-flag-EBNA3C plasmid 

DNA using forward primer EBNA3C_F144A which contain two nucleotides mutation 

compared to wild type sequence and reverse primer E3C-C407 (primer sequences shown in 

Table II.1). PCR reaction was done in 50ul total volume which contains 100ng template 

DNA, 1ul 10mM dNTP mix, 1ul 10uM forward primer, 1ul 10uM reverse primer, 1ul 

Phusion DNA polymerase, 5ul 10X Phusion DNA polymerase buffer, and nuclease-free 

water. The cycle condition was 98 ºC for 2 minutes, followed by 29 cycles of 98 ºC for 30 

seconds, 58 ºC for 30 seconds, 72 ºC for 1 minutes. Final extension was 72 ºC for 10 



30 

 

minutes. The PCR product size was 1280 bp (#1). ii) Gel purified the PCR fragment and 

digested with AfeI/SpeI (B4 + BSA) at 37 ºC for 2 hours. Gel purified desired fragment 

which was 725 bp (the other fragment was 560 bp). iii) 10ug of pSG5-flag-EBNA3C was 

digested with AfeI/SpeI (B4 + BSA) at 37 ºC for 2 hours. Gel purified desired fragment (#2) 

which was 6809bp (the other fragment was716bp). iv) Ligated the fragment #1 and #2 in 

molar ratio of 3:1, with total DNA added were adjusted to be 17uL, then added 2uL of T4 

DNA ligase buffer and 1 uL of T4 DNA ligase, incubate at 16 ºC overnight. In addition, a 

control ligation with only fragment #2 in the ligation reaction was done. v) 2ul of ligation 

reaction was used to transform DH5alpha competent E.coli cells and the transformation was 

spread onto LB plates with ampicillin antibiotics selection of resistant clones. vi) The 

resistant clones was confirmed by DNA sequencing and then transected into 293T cells and 

blot for HA tagged EBNA3C expression. 

 

Transfection 

 2x10
6
 BJAB cells were harvested during log-phase growth, wash with phosphate 

buffered saline (PBS), resuspended in 100ul of buffer V (Lonza) and transferred in a 2cm 

cuvette after addition of 2ug of appropriate plasmid DNA. Program M-013 of Amaxa 

Nucleofector (Lonza) was used, and cells were resuspended in RPMI1640 supplemented 

with 10% fetal bovine serum, streptomycin and penicillin after transfection and cultured in 

6-well plate. 293T cells were transfected using Effectene (Qiagen) in 10cm culture dish with 

retroviral packing plasmids as previously described (165). 
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Western blot analysis 

 Total cell lysates and immunoprecipitated proteins were separated by sodium 

dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis, transferred onto nitrocellulose 

membrane, and blotted with appropriate antibodies. After extensive washing, the membrane 

was probed with horseradish peroxidase conjugated secondary antibodies (Jackson Immuno 

Research). The membrane was washed again after 1 hour incubation, and developed with 

chemiluminescence reagent (Perkin Elmer).  

 

Chromatin-immunoprecipitation and quantitative PCR (ChIP-qPCR) assays 

2x10
7
 cells were cross-linked in 1% (w/v) formaldehyde (Sigma) for 5 min at room 

temperature and the cross-linking reaction stopped by addition of glycine to a final 

concentration of 0.125M. Cells were washed twice with cold PBS and lysed in 1 ml of lysis 

buffer (50 mM Tris-HCl [pH 8.1], 10 mM EDTA, 1% [w/v] SDS, 1 mM PMSF, 1 μg/ml 

leupeptin, 20 μg/ml aprotinin) for 30 min on ice before extensive sonication using a Qsonica 

LLC Q700 sonicator to an average fragment size of 200-500 bp. 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, 1 mM 

PMSF, 1 μg/ml leupeptin, 20 μg/ml aprotinin). About 10% of the chromatin lysate was 

reserved for qPCR and not subjected to any further manipulation. 1ml of diluted chromatin 

lysates were incubated with ChIP antibodies with rotation at 4ºC overnight. 15ul Protein 

A/G magnetic beads were added to each 1ml chromatin lysate and incubated for 1 hour at 

4ºC with rotation. After incubation, Protein A/G magnetic beads were pelleted with a 
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magnetic separation rack and then washed once with cold low salt wash buffer (20 mM 

Tris-HCl [pH8.1], 2 mM EDTA, 150 mM NaCl, 1% [v/v] Triton X-100, 0.1% [w/v] SDS), 

once with high salt wash buffer (identical to low salt wash buffer, except 500 mM NaCl), 

once 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). Samples were then resuspended in 150 μl of elution buffer (0.1 M NaHCO3, 1% 

[w/v] SDS) and rotated for 20 min at room temperature. Two elutions of protein-DNA 

complexes were performed and pooled. NaCl and Proteinase K were added to each ChIP 

DNA sample and input to a final concentration of 200 mM and 100ug/ml respectively. ChIP 

DNA samples were then reverse cross-linked at 65ºC for 4 hours. DNA was purified using 

the QIAquick PCR purification kit (28706; Qiagen) and quantified with the iTaq™ 

universal SYBR Green supermix (1725121;Bio-Rad) using a BioRad CFX96 system. 

Purified inputs DNA were used in real-time PCR reactions for standardization. For 

ChIP-seq, the above procedure was scaled approximately 10 fold as previously described 

(166). Sequence reads were aligned to the human hg19 genome using Bowtie 

(http://bowtie-bio.sourceforge.net/index.shtml) to produce SAM files for further analysis.  

 

Retroviral transduction 

Retrovirus were generated by co-transfecting 293T cells in a 60-90% confluent
 
10 

cm dish with 4µg of a plasmid encoding MMLV Gag-Pol, 3 µg of a plasmid encoding the 

vesicular stomatitis
 
virus G protein, 4 µg of a plasmid encoding human IRF4 

protein(pVxy-puro-IRF4) or empty vector using Effectene transfection reagent (Qiagen). 
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Twenty-four hours after transfection, the culture medium was replaced with Dulbecco’s 

modified Eagle
 
medium supplemented with 10% fetal bovine serum and 50 mM HEPES.

 
On 

days three after transfection, the media was collected
 
and filtered through a 0.45 µm pore 

size filter after spinning. 10
6 

BJAB cells were resuspended in 1ml of RPMI supplemented 

with 10% fetal bovine serum and mixed with 1ml of retrovirus in a 12-well plate. 24 hours 

later, the old culture medium was replaced. 48 hours later, the transduced BJAB cells were 

selected by puromycin (0.4ug/ml) in 96-well plate. 

 

RNA isolation and Reverse Transcription Quantitative PCR  

Total cell RNA was isolated from 5x10
6 

EBNA3CHT cells using GeneJet RNA 

purification kit (Thermo Scientific), following the manufacturer’s protocols. RNA was 

treated with RQ1 RNase-Free DNase (Promega) to digest any residual cellular DNA 

following the manufacturer’s protocols. Then 1ug RNA was mixed with random haxamer in 

a total volume of 5 µL, incubated at 70°C for 5 minutes, and then immediatedly chill in 

ice-water for at least 5 minutes. The reverse transcription reaction was done by adding 

ImProm-II 5x reaction buffer, MgCl2, dNTP mix, Recombinant RNasin Ribonuclease 

Inhibitor and ImProm-II Reverse Transcriptase (Promega) in a total volume of 15ul. The RT 

reaction was done using a thermocycler at 25°C for 5 minutes, then at 42°C for an hour and 

at 70°C for 15 minutes. The cDNA product was then used for Quantitative PCR to measure 

the level of individual transcripts with corresponding primers.   

 

Peak calling 
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 Peak calling in the ChIP-seq samples was performed using MOSAiCS 

(MOdel-based one and two Sample Analysis and inference for ChIP-seq Data) (167) 

controlling the false discovery rate (FDR) at 0.05. We ran MOSAiCS in two sample mode 

where it estimated the distribution of the background read counts from input data and the 

distribution of the reads counts in peak regions with a two component Negative Binomial 

mixture model. MOSAiCS is available at 

http://www.bioconductor.org/packages/release/bioc/html/mosaics.html. 

 

Peak co-localization 

 To perform downstream analysis of the peak lists, we first generated a union peak 

set by merging peaks that overlap in the EBNA2, EBNA3A, EBNA3B, EBNA3C, and RBPJ 

peak lists. Then we built the incidence matrix by using the union peak set and the peak lists. 

Each entry of the incidence matrix was set to 1 when a peak in the list was used to construct 

the region and 0 otherwise. Additionally, we overlapped the union peak set with 76 GM12878 

ChIP-seq peak sets and DNase I hypersensitive sites (DHS) reported by the ENCODE project 

for further analysis (data from https://www.encodeproject.org).  

 

Histone profile plots 

The average histone modification profiles were calculated using Segvis 

(https://github.com/keleslab/Segvis) for each 4 kb window centered at the EBNA protein 

peak summits that overlap DHS. For each coordinate in the window, we calculated the 

signal as the number of extended reads within a 151 bp window. These signals were then 

https://github.com/keleslab/Segvis
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averaged to generate a smooth aggregation profile. Each profile was normalized to 1 million 

reads and the profiles for a given peak set were averaged coordinate-wise. The histone 

modification ChIP-seq datasets were downloaded from the ENCODE portal 

(https://www.encodeproject.org).  

 

Chromatin states classification 

 Chromatin states were assigned to EBNA protein peaks by clustering the 

maximum normalized histone signal values in 250 bp around the peak summit using the 

partition around medoids algorithm of the cluster package in R 

(https://cran.r-project.org/web/packages/cluster/index.html). 

 

Motif and gene enrichment analysis 

  Motif analysis was performed using the MEME-ChIP (168) tool from MEME 

suite [http://meme.sdsc.edu]. Input data consisted of 500 bp genomic sequences centered 

around the peak summits from the top 500 peaks (ranked by the posterior probabilities of 

binding from MOSAiCS) that overlapped DHS. TFs targeting the discovered motifs were 

determined by comparing the motifs with annotated motifs in the JASPAR and TRANSFAC 

databases using the TOMTOM tool of MEME suite.  

 

Data deposition 

The ChIP-seq data reported in this paper has been deposited in the GEO 

database 205 under accession number GSE76166. 
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Table II.1 

 

Table II.1: Primer pairs used for ChIP-qPCR in this study.  

For the indicated genomic loci sequences of the forward and reverse primers are listed. PPIA 

primers are from a study by McClellan et al (117). 

 

Gene

HDAC7 P1:CGAACCTGTCACTCCCAGAC P2:CCCATTCCAAGGAGCCTAGC

EIF2AK3 
P1:CTTCCGGACGCAATTACCAATGAG P2:GTAGGAAAGGTATTCCGGGAACTG

METTL13 P1:AAAGCGTTTAGGTGTCTGCGACG P2:TCAGCTAGTCATTGGTCGCTGCTT

C20orf24 P1:ACCGTTCTACCAAGATTGTCCCTC P2:AAGCCATCCGAGTGAAACAGCGA

IL6R P1:CAGTTGAGTCTGTGGGAACTC P2:CCTGTTCCTCTTGCTCCTAATG

QSK P1:GCTGTAGCAGGCAATACTCTCTTG P2:GCAGCTGACTTTACATTGGGCAGA

HNRPLL P1:GAACTGGGAAACCAAAAGAGCGGT P2:GATGGCTTCCAGACTGTGGT

NFATC2 P1:CGCACAGCAGCCCAAATTAC P2:ACCTGTCACCCCAATTAGCAG

ALOXE3 P1:CCGGATAGCTCAGTCGGTAG P2:GCGGTACCCAAAAGCAAAGA

POU2F1 P1:TCTGGCGGCAGGAGAAA P2:TGGCCCTTCGGTAGCTAAA 

PIP5K1B P1:AATGGGAATCCTAGGTCCCTGACT P2:AGCTCCAGGTCTAGCTCCATCTTC 

CTLA4
 P1:CGTTGCAATAACATGGGGCAG P2:GCATTCTGCCCAGCCTAATCT

CXCR5 P1:CACCACCCAGAAGACATGAA P2:GCAAGGTGCTCTGGAAACTA

CCDC80 P1:TCTACCTCATGCTGCCCAAACTGT P2:TTACCTCCTCTGTGGCTGCATTTG

ARHGAP25P1:AGACAAGGGTAGTGGATGTTGCCT P2:AGCATCACAGTAGCCACAGAACCT

JAK1 P1:TTCCTGCTTTGCACTTCAGCTCAG P2:TGCTTCCCTCCCAAATACACCTCA

SHQ1 P1:GGTTTCATTTCCTCTGCCCAAACC P2:GTCCTCTGTGATCAATTGTGGGCT

ROCK1 P1:ACCTAACAGAGTACAACCTGTC P2:CCTCCTGAGAGTGCTTCTGTC

SYTL3 P1:ATCCTGGTGACTGCAGCCCCTT P2:CCAGCGGAGGCCCTGCTATAC

BLK P1:AAGGCACATGGAAGGAGAGCTGAA P2:ACTAGACCCTAGCTCTGAAACGCC

BACH2 P1:AGCAGTAGTAGCAGTAGTAGCA P2:ACCCAAACAGTGGTTCATAGAG

CDH1 P1:CAAAGGGAAACCCTGTCTCTAC P2:TCCTGGACTCAAGGGATCTAC

CACNB4 P1:GTGGATGTCTTAGCAGTGATGA P2:CTAGTGTGGATTGGCTCTGAAT

GSG2 P1:TTGCCCTGGTACAGGATAGT P2:CCTGCTTGGTTTCATTGGTTTC

TMEM109 P1:AGCCACATTGGCCTTTCA P2:ACATTGGAGGGTTTGAGACAG

SUB1 P1:GCAAAGAAGGGCAAGTCAAAG P2:GCATCCTGTCCAATCTCATAGG

FOXO3 P1:GAAGCACGCATGTGCATTTA P2:TTATGCACACATGACTAGGAGAC

ALPK2 P1:CTAGGAGTAAGCCCAACATAGTG P2:CAGAGGGTCAGAGAAGCTAAAG

PARP9 P1:TGTCTGGCACCTTCTGTTAAG P2:ACTGCCTTGAGGCAATTCA

TRIB2 P1:CATCTTGGCGACCATGGTATAG P2:ACAAGGCATGCTATCTCTTTCA

PPIA P1:GGGCCGAACGTGGTATAA   P2:CCATGGCTAATAGTACACGGTTT

INK4a P1:CCCCTTGCCTGGAAAGATAC P2:AGCCCCTCCTCTTTCTTCCT

BIM P1:CGAGCGGGAAAAAAGGTTTGGTTCA P2:TAGGCTCCCACTTCCTTCTCCCAGT

RAPH1 P1:CTCGTGCCTCGCCTTTCCTCC P2:TGGGGCAGCACTGGGATTTTCC

MACC1 P1:TTGTGGTTCCTGGGCCTTAG P2:ACCGAAGAGCAACACACCAA

TP53I3 P1:TGCGGCAGAGCAGGACAACG P2:TTACTCCTGGCCCGGCTCCC

Primer sequence



37 

 

Table II.2 

 

 

 

Table II.2: Primer pairs used for RT-qPCR in this study.  

For the indicated genomic loci sequences of the forward and reverse primers are listed. 

Gene

GAPDH P1:TGAAGGTCGGAGTCAACGGATTG P2:GCCATGGAATTTGCCATGCCATGGGTGG

EZH2 V1 P1:AGAATGGAAACAGCGAAGGA P2:CTGCTGTAGGGGAGACCAAG

EZH2 V2 P1:GGGACTAGGGAGGTGGAAGA P2:CCACATTCTCTATCCCCGTG

KDM6A P1:CGCTTTCGGTGATGAGGAA P2:TGAAATCTCACGAACCCAAAGA

KDM6B P1:AAATCCAACTGCGCCACT P2:TGTCTCCGCCTCAGTAACA

Primer sequence
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CHAPTER III: 

 

EBNA3 PROTEINS REGULATE EBNA2 BINDING TO DISTINCT RBPJ GENOMIC 

SITES 

 *A significant portion of this chapter is derived from my first author paper published on Journal 

of Virology with the same title. My contributions to this work include evaluation of the ChIP-Seq 

dataset, performed MEME motif analysis, all ChIP-qPCR assay, Western blot experiment and 

established BJAB-E3s-IRF4 cell lines. Sunduz Keles, Rene Welch and Tram Ta performed 

bioinformatics analysis for ChIP-Seq. Eric Johannsen and I designed research and wrote the 

manuscript.  
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Introduction 

Epstein-Barr virus (EBV) is a herpesvirus that infects over 90% of the population by 

adulthood. Primary EBV infection usually presents as a non-specific illness in early childhood, 

but often manifests as infectious mononucleosis in adolescents (169). Thereafter, EBV 

establishes lifelong latent infection in B lymphocytes and periodically reactivates and is shed 

in saliva. Rarely, EBV latent infection results in malignancy, including Burkitt and Hodkgin 

lymphoma, lymphoproliferative disease, nasopharygeal carcinoma and gastric cancer. Much 

of our knowledge of the transforming effects of EBV latent genes derives from the study of 

EBV latent infection of B lymphocytes in vitro which results in their growth transformation 

into lymphoblastoid cell lines (LCLs). Extensive investigation of the effects of EBV latent 

genes in LCLs has demonstrated that they constitutively activate growth and survival signals 

essential for normal B cell development, including the CD40 and B cell receptors (reviewed in 

(170)).   

EBV nuclear antigens (EBNAs) are proteins expressed during latent infection that 

extensively target the Notch signaling pathway. EBNA2 is a strong transcriptional activator 

that is targeted to promoters through an interaction with the RBPJ DNA binding protein that 

normally mediates intracellular Notch (ICN) binding (79, 85). EBNA2 up-regulates the 

other EBV latent gene products as well as cell oncogenes such as c-MYC, required for LCL 

growth (49-51, 87). EBNA2 effects are substantially similar, but not identical to those of 

ICN (89, 91, 92, 171). Unlike ICN, EBNA2 activation is constitutive and ligand 

independent. Remarkably, three other EBV nuclear proteins, EBNA3A, EBNA3B, and 

EBNA3C associate with RBPJ in LCLs. The EBNA3 proteins bind RBPJ through their 
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highly homologous N-terminal regions and are thought to have arisen from the triplication 

of a single ancestral gene (93, 94). Although EBNA3s bind an RBPJ domain that is distinct 

from the EBNA2/ICN binding site, they nevertheless, limit EBNA2 activation by competing 

for RBPJ binding (95, 97, 99, 103). In LCLs and Burkitt lymphoma tumor cells the EBNA3 

proteins have been shown to regulate distinct, but extensively overlapping sets of cell genes 

(114, 116, 118, 119, 138, 148, 172, 173). EBNA3 proteins have been implicated in the 

pathogenesis of Burkitt lymphoma and in attenuating an anti-proliferative DNA damage 

response during EBV transformation of primary B lymphocytes (148, 154, 174, 175). 

Moreover, EBNA3A and EBNA3C repression of the CDKN2A encoded tumor suppressors 

p16INK4a and p14ARF is essential for LCL growth, requires interaction with RBPJ, and is 

associated with increased H3K27me3 modification at the CDKN2A promoter (96, 108, 109, 

118, 138).  

 Despite significant advances in our understanding of the role of EBNA3 proteins 

in LCL growth, the basis for their different effects via RBPJ remains an area of active 

investigation. The selectivity in gene regulation suggests that EBNA3 proteins either target 

different RBPJ bound sites or exert different effects at the same sites. Chromatin 

immunoprecipitation experiments have led to a rapid advance in our understanding of this 

problem. McClellan et al. demonstrated that EBNA3 proteins bound to sites distinct from 

EBNA2 in the Mutu III Burkitt lymphoma cell line, but due to cross-reactivity among some 

EBNA3 antibodies, they could only distinguish between EBNA3A, EBNA3B, and 

EBNA3C at specific EBNA3 bound sites by ChIP-qPCR (113). To overcome this limitation, 

we derived LCLs which express a single EBNA3 protein with a C-terminal flag-HA tag (98). 
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Using our EBNA3C-flag-HA LCLs, Jiang et al. reported that EBNA3C co-localized to 

BATF/IRF4/SPI1/RUNX3 sites and observed that EBNA3C binding signals were stronger 

at IRF4 co-bound sites than sites without IRF4 binding. Remarkably, EBNA3A bound sites 

were also found to be enriched for many of the same factors, although ChIP-re-ChIP 

experiments supported a critical role for BATF in EBNA3A binding (110). To extend these 

results, we performed new ChIP-seq experiments from the EBNA3A-flag-HA, 

EBNA3B-flag-HA, and EBNA3C-flag-HA LCLs, analyzed them concurrently, and in this 

chapter I will report the first comprehensive analysis of EBNA3 binding in LCLs. More 

importantly, I am going to address the long standing mystery of how EBNA3s regulate 

EBNA2 function in vivo and what cellular factors determine EBNA3 binding specificity.  
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Results 

Genome-wide binding analysis of EBNA3 proteins in LCLs. 

In order to identify EBNA3A, EBNA3B, and EBNA3C bound sites in LCLs, we 

performed chromatin immunoprecipitation with deep sequencing (ChIP-seq) experiments 

using three LCLs: EBNA3A-F-HA, EBNA3B-F-HA and EBNA3C-F-HA that are 

transformed with recombinant EBV genomes in which one of the EBNA3 proteins has a 

Flag-HA epitope fused to its C-terminus as previously described (98). This approach 

allowed each EBNA3 protein to be precipitated with an anti-HA monoclonal antibody, 

minimizing the possibility that observed differences were attributable to differences among 

antibodies used in EBNA3A, EBNA3B, or EBNA3C ChIP.  

ChIP samples were used to prepare libraries for Illumina sequencing, and the raw 

reads were aligned to the human hg19 genome using Bowtie 

(http://bowtie-bio.sourceforge.net/index.shtml) (176). Genomic sites bound by each EBNA3 

were identified as peaks in ChIP-seq data set relative to input DNA using MOSAiCS (167).  

For comparison, we performed an RBPJ ChIP-seq from one of the cell lines 

(EBNA3C-F-HA LCL) and reanalyzed previously published EBNA2 and RBPJ ChIP-seq 

datasets (166) using the same bioinformatics pipeline. This identified a total of 1640 

EBNA3A, 3033 EBNA3B, 3588 EBNA3C, 8592 EBNA2, and 9938 RBPJ bound sites. In 

total, we identified 6791 distinct genomic sites bound by EBNA3 proteins in LCLs (Table 

III.1). Although this estimate is comparable to that reported for EBNA3 binding in Mutu III 

cells (113), only 1466 (21%) of these sites are in common (Figure III.1). This limited 

overlap may reflect true differences between EBNA3 binding in LCLs and BL cells or be 

http://bowtie-bio.sourceforge.net/index.shtml
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due to technical differences such as undersampling or the use of different antibodies in the 

ChIP-seq procedure. To facilitate identification of transcription factors that may mediate 

EBNA3 binding to the human genome we exploited the observation that the vast majority of 

cell transcription factor binding sites lie within the DNase I hypersensitivity sites (DHS) 

(177) and defined subsets of EBNA3 binding sites that overlapped DHS sites in the 

GM12878 LCL (178) for additional analysis. In total we identified 1064 EBNA3A, 2648 

EBNA3B, 1802 EBNA3C, 7772 EBNA2, and 8294 RBPJ binding sites within DHS (Figure 

III.2 and Table III.1). 

We further validated the specificity of our ChIP-seq peak calling by examining 20 

genomic loci bound by one or more EBNA3s. For these experiments, we performed 

replicate ChIPs using EBNA3-F-HA LCLs and wild type LCLs and assessed enrichment 

relative to input by qPCR for each bound site using specific primers (Table II.1). EBNA3 

binding sites were classified as EBNA3A only (HDAC7, EIF2AK3 and METTL13), 

EBNA3B only (IL6R and C20ORF24), EBNA3C only (HNRPLL, QSK, ALOXE3 and 

NFATC2), EBNA3A and 3B (POU2F1, PIP5K1B and CTLA4), EBNA3B and 3C (JAK1 

and SHQ1), EBNA3A and 3C (CXCR5, CCDC80 and ARHGAP25), EBNA3A, 3B, 3C 

(BLK, ROCK1 and SYTL3), based on ChIP-seq results. We considered a peak as validated if 

there were statistically significant enrichment in HA ChIP from the respective EBNA3-FHA 

LCL relative to that observed in the wild type (untagged) LCL by a two sample t-test. Using 

this approach, we confirmed 10 of 12 EBNA3A, 9 of 10 EBNA3B, and 9 of 12 EBNA3C 

bound sites identified by ChIP-seq (Figure III.3). In addition, we found evidence of 

EBNA3B binding at 3 sites (EIF2AK3, QSK and ALOXE3) by ChIP-qPCR that were not 
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observed by ChIP-seq. Based on these results, we estimated the overall sensitivity and 

specificity of our EBNA3 ChIP-seq experiments relative to ChIP-qPCR to be 92% and 83% 

respectively.  

EBNA3 bound sites are over-represented at promoter and enhancer elements. 

We constructed average histone profile plots for ±2 kb regions centered on EBNA3 

peak summits for the activation marks H3K9ac, H3K27ac, H3K4me1, H3K4me2, and 

H3K4me3 and the repressive marks H3K27me3 and H3K9me3, and transcribed region 

associated mark H3K36me3 using ENCODE histone ChIP-seq datasets (179). For each 

EBNA3 protein, the signals from acetylation marks (H3K9Ac and H3K27Ac) were strong 

as were mono, di, and tri- methylation of H3K4 (Figure III. 4A). For all EBNA3s, repressive 

marks characteristic of facultative (H3K27me3) and constitutive (H3K9me3) 

heterochromatin were very low, despite the prior observation that H3K27me3 levels are 

increased at EBNA3A and EBNA3C repressed genes such as CDKN2A and BCL2L11 (BIM). 

We also annotated EBNA3 bound peaks according to their locations within the epigenetic 

landscape (180). Results for EBNA3B were typical: 8% of EBNA3B sites reside within 

active promoters defined by high H3K4me3 and H3K9ac, 12% within weak and poised 

promoters characterized by high H3K4me3 and low H3K27ac or high H3K27me3, 33% 

within strong enhancers with high H3K4me1 and high H3K27ac, 25% within weak 

enhancers with intermediate H3K4me1 and little H3K27ac, 22% were found in 

heterochromatin regions characterized by the absence of these histone marks (Figure III. 

4B). Thus, the EBNA3 proteins, despite their roles in the repression of multiple cell genes 
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(114, 116, 118, 119, 138, 148, 172), bind predominantly at genomic sites bearing marks of 

transcriptionally active chromatin. 

Overlap among EBNA3A, EBNA3B, EBNA3C, EBNA2 and RBPJ sites in LCLs 

Because the EBNA3 proteins cooperatively regulate many cell genes and because 

EBNA2, EBNA3A, and EBNA3C must interact with the RBPJ transcription factor to 

transform B lymphocytes, we wanted to examine the extent of overlap among EBNA3A, 

EBNA3B, EBNA3C, and EBNA2 bound sites. Significant overlap between EBNA3A and 

EBNA3C has been noted previously (110). Our experiments estimate this overlap to be 

about 26% of EBNA3A peaks are EBNA3C co-bound, and reveal that this overlap extends 

to EBNA3B bound sites. For EBNA3B, 21% are shared with EBNA3A, 22% with 

EBNA3C, and 37% with EBNA2. Thus, in LCLs there is substantial overlap among EBNA2, 

EBNA3A, EBNA3B, and EBNA3C bound sites, mirroring the overlap observed in the cell 

genes regulated by these EBNAs.  

Although EBNA3 proteins are extensively complexed with RBPJ in LCLs (98, 

181), we found that 66% of EBNA3A, 57% of EBNA3B, and 56% of EBNA3C bound sites 

lack RBPJ binding (Figure III.5). RBPJ independent binding has been noted in prior 

EBNA3A and EBNA3C ChIP-seq experiments (111, 113). This does not appear to be a 

technical artifact of the RBPJ ChIP-seq as we did not observe enrichment for RBPJ cognate 

binding sequences (e.,g., GTGGGAA – see further discussion below) at EBNA3A, 

EBNA3B, or EBNA3C bound sites as might occur if the RBPJ ChIP was impaired by 

EBNA3 co-binding. The EBNA3A, EBNA3B, or EBNA3C bound sites that do co-localize 

with RBPJ are frequently co-bound by EBNA2 as well, suggesting that EBNA3 binding at 
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RBPJ sites may primarily serve to limit EBNA2 binding (Figure III.5, compare 21-34% 

co-bound by both with 9-16% RBPJ only). We further observed that 27% of 

EBNA2/RBPJ/EBNA3 bound sites exhibit binding by more than one EBNA3.   

EBNA3A and EBNA3C regulate EBNA2 binding at different RBPJ sites in the genome 

Despite this extensive RBPJ-independent EBNA3 binding, multiple lines of 

evidence argue that RBPJ interaction is central to EBNA3A and EBNA3C mediated gene 

regulation and LCL growth (96, 108, 109, 112). Further, these effects are specific: EBNA3A 

over-expression cannot compensate for EBNA3C loss and vice versa (76, 109). The 

extensive overlap between EBNA2 and RBPJ suggests that each EBNA3 may regulate 

EBNA2’s access to RBPJ at distinct genomic locations. To examine this possibility directly, 

we determined EBNA2 occupancy at several EBNA3C/RBPJ co-bound sites, in the 

presence or absence of EBNA3C activity using the EBNA3C-HT LCL. EBNA2, EBNA3C 

and RBPJ ChIPs were performed in EBNA3C-HT LCLs supplied with 4HT (4HT+) or 

cultured in medium after withdrawal of 4HT for two weeks (4HT-). We used qPCR to 

examine genomic loci bound by EBNA3C near genes known to be repressed by EBNA3C 

expression (116, 118), including BACH2, JAK1, and CXCR5 (Figure III.6A). As expected, 

the EBNA3C binding signal was present at each of the three EBNA3C bound sites (BACH2, 

JAK1, and CXCR5) in EBNA3C-HT cells grown in the presence of 4HT and markedly 

declined upon 4HT withdrawal. Although EBNA3C has been observed to reduce RBPJ 

binding to DNA in gel shift assays, we did not observe any reduction in the RBPJ binding 

signal due to EBNA3C co-binding under physiologic conditions. By contrast, EBNA3C 

inactivation had a dramatic effect on EBNA2 occupancy at these RBPJ bound sites. At each 
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location, EBNA2 levels were low in the presence of EBNA3C, but increased significantly in 

the non-permissive EBNA3C condition. As controls, we also examined RBPJ and EBNA2 

binding at two sites near EBNA3A regulated genes (HDAC7 and CDH1) that are bound by 

EBNA3A, but not EBNA3C (114, 116). At these control sites, no significant change in 

RBPJ occupancy or increase in EBNA2 binding was observed upon EBNA3C inactivation 

by 4HT withdrawal. These results suggest that EBNA3C does not compete with EBNA2 for 

global access to RBPJ, but rather competes in a manner that is highly site specific. It is 

noteworthy that in the presence of active EBNA3C, EBNA2 binding was not detectible 

above background at the BACH2, JAK1, and CXCR5 sites and that EBNA2 peaks were not 

observed at these sites by ChIP-seq (i.e., in cells with EBNA3C expression). Thus, not only 

is EBNA3C able to reduce EBNA2 binding at specific sites to undetectable levels, but 

EBNA2/EBNA3C co-localization by static ChIP experiments (e.g., Figures III.2 and III.6A), 

likely underestimates the extent of competition for RBPJ bound sites. 

We next examined the specificity of EBNA3A competition with EBNA2 using 

the EBNA3A-HT LCLs cultured in the presence of 4HT or after 2 weeks of 4HT 

withdrawal. At EBNA3A bound and regulated genes (HDAC7 and CDH1), we observed 

decreased EBNA3A ChIP signal upon 4HT withdrawal (Figure III.6B, top panel, right side). 

These sites lack EBNA2 binding by ChIP-seq, but EBNA2 binding dramatically increased 

at these locations upon EBNA3A inactivation. By contrast, EBNA3A exerted no effect on 

RBPJ binding signal. As controls, we examined EBNA3A, EBNA2, and RBPJ binding at 

the EBNA3C bound and regulated loci (BACH2, JAK1 and CXCR5). At the BACH2 and 

JAK1 sites, no EBNA3A binding was observed, and EBNA3A inactivation had no 
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discernable effect on EBNA2 or RBPJ binding (Figure III.6B, left side). Notably, CXCR5 is 

not EBNA3A regulated, despite being EBNA3A bound (Figure III.6B, top panel; see also 

Figure III.3). At this CXCR5 site, we observed a decrease in EBNA3A binding upon 4HT 

withdrawal, but no corresponding increase in EBNA2 binding. The inability of EBNA3A to 

affect EBNA2 binding at the CXCR5 site potentially explains why CXCR5 is only regulated 

by EBNA3C, despite being bound by both EBNA3A and EBNA3C (Figure III.3). Thus 

EBNA3A also appears to compete with EBNA2 for occupancy of specific RBPJ sites in the 

genome, but not for global access to RBPJ. These results are consistent with a prior report 

that EBNA3A can regulate EBNA2 binding to the CXCL9/10 promoter (112), but our 

results further demonstrate that EBNA3A only limits EBNA2 binding to a subset of RBPJ 

bound sites where EBNA3A/RBPJ co-binding occurs. Further, as with EBNA3C, the 

absence of EBNA2 at an EBNA3A/RBPJ co-bound site does not exclude the possibility that 

EBNA3A regulates EBNA2 binding at that locus. 

EBNA3 binding sites co-localize with multiple cell transcription factors 

 In an effort to identify transcription factors that contribute to EBNA3 binding 

specificity, we determined cell transcription factor co-occupancy at EBNA3A, EBNA3B, 

and EBNA3C bound sites using ENCODE transcription factor ChIP-seq data from 

GM12878 LCLs. RUNX3 (83%), EBF1 (70%), PAX5 (66%), NFIC (63%), ATF2 (60%), 

BATF (57%), p300 (56%), POU2F2 (54%), FOXM1 (54%), BCL11A (53%), TCF12 (51%), 

SP1 (50%), and IRF4 (49%) represented the transcription factors with the highest 

co-localization for EBNA3B (Figure III.7B). Many of the same transcription factors are 

enriched at EBNA3A (Figure III.7A) and EBNA3C sites (Figure III.7C and (110, 111, 117)). 
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Because ChIP-seq data is available for only a limited number of transcription factors, we 

also determined the sequence motifs enriched at EBNA3 bound sites using MEME-ChIP 

(168). EBNA3B bound sites were enriched for motifs potentially corresponding to ETS, 

PKNOX2, AP1, KLF4, and RUNX binding sites (Figure III.7D). Notably, we did not 

observe enrichment for the RBPJ binding motif at EBNA3B bound sites. The RBPJ motif is 

also not enriched at EBNA3A or EBNA3C bound sites, even though it can be readily 

detected at EBNA2 bound sites (166, 171).   

Our observation that transcription factor and motif enrichment at EBNA3B sites 

are remarkably similar to those present at EBNA3A and EBNA3C sites is consistent with 

prior results demonstrating similarity between EBNA3A and EBNA3C bound sites 

themselves. These results are perhaps not surprising given that many of these sites are 

bound by more than one EBNA3 and hence many of the same cis-acting sites are being 

reanalyzed for each EBNA3. To overcome this, we repeated our motif analyzes restricting 

our attention to sites that do not exhibit co-binding with EBNA2 or the other EBNA3s. We 

initially sought to determine if any shared binding motifs determined a preference for 

EBNA3 compared to EBNA2 (Figure III.8A). Uniquely bound EBNA2 and EBNA3 sites 

still shared many common motifs including PU.1 and RUNX; however, enrichment for AP1, 

NRF1, and IRF4 motifs was specifically observed at EBNA3 bound sites that lacked 

EBNA2 binding. We extended this approach to sites uniquely bound by only EBNA3A, 

EBNA3B, or EBNA3C (Figure III.8B). Results for IRF4 were particularly striking as 

enrichment for IRF4 binding sites and to the IRF4 containing EICE and AICE composite 

elements was only observed at EBNA3C unique sites. This observation and previous reports 



50 

 

that EBAN3C binding signals are stronger at IRF4 co-bound sites than at EBNA3C sites 

without IRF4 binding (110), suggested that IRF4 may be especially important for EBNA3C 

binding. IRF4 enrichment at other EBNA3 bound sites may be a consequence of 

overlapping binding among the EBNA3s.  

IRF4 is essential for EBNA3C binding specificity 

We sought to determine the extent to which IRF4 expression contributes to binding 

of each of the EBNA3 proteins. Establishing the significance of IRF4/EBNA3C 

co-localization presented a challenge since IRF4 knockdown in LCLs promotes apoptosis 

and decreases proliferation (182). To circumvent this problem, we stably expressed flagHA 

tagged EBNA3 proteins in the BJAB lymphoma cell line, which lacks IRF4 expression 

(Figure III.9). The resulting BJAB-E3A-FH, BJAB-E3B-FH, BJAB-E3C-FH lines 

expressed epitope tagged EBNA3A, EBNA3B, and EBNA3C proteins at levels comparable 

to those of LCLs (Figure III.10). Consistent with LMP1 being the principle inducer of IRF4 

during latency III gene expression, none of the EBNA3 proteins resulted in detectable IRF4 

expression. Each BJAB-EBNA3-FH line was then converted to stable IRF4 expression by 

retroviral transduction, which resulted in IRF4 levels comparable to that observed in our 

LCLs (Figure III.10). Using these BJAB stable cell lines, we examined the dependence of 

EBNA3A, EBNA3B, and EBNA3C binding on IRF4. We initially examined 8 sites that 

exhibited EBNA3C/IRF4 co-binding in LCLs, including four EICE (CACNB4, GSG2, 

TMEM109, and SUB1) and four AICE (FOXO3, ALPK2, TRIB2, and PARP9) sites. In the 

absence of IRF4 expression, weak EBNA3C binding was observed at some of these 

locations, particularly FOXO3; however, with IRF4 expression, EBNA3C binding was 
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markedly increased at all AICE and 3 of 4 EICE sites (Figure III.11A). By contrast, IRF4 

expression did not result in detectible EBNA3A or EBNA3B binding at any of these sites. 

Importantly, the one EICE site where EBNA3C binding was absent (GSG2), also lacked 

IRF4 binding by ChIP-qPCR (Figure III.11A, lower panel). Although the reasons for the 

lack of binding of IRF4 at the GSG2 are unclear, this probably accounts for absence of 

EBNA3C binding at this site and further reinforces the notion that IRF4 plays a critical role 

in targeting EBNA3C to chromatin.  

In order to confirm that these AICE and EICE containing sites represented 

authentic EBNA3C binding sites, we performed additional HA ChIPs in the 

EBNA3C-F-HA LCL. As shown in Figure III.11B, EBNA3C binding was observed at all 

eight of these sites, including the GSG2 site, but not at a site near the PPIA gene which has 

been used in previous EBNA3 ChIP studies as a negative control (117). We additionally 

confirmed IRF4 binding at each of these sites by ChIP, albeit at low levels at the GSG2, 

ALPK2, and TRIB2 sites which were nevertheless significantly above the PPIA control site 

(p < 0.004, two sample t-test).  

Banerjee S et. al. had previously mapped the domain of EBNA3C that is required 

for interacting with IRF4 (183). In this study, they initially performed GST-pulldown assays 

using in-vitro translated, full length, and truncated EBNA3C mutant fragments followed by 

co-incubation with bacterially expressed and purified GST-IRF4, in which they identified 

amino acid 130–159 residues of EBNA3C as showing the highest binding affinity for IRF4. 

They further showed that mutating Phenylalanine 144 to Alanine (F144A) of EBNA3C 

dramatically reduced its interaction with IRF4. Given this result, we determined to 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Banerjee%20S%5BAuthor%5D&cauthor=true&cauthor_uid=23658517
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investigate whether EBNA3C_F144A mutant would have any binding defect at the AICE 

and EICE sites in our BJAB with IRF4 expression. In order to do this experiment, we first 

cloned the pCEP-EBNA3CF144A-FHA plasmid which contains the Phenylalanine 144 to 

Alanine (F144A) mutation of EBNA3C. Then we transfected this expression plasmid into 

BJAB cells stably expressing IRF4, and selected stable cell line with hygromycin. The 

stable BJAB cell line expresses the mutant version of EBNA3C that is deficient for IRF4 

binding at the level comparable to wild type EBNA3C as in BJAB EBNA3C-F-HA cell line, 

showing by HA western blot (figure III.12).  

Using these BJAB cell lines, we performed HA ChIP-qPCR to examine wild type 

EBNA3C versus EBNA3C_F144A mutant binding at EICE (CACNB4, GSG2, TMEM109, 

and SUB1) and four AICE (FOXO3, ALPK2, TRIB2, and PARP9) sites in the presence of 

IRF4. We also examined three sites that are bound by EBNAC but not IRF4 as controls 

(BACH2, RAPH1, TP53I3). As shown in Figure III.13, there was a significant decrease of 

EBNA3C mutant binding to all four EICE and AICE sites compared with wild type 

EBNA3C. However, at the three control sites where IRF4 were not co-bound with EBNA3C, 

the binding of EBNA3C_F144A mutant were largely unaltered compared to wild type 

EBNA3C. Taken together, these results demonstrated that EBNA3C interaction with IRF4 

is likely to be responsible for the specificity of EBNA3C binding to EICE and AICE sites. 

To more thoroughly evaluate the dependence of EBNA3A and EBNA3B binding 

on IRF4 we did additional ChIP experiments using the BJAB-E3A-FH and BJAB-E3B-FH 

cells. We first considered 4 sites that are co-bound by EBNA3A and IRF4 in LCLs (CDH1, 

HDAC7, BLK, and CCDC80). In the absence of IRF4 expression, there was detectible 
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binding above the control PPIA site at each of these four locations (Figure III.14A). 

However, we observed no detectible change in EBNA3A binding with IRF4 co-expression. 

Additional ChIP-qPCR experiments confirmed IRF4 binding at each site (Figure III.14A, 

bottom panel). Using the BJAB-E3B-FH cells we examined binding to four EBNA3B/IRF4 

co-bound sites (CTLA4, SHQ1, BLK, and SYTL3). Similar to our results for EBNA3A, 

binding was above the PPIA control site at each location, but there was no observed increase 

in EBNA3B binding with IRF4 co-expression. We confirmed IRF4 binding was detectible 

at each site by ChIP-qPCR (Figure III.14B, bottom panel). Taken together, our data 

provided direct evidence that IRF4 specifically contributes to EBNA3C binding. By contrast, 

despite significant overlap between IRF4 and EBNA3A or EBNA3B binding sites, we find 

no evidence that IRF4 contributes to EBNA3A or EBNA3B binding at any IRF4 co-bound 

site examined in this study. 
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Discussion 

In this chapter we report a comprehensive survey of the genome-wide binding of 

EBNA3 proteins in LCLs. We believe our approach offers several advantages over prior 

studies, including distinguishing among EBNA3A, EBNA3B, and EBNA3C binding on a 

genome-wide basis. In addition, using the same epitope tag to ChIP each EBNA3 protein 

avoids confounding effects of differences in antibody sensitivity and specificity when 

different sera are used for each EBNA3. Furthermore, as our BJAB/IRF4 experiments 

highlight, EBNA3 binding is a function of the cell’s transcription factor milieu. Thus, the 

best opportunity to understand the role of EBNA3 proteins in the transformation of resting B 

lymphocytes into LCLs is afforded by binding data obtained from LCLs. These results have 

revealed important mechanistic insights into the role of EBNA3s in LCL gene regulation.  

We find that EBNA3A, EBNA3B, and EBNA3C bind to distinct, partially overlapping 

genome sites, a phenomenon that almost certainly underlies their ability to regulate partially 

overlapping gene subsets. Second, we demonstrate that EBNA3A and EBNA3C can 

regulate EBNA2 binding at unique RBPJ co-bound sites. Importantly, we provide direct 

evidence that IRF4 is a critical determinant of EBNA3C binding, but does not affect 

EBNA3A or EBNA3B binding in BJAB cells. This represents a significant advance in our 

understanding of the mechanism by which EBNA3C regulates cell gene expression, but also 

supports a more general model where differences in EBNA3 binding specificity are 

conferred by interactions with cell transcription factors other than RBPJ. 

 The precise role played by RBPJ in EBNA3 function remains controversial 

despite extensive study. Since the initial discovery that EBNA3s, like EBNA2, target RBPJ, 
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numerous studies have confirmed that EBNA3s are highly associated with RBPJ in LCLs 

(94, 103, 181). Each EBNA3 forms a distinct RBPJ complex (98), though there is some 

evidence to suggest that these may interact with each other (154, 184). Despite this high 

degree of association, our ChIP-seq results and those of others reveal that only a minority of 

EBNA3 bound sites are co-bound by RBPJ. This limited overlap and the observation that 

EBNA3s can disrupt RBPJ binding to DNA by EMSA have led to the interpretation that the 

RBPJ interaction is not involved in EBNA3 binding to chromatin (99, 110). Several lines of 

evidence suggest this is not the case. In a detailed study of EBNA3A regulation of the 

CXCL9/CXCL10 locus, RBPJ expression was demonstrated to be critical for EBNA3A 

binding to this bidirectional promoter (112). Further, EBNA3A and EBNA3C mutants 

defective for RBPJ interaction are unable to regulate the CDKN2A gene or support LCL 

growth. Thus, a model where RBPJ is recruited to DNA by EBNA3s (and not vice versa) 

seems improbable since neither EBNA3A nor EBNA3C can compensate for the loss of the 

other in CDKN2A regulation (96, 108, 109). Finally, data presented in Figure III.6 of this 

chapter demonstrate that EBNA3A or EBNA3C inactivation produces a dramatic change in 

EBNA2 binding at multiple genomic sites, without significant effect on RBPJ binding. This 

result, and the specificity with which EBNA3A and EBNA3C regulate RBPJ bound sites, 

suggests that EBNA3s are targeted to distinct RBPJ sites via interactions with RBPJ and 

other cell transcription factors. In this model, the requirement for both EBNA3A and 

EBNA3C to interact with RBPJ to perform unique roles in CDKN2A co-regulation is readily 

explained if they target two distinct RBPJ sites. 

Our observation that EBNA3-EBNA2 competition occurs at RBPJ sites where there 
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is no apparent EBNA2 binding in LCLs has important implications. This finding underscores 

the ability of EBNA3 proteins to successfully compete for RBPJ bound sites despite the 

weaker correlation between EBNA3s and RBPJ binding compared to EBNA2. Whether 

EBNA3 competition for RBPJ affects the ability of Notch to signal in LCLs is an important, 

unresolved question. In addition, our results imply that the degree to which EBNA3 and 

EBNA2 compete for genomic sites is underestimated by static ChIP-seq experiments. Thus, 

gene repression due to binding at EBNA3 “only” sites may still be attributable to impaired 

(abrogated) EBNA2 binding. This phenomenon may explain the recent discovery that the 

increased transforming effects of EBNA2 from type I EBV compared to type II EBV are due 

to increased binding of EBNA2 at ETS/IRF4 sites (171). The "novel" binding sites observed 

with type I EBNA2 may actually be due to an enhanced ability to compete with EBNA3C for 

binding at ETS/IRF4 sites. Given the strong transcriptional activation properties of EBNA2, 

effective competition for RBPJ by EBNA3s should almost always result in repression of 

target cell genes. At non-RBPJ sites, EBNA3s likely target chromatin via the same factors 

that determine RBPJ subset specificity. Since competition for EBNA2 binding is infrequent at 

these sites, EBNA3 binding may cause either activation or repression, depending on 

chromatin context (Figure III.15). 

The finding that IRF4 expression is a critical mediator of EBNA3C binding to 

specific genome sites represents an important advance in our understanding of EBNA3 

binding specificity. Although IRF4/EBNA3C co-binding has been previously reported, the 

significance of this correlation remained to be demonstrated. Indeed, other transcription 

factors, including RUNX3 and ATF2 were more strongly correlated with EBNA3C bound 
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sites. Moreover, EBNA3A and EBNA3B bound sites are also enriched for IRF4 binding 

(Figures III.7A/7B and (173)). However, some lines of evidence suggested that the IRF4 

interaction might be more important for EBNA3C, including the increased EBNA3C 

binding signals at IRF4 sites compared to non-IRF4 sites and the ability of EBNA3C to bind 

directly to IRF4 and promote its stabilization (110, 183). When we restricted our analysis to 

sites uniquely bound by EBNA3A or EBNA3B or EBNA3C, we only observed enrichment 

for the IRF4 binding motif in the EBNA3C subset. Using an IRF4 negative BJAB cell line, 

we provide experimental evidence that IRF4 is determinative of EBNA3C binding. In the 

absence of IRF4 expression, we observed little to no EBNA3C binding signal at genomic sites 

normally co-bound by EBNA3C and IRF4 in LCLs. Upon IRF4 expression at levels 

comparable to that seen in LCLs, EBNA3C binding was readily detected. This occurs at both 

AP1/IRF4 and ETS/IRF4 composite elements (AICEs and EICEs, respectively). By contrast, 

at sites co-bound by EBNA3A/IRF4 or EBNA3B/IRF4 in LCLs, we observed no increase in 

EBNA3A or EBNA3B binding, respectively upon IRF4 expression. It is important to note 

that EBNA3C binding was only observed by ChIP-seq at two of the EBNA3B/IRF4 sites 

(SHQ1 and STYL3) and none of the EBNA3A/IRF4 sites. Thus, IRF4 binding alone does not 

appear sufficient to confer EBNA3C binding to chromatin. Nevertheless, these results 

provide strong evidence that IRF4 is a critical mediator of EBNA3C binding specificity. 

Furthermore, this finding lends implicit support for the model that other cell transcription 

factors underlie EBNA3A and EBNA3B binding specificity. 

 The dependence of EBNA3C on IRF4 is further demonstration of EBV 

targeting of intrinsic B lymphocyte growth and survival pathways. IRF4 suppression of 
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BCL6 and PAX5 is critical event for B lymphocyte exit from germinal center reactions (185, 

186). Further increases in IRF4 expression upregulate PRDM1 (Blimp1) and XBP1 

expression, promoting differentiation into antibody secreting plasma cells. Although we do 

not currently know the extent to which EBNA3C effects depend on IRF4, transcriptional 

profiling studies suggest that they co-regulate many transcription factors responsible for B 

cell fate, including repression of PAX5, BACH2, NFATC1, SPIB, EBF1, and IL7R and 

activation of PRDM1 (BLIMP1), AICDA and IL6R (116, 118, 187). This suggests that 

many key EBNA3C transcriptional effects are dependent on IRF4 and/or EBNA3C 

accentuates the IRF4 program.  In addition to its role in follicular B cell differentiation, IRF4 

has also been found to play a role in marginal zone B cell development (188). Marginal zone 

B cells are unique among B cell subsets in their dependence on Notch signaling and respond 

rapidly to blood borne pathogens (189, 190). Interestingly, IRF4 null mice exhibited both 

increased NOTCH2 expression and enhanced ICN activation in response to CD40 and BCR 

signaling (188). Although the mechanism of this latter effect is incompletely defined, it 

suggests that EBNA3C targeting of IRF4 may have been selected for, in part, to limit 

ICN-like effects due to EBNA2. Given the central role of Notch signaling and especially 

RBPJ in EBNA3 effects, cell transcription factors that modulate Notch signaling in B cells are 

attractive candidates for transcription factors that, like IRF4, determine EBNA3 specificity.  
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Table III.1 

 

 

Table III.1: Summary of ChIP-seq read alignment and peak calling. 

For each ChIP-seq experiment, total reads, total reads aligned to human genome, and 

number of called peaks are indicated. Two of these datasets (indicated with an *) have been 

previously reported (166), but are reanalyzed here for comparison. The peaks called from 

initial data processing are further filtered based on their overlapping with the DNase 

hypersensitivity site (DHS) reported from ENCODE project.  
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Figure III.1 

 

 

 

Figure III.1: Overlap of EBNA3 binding peaks with previously published data. 

A total number of 6791 EBNA3A, EBNA3B and EBNA3C bound sites (pooled sites from 

three ChIP-seq datasets) identified by our ChIP-seq experiments (LCL) is indicated in the 

left circle. A total number of 7044 EBNA3 proteins bound sites from previous published 

data (113) is indicated in the right circle (MutuIII). 1466 bound sites overlap between our 

data and previously published data, which is defined by sharing one or more 200 bp bin.  
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Figure III.2 

 

 

 

Figure III.2: Venn diagram showing co-localization of EBNA3A, EBNA3B, EBNA3C 

and EBNA2 binding sites in LCLs. Sites on the human genome bound by EBV EBNA 

proteins were identified from ChIP-seq data as peaks relative to input using MOSAiCS.  

Numbers of bound sites and their extent of overlap are indicated for EBNA2 (purple circle), 

EBNA3A (blue circle), EBNA3B (red circle) and EBNA3C (green circle).  
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Figure III.3 
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Figure III.3: ChIP-qPCR validation of EBNA3 binding sites in LCLs identified by 

ChIP-seq.  Bar plots showing enrichment genomic DNA from ChIP of EBNA3A, 

EBNA3B, or EBNA3C relative to input. Each EBNA3 was specificaly ChIPed using HA 

antibody with either the EBNA3A-F-HA, EBNA3B- F-HA, EBNA3C-F-HA LCL and wild 

type (untagged) LCLs as a negative control. Genomic loci were chosen based on the peak 

patterns observed by ChIP-seq and included EBNA3A only peaks (HDAC7,EIF2AK3 and 

METTL13), EBNA3B only peaks (IL6R and C20ORF24), EBNA3C only peaks (HNRPLL, 

QSK, NFATC2 and ALOXE3), EBNA3A and EBNA3B co-bound peaks (POU2F1, 

PIP5K1B and CTLA4), EBNA3A and EBNA3C co-bound peaks (CXCR5, CCDC80 and 

ARHGAP25), EBNA3B and EBNA3C co-bound peaks (JAK1 and SHQ1), EBNA3A, 

EBNA3B and EBNA3C co-bound peaks (ROCK1, BLK and SYTL3). All qPCR signals are 

reported as percentage of ChIPed DNA relative to input DNA. Results are shown as mean ± 

SEM of three independent experiments. Asterisk indicates a p-value < 0.05 by two sample 

t-test. 
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Figure III.4 
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Figure III.4: Characterization of EBNA3 bound sites. A) Average histone profile plots 

for EBNA3A, EBNA3B, and EBNA3C bound sites. The average density of ChIP-seq reads 

for the indicated histone modifications are plotted for ±2 kb window around the summits of 

the indicated EBNA3 bound sites. Normalized signal strength of each histone modification 

was derived from ChIP-seq datasets from GM12878 LCLs downloaded from the ENCODE 

database and is reported in reads per kilobase per million mapped reads (RPKM) for each 

curve. B) Pie chart showing the proportion of EBNA3A, EBNA3B, or EBNA3C bound sites 

located within different functional chromatin domains as defined by Ernst, et al. (180) 
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Figure III.5 

 

Figure III.5: The extent of RBPJ co-localization with EBNA proteins. Pie chart 

summarizing extent of EBNA2 and RBPJ, and EBNA3 co-binding in LCLs. For EBNA3 

charts, percent of peaks exhibiting RBPJ and EBNA2 co-binding (dark gray) as well as 

RBPJ co-binding without EBNA2 (light gray) is indicated. 
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Figure III.6A 

 

Figure III.6B 
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Figure III.6: Regulation of EBNA2 binding by EBNA3A or EBNA3C at specific RBPJ 

sites. A) EBNA3C, EBNA2 and RBPJ binding determined by ChIP-qPCR at the indicated 

loci in EBNA3C-HT LCLs cultured in the presence (4HT+) or absence (4HT-) of 

4-hydroxytamoxifen for two weeks. Genomic loci included RBPJ binding sites near 

EBNA3C repressed genes (BACH2, JAK1, CXCR5) or EBNA3A repressed genes (HDAC7 

and CDH1) as indicated. The red dashed line indicates sites bound by EBNA3C from 

ChIP-seq data. All qPCR signals are reported as percentage of ChIPed DNA relative to input 

DNA. Results are shown as mean ± SEM of three independent experiments. B) Analogous 

experiment to that described in (A) using the EBNA3A-HT LCL. EBNA3A, EBNA2, and 

RBPJ binding were determined by ChIP-qPCR at the indicated sites in the presence or 

absence of 4-hydroxytamoxifen. The red dashed line indicates sites bound by EBNA3A 

from ChIP-seq data. 
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Figure III.7A 
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Figure III.7B 
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Figure III.7C 
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Figure 7D 
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Figure III.7: Transcription factor co-binding and motif enrichment at EBNA3B bound 

sites. Bar plot showing the fraction of A) EBNA3A, B) EBNA3B and C) EBNA3C peaks 

co-associated with the indicated transcription factors (X-axis). Co-localization was defined 

as binding with 200 bp of EBNA3B bound sites and cell transcription factor binding 

locations were derived from ENCODE ChIP-seq data for 76 transcription factors in the 

GM12878 LCL. D) EBNA3A, EBNA3B and EBNA3C bound sites were analyzed for 

enriched motifs using MEME-ChIP. The motifs with the lowest p-values are indicated as 

well as any transcription factors predicted to recognize them.  
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Figure III.8 
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Figure III.8: Enriched motifs at sites bound uniquely by one EBNA protein.  

A) Venn diagram summarizing the overlap of EBNA2 binding sites with sites bound by any 

EBNA3. Enriched motifs at sites bound only by EBNA2 (left box) or bound by any EBNA3, 

but not by EBNA2 (right box) are indicated with corresponding p-values and names of any 

matching transcription factors. B) Motifs enriched at sites bound uniquely by EBNA3A, 

EBNA3B and EBNA3C (but not by EBNA2 or another EBNA3) are indicated along with 

corresponding p-values and matching transcription factors. 
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Figure III.9 

 

 

 

Figure III.9: Western blot for IRF4 expression levels in multiple B cell lines. Western 

blots for IRF4 (top panel) and tubulin (bottom panel) were done on whole cell lysates from 

the indicated B cell lines to identify candidate cell lines lacking detectible IRF4 expression. 

Each lane represents whole cell lysates from 10
6
 cells. 
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Figure III.10 

 

 

 

 

Figure III.10: Characterization of BJAB stably expressing flag-HA tagged EBNA3A, 

EBNA3B, or EBNA3C with or without IRF4. Western blots for IRF4 (top panel) and HA 

(bottom panel) were done in BJAB clones expressing EBNA3A-FHA, EBNA3B-FHA, 

EBNA3C-FHA with either IRF4 or vector control. For comparison LCLs expressing 

EBNA3A-FHA, EBNA3B-FHA, EBNA3C-FHA are shown (left 3 lanes). Each lane 

represents whole cell lysate from 10
6
 cells. 
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Figure III.11 
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Figure III.11: IRF4 is essential for EBNA3C binding to specific sites in the human 

genome. A) Top panel: ChIP-qPCR experiment demonstrating extent of EBNA3A (blue), 

EBNA3B (red), or EBNA3C (green) binding in BJAB cells expressing either flagHA tagged 

EBNA3A, EBNA3B, or EBNA3C with or without stably co-expressed IRF4. Loci where 

chosen that exhibited EBNA3C and IRF4 co-binding in LCLs and conformed to ETS/IRF4 

composite elements (EICE) or AP1/IRF4 composite elements (AICE), as indicated. Bottom 

panel: ChIP-qPCR demonstrating IRF4 binding at the same sites. B) ChIP-qPCR assay 

demonstrating extent of EBNA3C (left panel) and IRF4 (right panel) binding to the 

indicated EICE and AICE sites in EBNA3C-F-HA LCLs.  
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Figure III.12 

 

 

 

 

 

 

 

Figure III.12: Characterization of BJAB stably expressing flag-HA tagged wild type 

EBNA3C versus EBNA3C mutant. Western blots for HA (top panel) and tubulin (bottom 

panel) were done in E3C-F-HA LCL, BJAB clones expressing wild type EBNA3C 

(E3C-F-HA BJAB) and mutant EBNA3C (E3CF144A-F-HA BJAB). Each lane represents 

whole cell lysates from 10
6
 cells.  
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Figure III.13 

 

 

 

Figure III.13: IRF4 interaction is required for EBNA3C binding at EIAE and AICE 

sites in the human genome. Bar plot showing the ChIP-qPCR assay for the occupancies of 

wild type EBNA3C (dark green) and EBNA3C mutant that is deficient for IRF4 interaction 

(light green) in BJAB cells expressing IRF4. Binding was assessed at multiple sites that 

exhibited EBNA3C and IRF4 co-binding in LCLs and conformed to ETS/IRF4 composite 

elements (EICE) or AP1/IRF4 composite elements (AICE), and sites that are bound by 

EBNA3C without IRF4 co-bound as indicated. Results are shown as mean ± SEM of three 

independent experiments.  
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Figure III.14A 

Figure III.14B 
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Figure III.14: IRF4 co-binding does not promote EBNA3A or EBNA3B at specific sites 

in the human genome. A) ChIP-qPCR assay for EBNA3A (HA, top panel) in BJAB cells 

expressing flag-HA tagged EBNA3A alone (blue) or with IRF4 (light blue). ChIP-qPCR 

assay for IRF4 (gray) from the same cells is shown in the bottom panel. Binding was 

assessed at multiple sites co-bound by EBNA3A and IRF4 in LCLs (CDH1, HDAC7, BLK 

and CCDC80). A site near the PPIA which is not bound by EBNAs or IRF4 was included as 

a negative control. B) ChIP-qPCR assay for EBNA3B (HA, top panel) in BJAB cells 

expressing flag-HA tagged EBNA3B alone (red) or with IRF4 (light red). ChIP-qPCR assay 

for IRF4 (gray) from the same cells is shown in the bottom panel. Representative 

EBNA3B/IRF4 co-bound sites based on LCL data were selected (CTLA4, SHQ1, BLK and 

SYTL3) as well as the PPIA negative control. All qPCR signals are reported as percent of 

DNA ChIPed relative to input. Results are shown as mean ± SEM of three independent 

experiments. 
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Figure III.15 

 

 

 

 

 

 

Figure III.15: Working model of EBNA3 binding and gene regulation. At RBPJ sites 

(top panel) EBNA3 binding limits EBNA2 access, resulting in cell gene repression. The 

specific sites bound by each EBNA3 are determined by interactions with other cell 

transcription factors (represented by the question mark), including IRF4 in the case of 

EBNA3C as depicted. At non-RBPJ sites (bottom panel), EBNA3 binding would not 

generally affect EBNA2 binding and produces activation or repression in a context 

dependent manner. 
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CHAPTER IV:  

 

EBNA3C MEDIATED H3K27ME3 REGULATION IN LCLS 
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Introduction 

 

EBNA3s regulate hundreds of host genes, including p16INK4a and BIM which 

may account for their growth promoting and anti-apoptotic effects, respectively. EBNA3A 

and EBNA3C cooperatively mediate the deposition of the H3K27me3 at the BIM and 

CDKN2A promoters to maintain their repression. The multiprotein complex PRC2 is the 

key regulator responsible for catalyzing this epigenetic modification. Studies in BLs and 

LCLs have identified other genes that are also repressed by EBNA3A and EBNA3C in the 

same fashion, including ITGB1, ADAM28, ADAMDEC1, RASGRP1, NOTCH2, TOX and 

CXCL9 and CXCL10 (112, 116, 159). The Kempkes group has done an analysis of genes 

regulated by EBNA3A wherein they compared the data on EBNA3A repressed genes with 

H3K27me3 ChIP-seq data from the ENCODE (112). They observed that about 70 % of 

genes repressed by EBNA3A carried the PcG-associated signature H3K27me3; 90 % of 

these genes were associated with PcG-mediated silencing in multiple cell types. This finding 

indicated that many EBNA3A repressed genes may have an inherent capacity to undergo 

PcG-mediated silencing by H3K27me3 deposition. A second important finding of this study 

is that, H3K27me3 marks spread across the CXCL10/9 domain actually happened after 

transcriptional down-regulation of the genes due to loss of EBNA2 binding in response to 

EBNA3A expression. This raises the possibility that H3K27me3 deposition at EBNA3A 

repressed genes may be a consequence rather than the cause of transcriptional shut-down. 

However, whether this occurs at all EBNA3A repressed genes or any EBNA3C repressed 

genes is unknown. 
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 Paschos et al. performed a detailed analyses of the chromatin around the BIM 

promoter in which they found that EBNA3A and EBNA3C co-expression trigger the 

recruitment of polycomb repressive complex 2 (PRC2) core subunits and H3K27me3 

modification at this locus (154). They also claimed that there was an EBNA3C binding peak 

near the transcription start site of BIM. In addition, they found that EBV induces no 

consistent changes in the steady state expression of PRC2 components in BLs, but shRNAs 

against PRC2 and PRC1 subunits disrupted EBV repression of BIM. Therefore, they 

propose a model that EBNA3A and EBNA3C physically interact with PRC2 to recruit it to 

EBNA3A and EBNA3C bound sites for H3K27me3 deposition.  

In mammalian cells, it remains unclear how the polycomb proteins are recruited to 

specific promoters. Unlike Drosophila which uses the sequence-specific DNA-binding 

protein Pleiohomeotic (Pho) to mediate PcG recruitment to PcG response elements (PREs) 

(191), no such sequences was found in mammalian cells. Many potential mechanisms have 

been proposed, e.g. preference for regions rich in CpG-islands (CGIs) (192); 

sequence-specific transcription factors such as YY1(193); non-coding RNA species that can 

interact with PRC2 and DNA (reviewed in (194)) and there may be as yet undefined factors 

involved in PRC2 recruitment [reviewed in (23,26,33–37)]. However, for the genes that are 

regulated by EBNA3 mediated epigenetic silencing, it remains to be investigated how 

H3K27me3 is deposited and maintained at their genomic regulatory elements.  

In this Chapter I will discuss our findings regarding EBNA3A and EBNA3C 

effects on H3K27me3 modification and how they conflict with the current model. I will then 

describe our efforts to use H3K27me3 ChIP-seq experiments to identify locations that 
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undergo H3K27me3 level changes downstream of EBNA3C activity to shed light on this 

mystery.  
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Result 

 

No significant binding of EBNA3A and EBNA3C was detected at CDKN2A and BIM 

loci. 

To determine whether EBNA3A and EBNA3C directly bind to CDKN2A and BIM 

loci where the H3K27me3 changes occur, we first examined our EBNA3A and EBNA3C 

ChIP-seq datasets for binding peaks at these sites. Figure IV.1A shows a UCSC genome 

browser window depicting tracks for EBNA3 and RBPJ binding and H3K27me3 levels 

(GM12878, ENCODE database) at the BIM (chr2:111,860,000-111,890,000) and CDKN2A 

(chr9:21,960,000-22,020,000) loci. Based on this ChIP-seq data, there are no detectable 

EBNA3 binding peaks at locations reported to undergo H3K27me3 changes near the INK4a 

and BIM TSS in response to EBNA3A or EBNA3C inactivation (shown in the red box). To 

verify the ChIP-seq data, we performed ChIP-qPCR experiments at the above sites for 

EBNA3 protein binding using EBNA3-F-HA and wild type (untagged) LCLs. Again, there 

is no statistically significant enrichment in HA ChIP from the respective EBNA3-F-HA 

LCL relative to that observed in the wild type (untagged) LCL by a two sample t-test 

(Figure IV.1B). Thus, EBNA3A and EBNA3C binding is not detectible at either the INK4a 

or BIM genomic sites that undergo H3K27me3 change in response to EBNA3A and 

EBNA3C activity.  

EBNA3 down-regulated genes show reduced H3K27me3 to a greater extent than 

EBNA3 bound genes in LCLs.  

Having found no evidence that EBNA3A and EBNA3C bind to INK4a and BIM 

TSS where decreased H3K27me3 was seen upon EBNA3A and EBNA3C inactivation, we 
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decided to examine sites strongly bound by EBNA3s as well as promoter sites within 

EBNA3 regulated genes for evidence of H3K27me3 changes. H3K27me3 ChIP-qPCR 

experiments were performed using E3AHT cells (Figure IV.2A) cultured in medium 

supplied with 4HT (4HT+) or after withdrawal of 4HT for 14 (4HT- d14) and 21(4HT- d21) 

days. qPCR was used to examine H3K27me3 level change at genomic loci near genes 

known to be repressed by EBNA3A expression, including INK4a, BIM, JAK1 and RAPH1; 

and genomic loci near genes bound by EBNA3A, including RAPH1, MACC1, SYTL3, 

TP53I3 and ROCK1. HNRPLL genomic locus is neither bound nor repressed by EBNA3A. 

As expected, the H3K27me3 signal decreased at INK4a and BIM loci after EBNA3A was 

inactivated by 4HT withdrawal. Furthermore, the other two EBNA3A repressed genes JAK1 

and RAPH1 also showed a decline in H3K27me3 signal upon 4HT withdrawal. However, 

there was no significant change of H3K27me3 signal at EBNA3A bound sites: MACC1, 

SYTL3, TP53I3. There was also no H3K27me3 signal change at HNRPLL which is neither 

bound nor repressed by EBNA3A.   

We performed similar H3K27me3 ChIP-qPCR experiment using the E3CHT LCLs 

cultured in the presence of 4HT or after 14 to 21days of 4HT withdrawal (Figure IV.2B). 

Again, we observed a significant decrease of H3K27me3 signal at EBNA3C regulated genes 

including previously reported INK4a and BIM, as well as JAK1 and HNRPLL. In contrast, 

there was no consistent change in H3K27me3 signal at genes near EBNA3C bound sites, 

including MACC1, SYTL3 and ROCK1, with the exception of RAPH1 which did undergo a 

decrease of H3K27me3 signal upon EBNA3C inactivation. Taken together, these results 

demonstrated that H3K27me3 level decrease to a greater extend at EBNA3A and EBNA3C 
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regulated genes than at EBNA3A and EBNA3C bound gene loci, suggesting their repressive 

effects may be indirect instead of physically recruiting PRC2 to deposit the H3K27me3 

mark to their bound sites.  

EBNA3A and EBNA3C do not consistently alter the global H3K27me3 levels or the 

expression of H3K27me3 methytransferase EZH2, or the H3K27me3 demethylase 

KDM6A and KDM6B.  

Since the human (HPV) E7 oncoprotein induces KDM6B and thereby globally 

decreases H3K27me3 levels, we wondered whether EBNA3A or EBNA3C might act 

analogously to account for the change of H3K27me3 pattern. The steady state levels of 

H3K27me3, the methytransferase EZH2 that catalyze this modification, the demethylase 

KDM6A and KDM6B that remove this modification were therefore assessed by western 

blot in E3AHT and E3CHT LCLs cultured in the presence (4HT+) or absence (4HT-) of 

4-hydroxytamoxifen for two weeks (Figure IV.3A). The western blot results for H3K27me3 

and EZH2 did not show any significant change upon EBNA3A and EBNA3C inactivation. 

KDM6A and KDM6B expression was not reliably detectable using commercially available 

antibodies. We therefore attempted to detect their mRNA transcripts by RT-qPCR (Figure 

IV.3B). Using the same E3AHT and E3CHT LCL system, we measured the KDM6A and 

KDM6B mRNA levels with EZH2 mRNA (two splicing variants shown as EZH2 V1 and 

EZH2 V2) as control. After normalizing mRNA levels to GAPDH, we observed no 

significant change in KDM6A mRNA in response to EBNA3A and EBNA3C activity. The 

KDM6B mRNA was not reliably detected. EZH2 mRNA levels remained unchanged, 

consistent with the protein levels as assessed by western blot. Therefore, although 
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H3K27me3 signals were decreased at several EBNA3A and EBNA3C regulated gene loci, 

the global level of H3K27me3 is unchanged in the presence or absence of EBNA3A or 

EBNA3C activity and thus cannot account for the changes of this mark at specific sites. In 

addition, EBNA3A and EBNA3C did not seem to alter the steady state level of 

methytransferase EZH2 or the demethylases KDM6A and KDM6B in LCLs 

ChIP-seq identifies genomic locations that undergo H3K27me3 level change upon 

EBNA3C inactivation 

Having shown that H3K27me3 signal did not change globally or undergo 

significant change at EBNA3A and EBNA3C bound sites, we decided to determine where 

H3K27me3 changes do occur in response to EBNA3C inactivation. We chose to focus on 

EBNA3C because of the availability of a p16INKA/p14ARF double knockout LCL clone in 

our lab. This cell line cannot express functional p16INK4a or p14ARF and thus, does not 

exhibit the myriad of secondary effects that occur upon p16INK4a inactivation. In addition, 

this cell line contains an intact INK4a promoter, which allows us to confirm that EBNA3C 

mediating changes are occurring at this promoter as expected under experimental conditions 

despite disruption of the CDKN2A gene products. Using this mutant cell line, we performed 

four biological replicates of H3K27me3 ChIP-seq under permissive (4HT+) and 

non-permissive (4HT-) culture conditions.   

ChIP samples were used to prepare libraries for Illumina sequencing, and the raw 

reads were aligned to the human hg19 genome using Bowtie 

(http://bowtie-bio.sourceforge.net/index.shtml) (176). Genomic sites that enriched for 

H3K27me3 signals were identified in ChIP-seq data set relative to input DNA using 

http://bowtie-bio.sourceforge.net/index.shtml
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mosaicsHMM pipeline. In contrast to ChIP-seq for transcription factors which typically 

generate sharp peaks with strong signal intensity, H3K27me3 ChIP-seq demonstrated broad 

enrichment across the entire gene region with the median width around 5-6Kb. By taking in 

peaks that are common in four replicates, we identified a total of 23805 genomic regions 

showing H3K27me3 signals in the 4HT+ condition and 17042 of such genomic regions in 

4HT- condition. With the 23805 genomic regions, 15484 of them are only present in 4HT+ 

condition but not in the 4HT-, representing the locations that potentially undergo epigenetic 

silencing mediated by EBNA3C activity (Figure IV.4).  

Based on the preliminary analysis, only 8 of 400 top EBNA3C bound sites 

(p-value and peak height in ChIP-seq) that undergo H3K27me3 level change within 10kb of 

peak region, whereas only one of the 8 sites shows direct overlap. However, when we 

compare the EBNA3C regulated genes (p16INK4a null LCL gene profiling data from 

Allday group (118)) to the regions that undergo H3K27me3 level change, we found that 20 

of 113 EBNA3C repressed genes undergo H3K27me3 decrease when EBNA3C is 

inactivated; whereas 4 of 137 EBNA3C induced genes undergo H3K27me3 decrease when 

EBNA3C is inactivated. This finding is consistent with the H3K27me3 ChIP-qPCR data 

shown in figure IV. 2 that H3K27me3 decrease occurs more often near EBNA3C regulated 

genes instead of near genes bound by EBNA3C. Taken together, our results support the 

model that H3K27me3 level change appears to be an indirect effect of EBNA3C binding. 

However, the specific factors mediating these effects on H3K27me3 modification need to be 

further investigated. 
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Discussion 

The products of CDKN2A gene locus p16INK4a and p14ARF are key mediators 

of oncogenic stress responses and potent barriers to the immortalization of cells in culture 

and the cancer development in vivo. It is therefore not surprising that p16INK4a and 

p14ARF are inactivated in various ways e.g., gene deletion, mutation, or promoter DNA 

methylation (140, 195, 196) in a wide variety of human cancers. The entire 

INK4b-ARF-INK4a locus appears to be coordinately regulated by polycomb protein 

complexes that generate repressive histone modifications (140, 196). It has been well 

established that EBNA3A and EBNA3C co-operatively repress p16INK4a via H3K27me3, 

which is induced early after EBV infection. Further, B cells lacking the ability to express 

p16INK4a do not require EBNA3C to be transformed by EBV into proliferating LCLs, 

suggesting p16INK4a is the main target for EBNA3C in maintaining LCL growth (118). 

BIM is a strong inducer of apoptosis and a key regulator of lymphocyte survival. 

Inhibition of BIM induction enhances lymphomagenesis in mice and humans, and plays an 

crucial role in the pathogenesis of BL (147). It has also been shown that EBNA3A and 

EBNA3C co-operatively mediate repression of BIM transcription via H3K27me3 histone 

modification (154), potentially followed by DNA methylation of CpG islands flanking the 

BIM transcriptional initiation site is observed in BL cells (153). Because BIM is a key 

defense against dysregulated MYC, inhibition of the pro-apoptotic protein BIM by 

EBNA3A and 3C is likely to contribute to the progression of EBV positive BL (148).  

The exact mechanism by which EBNA3A and EBNA3C mediate the epigenetic 

modification at p16INK4a and BIM promoters is still need poorly understood. The existing 

model proposed by Allday group is that EBNA3A and EBNA3C directly recruit PRC2 to 
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INK4a and BIM promoters thus, inducing H3K27me3 modification. However, our data 

challenge several predictions of this model. First, at the INK4a and BIM promoters where 

the most H3K27me3 changes occur, there is no significant binding of either EBNA3A or 

EBNA3C (Figure IV.1). Second, at sites strongly bound by EBNA3A and/or EBNA3C, 

there is no consistent alteration of H3K27me3 upon EBNA3A or EBNA3C inactivation 

(Figure IV.2 and Figure III.4). Instead, we observed reduced H3K27me3 signal near 

EBNA3A and EBNA3C regulated genes, suggesting that EBNA3A and EBNA3C mediated 

H3K27me3 regulation is more complicated than simple recruitment of PRC2 by chromatin 

associated EBNA3 proteins. 

On the other hand, we do not observe any global change of H3K27me3 levels nor 

of its writer EZH2 or eraser KDM6A/6B when EBNA3A or EBNA3C was inactivated. 

Therefore, unlike HPV E7, EBV EBNA3s do not exert their effects on p16INK4a and BIM 

by globally altering the H3K27me3 levels. This suggests that EBNA3A and EBNA3C 

mediated H3K27me3 change is site specific. There is growing evidenc that EZH2 is 

phosphorylated at multiple threonine residues in order to regulate its stability and chromatin 

recruitment (197-200). For example, Cyclin-dependent kinases (CDK1/2) phosphorylate 

EZH2 at T350 which promotes the interaction between EZH2 and lncRNAs such as 

HOTAIR and Xist (197). Thus, EBNA3A and EBNA3C might indirectly regulate EZH2 

targeting by modulating the CDK-mediated phosphorylation pathway, resulting in enhanced 

or reduced EZH2 recruitment at specific site on chromatin due to deregulated lncRNA 

interaction. Alternatively EBNA3A or EBNA3C may regulate expression of lncRNAs 

required for PRC2 recruitment. 
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 Several histone demethylases have been identified to be present in complexes 

with transcription factors. For example, the H3K4me3 demethylase KDM5C/JARID1C 

associates with the REST repressive complex (201), which is responsible for repression of 

neuronal genes in non-neuronal tissues. The H3K4me1/2 demethylase KDM1 has been 

identified in various complexes with known DNA-binding proteins including the 

transcription initiation factor TFII-I (202), the E-cadherin promoter binding factors ZEB1/2 

(203) and ZNF217 (204), as well as Androgen Receptor (AR) (205), suggesting that these 

DNA-binding proteins may play a role in histone demethylase recruitment or stabilization at 

particular genomic sites. Therefore, we can speculate that EBNA3A and EBNA3C might 

regulate the DNA-binding proteins involved in forming complexes with the histone 

demethylase KDM6A/6B, thus affecting their recruitment or stabilization at particular loci, 

leading to alterations in local H3K27me3 levels. In addition, it has also been suggested that 

transcription factors can modulate demethylase activity to affect the local histone 

modification status. For example, interaction of the Drosophila MYC homolog with the 

KDM5/LID/JARID1 abrogates its demethylase activity (206). Finally, as with EZH2, 

post-translation modifications may regulate demethylase activity. For example, 

KDM6A/UTX is specifically phosphorylated in the mouse developing brain (207). 

Although its biological relevance remains to be determined, this observation supports the 

possibility that demethylases are regulated by more than recruitment to specific genomic 

loci. EBNA3A and EBNA3C may therefore alter H3K27me3 levels at specific sites via 

many mechanisms other than PRC2 recruitment. An essential pre-requisite for 
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distinguishing among these potential mechanisms is to better define a larger subset of 

genomic loci at which H3K27me3 levels are regulated by EBNA3A and EBNA3C. 

To identify the specific sites that undergo H3K27me3 level change in response to 

EBNA3C activity, we performed H3K27me3 ChIP-seq in the presence or absence of 

EBNA3C activity in LCLs deleted for p16INK4a and p14ARF. Because the H3K27me3 is a 

broad mark compared to the transcription factors, obtaining sufficient sequencing depth to 

reliably identify regions differentially modified between the two conditions has been a 

challenge. Using four biological replicates, we identified a total of 15484 locations that have 

H3K27me3 signal only when EBNA3C is active and lack this mark when EBNA3C is 

turned off. Therefore, these sites resemble the INK4a and BIM loci in their response to 

EBNA3C and are potentially interesting targets for further investigations. By comparing the 

EBNA3C bound sites and EBNA3C regulated gene loci to these15484 locations, we found 

our hypothesis still holds true that the vast majority of EBNA3C bound sites do not have 

H3K27me3 signals in their vicinity; however, a higher proportion of EBNA3C repressed 

genes (20/113) do than EBNA3C induced genes (4/137). These experiments, while still 

preliminary, further support our hypothesis that EBNA3s exert changes in the H3K27me3 

histone modification through indirect mechanisms. In addition, in E3CHT LCLs that has 

been cultured in 4HT withdrawal medium for 30 days, more than 10 day are required to 

fully regain of H3K27me3 mark at the INK4a locus upon 4HT addition to the culture 

medium (115). This delay also suggests that an indirect process accounts for EBNA3A and 

EBNA3C induced epigenetic silencing. 
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Recent studies support a central role for long non-coding RNAs in PRC2 

recruitment to repressed gene loci. Remarkably, examination of a comprehensive catalog of 

known human lncRNAs, about 20% of lncRNAs expressed in various cell types were 

observed to be bound by PRC2. Additional lncRNAs were bound by other 

chromatin-modifying complexes and affected cellular gene expression (208). This finding 

underscores the critical role of lncRNA in PRC2 targeting. Perhaps the best studied example 

is Xist (X Inactive Specific Transcript), a 3.2kb lncRNA can target PRC2 to the inactive 

regions of one of the X chromosomes in females (209). Another lncRNA, HOTAIR (HOX 

transcript antisense RNA), is a 2.2-kb lncRNA is involved in the repression of the HOX loci 

and promoting cancer metastasis (210, 211).  In addition, other lncRNAs, such as HEIH, 

H19 and linc-UBC1 have been shown to interact with EZH2 and are involved in tumor 

growth and metastasis (212-214). Most relevant to EBNA3A and EBNA3C is 

ANRIL (antisense non-coding RNA in the CDKN2A locus), a 3.8 kb-long non-coding 

RNA reported to repress p15INK4b by recruiting PRC2 to this locus (215). ANRIL may 

also regulate p16INKa; however, we did not find evidence of ANRIL regulation by 

EBNA3C, making it an unlikely mediator of EBNA3C effects at the CDKN2A locus. 

Therefore, we are in the process of examining which lncRNAs are affected by EBNA3A 

and EBNA3C and whether H3K27me3 level changes downstream of EBNA3A and 

EBNA3C correlate with loci regulated by these lncRNAs.  

Manipulation of the H3K27me3 modification catalyzed by PRC2 to reversibly 

repress key tumor suppressor genes in B cells allows EBV to transiently override these 

genes, without irreversibly inactivating them. In human cancers, these genes are frequently 
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deleted or epigenetically repressed; therefore understanding the complete molecular 

mechanism of how EBNA3s mediate this process may provide insights into more general 

mechanisms of carcinogenesis. Although the indirect pathway proposed herein “blunts” 

Occam’s razor, this more complex pathway also presents an opportunity to identify 

therapeutic targets that would not exist if the direct recruitment model were correct. 

 

 

.  
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Figure IV.1 

 

Figure IV.1 EBNA3 proteins binding and histone modification at BIM and INK4a loci. 

A) Genome browser tracks showing EBNA3A, EBNA3B, EBNA3C, and RBPJ binding as 

well as H3K27me3 levels at the BIM and INK4a loci. The UCSC genome browser snapshots 

were taken at chr2:111,860,000-111,890,000 for BIM locus and chr9:21,960,000-22,020,000 

INK4a locus respectively. The numbers at Y-axis were normalized signals (reads per 

kilobase per million mapped reads) from EBNA3s, RBPJ and H3K27me3 ChIP-seq datasets. 

Gene structures are shown at the bottom of the panel. The green arrows indicated the 

direction of transcription. The red boxes denoted to the genomic region previously reported 

to undergo H3K27me3 signal change upon EBNA3A and EBNA3C inactivation. B) Bar 
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plots showing ChIP-qPCR resultes at BIM and INK4a TSS regions with the red boxes 

indicated above. Y-axis indicating ennrichment of genomic DNA from ChIP of EBNA3A, 

EBNA3B, or EBNA3C relative to input. Each EBNA was specificaly ChIPed using HA 

antibody in either the EBNA3A-F-HA, EBNA3B- F-HA, EBNA3C-F-HA LCL with wild 

type (untagged) LCLs as a negative control. All qPCR signal are reported as percentage of 

ChIPed DNA relative to input DNA. Results are shown as mean ± SEM of three 

independent experiments. 
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Figure IV.2 

 



103 

 

Figure IV.2 H3K27me3 levels at EBNA3 regulated and EBNA3 bound genomic loci, in 

LCLs, upon EBNA3A and EBNA3C inactivation. A) Bar plot showing H3K27me3 signal 

at the indicated loci in E3AHT LCLs cultured in the presence (4HT+) or absence (4HT-) of 

4-hydroxytamoxifen for 14 to 21 days. Genomic loci included sites near EBNA3A repressed 

genes (INK4a, BIM, JAK1, RAPH1) or EBNA3Abound genes (RAPH1, MACC1, SYTL3, 

TP53I3 and ROCK1) as indicated in the bracket underneath. All qPCR signals are reported 

as percentage of ChIPed DNA relative to input DNA. B) Analogous experiment to that 

described in (A) using the E3CHT LCL. H3K27me3 signal was determined by ChIP-qPCR 

at the indicated sites in the presence or absence of 4-hydroxytamoxifen. Genomic loci 

included sites near EBNA3C repressed genes (INK4a, BIM, JAK1, HNRPLL) or 

EBNA3Cbound genes (JAK1, HNRPLL, RAPH1, MACC1, SYTL3, TP53I3 and ROCK1) as 

indicated in the bracket underneath. All results are shown as mean ± SEM of three 

independent experiments. 
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Figure IV.3 

 

Figure IV.3 Steady-state levels of H3K27me3, EZH2, KDM6A and KDM6B in the 

presence and absence of EBNA3A or EBNA3C activity. A) Western blot showing the 

global H3K27me3 and EZH2 levels in E3AHT and E3CHT LCLs cultured in the presence 
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(4HT+) or absence (4HT-) of 4-hydroxytamoxifen for two weeks. Total Histone 3 (H3) and 

tubulin were used as loading controls. Each lane represents whole cell lysates from 2x10
5
 

cells. B) Bar plot showing RT-qPCR results for EZH2 transcript variant 1 (EZH2 V1), 

EZH2 transcript variant 2 (EZH2 V2), KDM6A and KDM6B mRNA levels normalized to 

GAPDH in E3AHT and E3CHT LCLs cultured in the presence (4HT+) or absence (4HT-) 

of 4-hydroxytamoxifen for two weeks. All results are shown as mean ± SEM of three 

independent experiments. 
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Figure IV.4 

 

 

 

 

 

 

Figure IV.4: H3K27me3 positive genomic regions in 4HT+ and 4HT- conditions 

detected by ChIP-seq experiments in LCLs deleted for p16INK4a and p14ARF. Venn 

diagram showing the number of genomic regions carrying H3K27me3 signals in the 4HT+ 

condition and 4HT- condition. Results represent peaks that are common in four biological 

replicates.   
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CHAPTER V:  

 

DISCUSSION AND FUTURE DIRECTIONS 
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Contributions and implications in this dissertation 

EBV nuclear antigens EBNA3A, EBNA3B and EBNA3C are a family of three 

nuclear proteins expressed in EBV transformed LCLs. The role EBNA3 proteins in EBV 

biology is less understood compared to the EBNA1 and EBNA2 EBV nuclear proteins. It 

has been well established that EBNA3A and EBNA3C are important for in vitro 

transformation of B cells into LCLs, and in recent years the transforming ability of 

EBNA3A and EBNA3C has been ascribed to their repression of the p16INK4a tumor 

suppressor (118, 138). In addition, because EBNA3A and EBNA3C inhibit p16INK4a 

transcription, they are believed to function as transcription factors that regulate host gene 

expression. However, the detailed molecular mechanisms by which EBNA3s mediate gene 

regulation are largely unknown.  

Like EBNA2, the EBNA3 proteins bind to the cellular DNA binding protein RBPJ, 

a component of the Notch signaling pathway. It has been shown that binding of these viral 

proteins is mutually exclusive and competitive. Subsequent gene profiling studies in both 

BLs and LCLs have demonstrated that EBNA3 proteins regulate partially overlapping sets 

of genes. An important unanswered question is how these EBNAs exert their unique effects 

through interactions with a shared transcription factor. To address this, we performed 

ChIP-seq of each EBNA3 in LCLs and analyzed this data concurrently with previously 

published EBNA2 and RBPJ ChIP-seq data from LCLs.  

We found that EBNA3A, EBNAB and EBNA3C bind to distinct genomic sites 

with only limited overlap. In contrast to EBNA2 which has over 80% bound sites 

co-localize with RBPJ, only a minority of EBNA3s binding sites co-localize with RBPJ. 
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When EBNA3 bound sites do co-localize with RBPJ, frequently EBNA2 is observed, 

suggesting the primary role of RBPJ co-localization is to limit EBNA2 access. Our data 

suggests this may actually be an underestimate as EBNA3 binding may abrogate EBNA2 

binding at these sites. We demonstrated this observation using LCLs conditional for 

EBNA3A or EBNA3C activity and further found that EBNA3A and EBNA3C regulate 

EBNA2 binding at specific RBPJ sites. Our results demonstrated that differences in the 

genomic sites bound by each EBNA3 protein determine which EBNA2 bound sites they 

regulate and ultimately lead to differences in gene regulation. These EBNA3s functions may 

be critical in vivo to prevent uncontrolled EBNA2 activity, which could be detrimental to 

host cells. 

By examining transcription factor co-localization and motif enrichment at unique 

EBNA3 bound sites, we identified IRF4 as specifically enriched at EBNA3C bound sites. 

More importantly, using BJAB cells ectopically expressing physiologic levels of IRF4, 

EBNA3C binding at ETS/IRF4 (EICE) and AP1/IRF4 (AICE) sites was greatly enhanced, 

whereas IRF4 expression did not affect EBNA3A or EBNA3B binding at these sites. 

Although a prior study by has observed EBNA3C co-localization with 

BATF/IRF4/SPI1/RUNX3 sites and that EBNA3C binding signals were stronger at IRF4 

co-bound sites than sites without IRF4 binding (110), our results provide the first concrete 

evidence that IRF4 specifically contributes to EBNA3C binding. Our results support the 

notion that EBV exploits transcription factors critical for B cell development to achieve 

immortalization of host cells.  
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EBNA3A and EBNA3C co-operatively regulate two tumor suppressors p16INK4a 

and BIM, and this repression correlates with increased levels of the H3K27me3 repressive 

mark. Subsequent studies also identified several other genes that undergo H3K27me3 level 

change in response to EBNA3A and EBNA3C activity, suggesting a role for EBNA3 

proteins in mediating epigenetic silencing of host genes. H3K27me3 is catalyzed by PRC2 

which contains the methyltransferase EZH2; and is removed by histone demethylase 

KDM6A and KDM6B. A straightforward model has been proposed to explain these 

observations in which EBNA3A and EBNA3C mediate H3K27me3 regulation by physically 

interacting with PRC2 and recruiting it to their bound sites (154). However, our studies have 

contradicted fundamental predictions of this model. We found that EBNA3A and EBNA3C 

did not bind to INK4a and BIM promoter regions where the greatest H3K27me3 changes are 

observed. In addition, we found that H3K27me3 level changes induced by EBNA3A and 

EBNA3C occur primarily at genes regulated by these EBV proteins, not at EBNA3A and 

EBNA3C bound sites. We also showed that EBNA3A and EBNA3C do not affect the global 

level of H3K27me3, nor do they affect the EZH2 and KDM6A/6B expression. Taken 

together, these suggest the old model is inadequate and we proposed that EBNA3A and 

EBNA3C mediate H3K27me3 changes at specific sites via indirect mechanisms. 

We performed H3K27me3 ChIP-seq study in LCLs to identify the locations that 

undergo H3K27me3 level changes in response to EBNA3C activity. This study allowed us 

to identify thousands of locations with the H3K27me3 modification when EBNA3C is 

active,  but lost this mark when EBNA3C is inactivated. Due to the complexity of this 

dataset and the intrinsic challenges to analyze H3K27me3 distribution, which is a very 
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broad histone mark, these results remain preliminary and efforts to fully elucidate the 

pathways through which EBNA3C mediates H3K27me3 deposition and maintenance in 

LCLs are ongoing.  

In conclusion, we believe our findings contribute significantly to our current 

understanding of the role played by EBNA3 proteins in the LCL transformation process. 

Our findings suggest that each EBNA3 (EBNA3A, EBNA3B, or EBNA3C) is able to 

regulate EBNA2 binding at distinct RBPJ genomic sites, and explain how these proteins can 

exert different effects through a common interacting partner. We further demonstrate that 

IRF4 interaction with EBNA3C is one determinant of its distinct genomic binding profile. 

We propose a model where interactions of other EBNA3 proteins with specific cell 

transcription factors determine their ability to regulate distinct subsets of cell genes to fulfill 

their unique role in LCL transformation. Finally, we suggest that EBNA3A and EBNA3C 

repress gene expression by altering H3K27me3 levels via an indirect mechanism. Mapping 

the genome-wide locations that undergo H3K27me3 level change downstream of EBNA3C 

activity will facilitate identification of the molecular mechanisms underlying this effect, e.g. 

by regulating lncRNAs or specific transcription factors that are involved in the recruitment 

or stability of PRC2 and KDM6A/6B on chromatin. 

 

Future directions  

EBNA3 regulation of EBNA2 binding 

Based on our current studies, we maintain that the degree to which EBNA2, 

EBNA3A and EBNA3C compete for RBPJ bound sites is underestimated by static ChIP-seq 
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experiments. To fully define the extent of this competition, EBNA2 ChIP-seq could be done 

in LCLs conditional for EBNA3A and EBNA3C activity respectively. This will allow us to 

identify genomic sites that have enhanced EBNA2 binding when EBNA3A or EBN3C is 

inactive. In addition, by analyzing the motifs and transcription factors co-occupancies at 

these locations, we expect to find the factors that contribute to EBNA3A and EBNA3C 

competition with EBNA2 for binding to specific genomic sites. We can also examine 

whether this competition leads to critical gene regulation by EBNA2 and EBNA3s; and 

whether EBNA3 competition for RBPJ affects the ability of Notch to signal in LCLs. 

Mechanisms of EBNA3s gene regulation 

Our knowledge of how EBNA3s regulate a variety of host genes is still very 

limited. Is it not clear how EBNA3 binding is connected to the genes they regulate. 

Chromatin conformation capture has been used to show that chromatin looping brings the 

intergenic element that binds EBNA3s into close proximity with the ADAM28 and 

ADAMDEC1 promoters (113). Whereas at CtBP2 locus, EBNA3A prevents 

enhancer–promoter looping which is consistent with EBNA3A playing a central role in the 

repression of this locus. Both our ChIP-seq data and previously published studies have 

demonstrated that EBNA3s bound sites are over-represented at enhancer regions, suggesting 

the importance of long-range regulation in EBNA3s function. Therefore, the exact 

mechanism of how EBNA3s modulate the long-range enhancer-promoter interactions is an 

intriguing aspect to investigate in the future.  

The accurate assignment of enhancer and corresponding promoters is almost 

impossible if only examines the linear distances between binding sites and the genes being 
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regulated. The nuclear architecture of chromosome territories and topological association 

domains (TADs) (216) has been shown to be critical in transcriptional regulation. TADs are 

mega-base size chromatin interaction domains and are thought to represent functional 

domains of gene regulation (217). A recent study characterized a class of EBV 

super-enhancers and has provided important clues as to how EBV nuclear proteins may 

cooperate with cellular transcription factors to regulate genes (218). This study found that 

approximately 86% of EBNA2 super-enhancers and their associated gene pairs occurred 

within the same TAD. In addition, MYC and BCL2 expression is driven by EBV 

super-enhancers, indicating that long-range interactions might be a common way for EBNA 

proteins to co-coordinately regulate key oncogenes as well as host transcriptome. Therefore, 

further characterization of EBV super-enhancer and the topological associated domains 

structure in EBV infected B cells will help us dissect the complexity of EBV mediated gene 

regulation and transformation.   

Our current understanding of how the EBNA3s regulate key tumor suppressors like 

p16INK4a and BIM is far from complete. Although it is clear that EBNA3A and EBNA3C 

cooperatively maintain the deposition of H3K27me3 at INK4a and BIM loci, exactly how 

this cooperation is achieved to mediate PRC2 recruitment to specific sites is unclear. We are 

analyzing our H3K27me3 ChIP-seq data concomitantly with RNA-seq data done in 

EBNA3C activity on and off conditions in an effort to discover intermediates used by 

EBNA3s to regulate host genes via epigenetic modifications of chromatin. On the other 

hand, we are cognizant of the suggestion that H3K27me3 deposition may be a consequence 

rather than the mechanism of some EBNA3 effects.  
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Moreover, it still needs to be fully addressed what determines the requirement for 

both EBNA3A and EBNA3C and what are their relative contributions. Our data have 

suggested that EBNA3A and EBNA3C each compete for RBPJ binding at specific sites.  

This suggests, for example, that p16INK4a repression involves at least two RPBJ bound 

sites mediating cooperative EBNA3 effects. However, given the large number of EBNA3 

bound sites that lack RBPJ co-binding, it is likely that there are RBPJ-independent effects of 

the EBNA3s via interaction with other transcription factors. We are currently determining 

which protein-protein interactions are required for EBNA3C regulation of genes using a 

complementation assay with EBNA3C mutants coupled with RNA-seq. 

EBNA3 binding specificity 

Our ChIP-seq studies for EBNA3s have identified thousands of genomic sites 

bound by each EBNA3 protein. However, the full details of what determines binding at 

particular loci are incomplete. We have demonstrated that IRF4 is a key factor contributing 

to EBNA3C binding at AICE and EICE sites. However, there are IRF4 bound sites that lack 

EBNA3C binding and vice versa, suggesting a role for additional transcription factors in 

EBNA3C recruitment. It is likely that EBNA3A and EBNA3B recruitment are similarly 

complex.  Another caveat of this study is that the experiments were performed in a BJAB 

background because IRF4 is required for LCL growth (182). However, there are two 

alternative experiments could be done in the future to circumvent this problem. First, we can 

generate LCLs carrying an inducible shRNA against IRF4 thus it could be controlled by 

drug and turned off in the short term. In this way, we can test whether in LCL background 

IRF4 still specifically promotes EBNA3C binding instead of EBNA3A and EBNA3B. 
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Second, we have the EBNA3C mutant that is deficient for IRF4 binding (EBNA3C_F144A) 

and is unable to promote EBNA3C binding to AICE and EICE sites in BJAB cells. These 

experiments could be repeated using the E3CHT LCL in which the 4HT minus state is 

transcomplemented with the pCEP-EBNA3C_F144A-FHA expression plasmid. In addition, 

this transcomplementation assay could also be used to determine whether an IRF4 

interaction with EBNA3C is required for p16INK4a suppression and LCL growth. Our lab 

had published the data using this type of transcomplementation assay showing that 

EBNA3A mutants impaired for RBPJ or WDR48 association were unable to maintain LCL 

growth whereas EBNA3A CtBP1 binding mutant resulted in modestly impaired growth (98). 

Therefore, it will be interesting to know to what extend the EBNA3C IRF4 binding mutant 

can cause a LCL growth defect, and whether this is due to other mechanisms in addition to 

the inability of EBNA3C to interact with IRF4. Finally, if there is a growth defect that 

prevents adequate study of EBNA3C_F144A, the transcomplementation assay could be 

repeated in p16INK4a/p14ARF KO 3CHT LCLs that have been generated in our lab by 

CRISPR-Cas9 technique. This will allow us to overcome the growth defect caused by 

p16INK4a or p14ARF induction thus to only look at the genes regulated downstream of 

IRF4 binding. Taken together, we believe the above experiments will facilitate our 

understanding of how the key B cell differentiation factor IRF4 is involved in EBNA3C 

function.   

Our transcription factor co-association study and motif searching also identified 

candidates that may help determine EBNA3A and EBNA3B binding specificity. For 

example the MYC binding motif was enriched at EBNA3A unique sites and the PU.1 
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binding motif is enriched at EBNA3B binding sites. Further analysis and experiments are 

needed to address how these known or novel factors determine EBNA3A and EBNA3B 

genomic binding and other functions.  

Another interesting observation that EBNA2 from type I EBV, which has superior 

transforming ability compared to type II EBV is due to a single amino acid mutation at 

S442D; and this caused a increased binding of type I EBNA2 at ETS/IRF4 sites 

(171).  Therefore, delineating whether the "novel" binding sites observed with type I 

EBNA2 are due to an enhanced ability to compete with EBNA3C for binding at ETS/IRF4 

sites will provide further information on the role of ETS/IRF4 (EICE) composite elements 

in EBV biology.     

EBNA3 function in vivo 

Another long-term goal is to determine the function of EBNA3s during B cell 

infection in vivo. Only PTLD and a subset of DLBCLs (219) express the full latency III 

EBV latent proteins; while the Wp-restricted BLs express EBNA3s, but lack EBNA2 

expression (220). These studies are important because in vitro models may not fully capture 

critical in vivo phenomena. For example, EBNA3B is dispensable for in vitro transformation, 

but may function as a tumor suppressor in vivo as its deletion is associated with more 

aggressive, immune-evading monomorphic DLBCL-like tumors in humanized mice (78). 

Loss of EBNA3B expression resulted in decreased expression of the T cell-chemoattractant 

CXCL10 that led to reduced T cell recruitment in vitro and T cell-mediated killing in vivo. 

However, for EBNA3A and EBNA3C this kind of in vivo study is still lacking. Further 

experiments using humanized mouse model will contribute to our understanding of this 
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question. Furthermore, the role of the EBNA3s in other malignancies remains to be clearly 

defined. It is possible the EBNA3s may contribute to the onset of malignancies that later 

exit the type III latency due to their immunogenicity and additional cellular mutations that 

compensate their functions. As discussed previously, the EBNA3s may continue to 

epigenetic silencing through inheritable imprinting, exemplified by BIM and p16INK4a, 

which are usually methylated in latency I EBV-positive BLs; and are frequently mutated or 

deleted in EBV-negative BLs. In conclusion, exploring the in vivo functions of EBNA3s 

will greatly enhance our understanding on the mechanisms of EBV associated tumorigenesis, 

thus contribute to the identification of potential therapeutic interventions and vaccines.  
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