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ABSTRACT 

EBV is a human gammaherpesvirus that infects approximately 95% of the 

population worldwide and is associated with 1% of human cancer incidence.  The EBV-

genome-encoded latency membrane protein 1 (LMP1) is expressed in nearly all of EBV-

associated malignancies and is the major EBV oncogene. Because LMP1 is essential for 

both establishing a latent EBV infection and promoting tumorigenesis, defining its role in 

these processes is critical in order to understand EBV-associated cancer development. 

Due to the importance of epigenetics in regulating EBV gene expression during latency, 

the goals of this dissertation were two-fold: to define the mechanisms of host epigenetic 

regulation of LMP1 expression and to establish how LMP1 alters the host epigenome.  

The host uses its epigenetic machinery to regulate EBV during latency. One 

mechanism is through the host protein CTCF, which acts as an insulator to prevent the 

intrusion of heterochromatin into euchromatic regions and prevent DNA methylation 

within the EBV genome. CTCF also participates in the three-dimensional organization of 

the EBV episome through the formation of a network of long-range interactions that, in 

turn, further regulate EBV gene expression. CTCF binds at several key regulatory regions 

in the EBV genome, including upstream latent gene promoters, with the strongest CTCF 

binding site in the EBV genome positioned at the LMP1 locus. However, the functional 

role of CTCF binding in regulating LMP1 has yet to be established. To define the role of 

CTCF binding at the LMP1 locus we utilized a genetically modified EBV bacmid that 

contained a site-directed deletion of the CTCF binding site at the LMP1 region. Using 

EBV-positive B cells we found that CTCF binding at the LMP1 locus is a key regulator 

of LMP1 expression. Loss of CTCF binding changed the epigenetic profile at the LMP1 
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locus resulting in the loss of euchromatic and a concomitant gain of heterochromatic 

histone modifications, as well as an associated increase in DNA methylation near the 

LMP1 promoter. These epigenetic changes mediated decreased LMP1 expression. 

Additionally, through chromosome conformation capture (3C) assays, we established that 

DNA loop formation between the LMP1 loci and the viral enhancer OriP is strictly 

dependent upon CTCF binding at LMP1. Taken together, these observations suggest an 

epigenetic mechanism by which the host, through CTCF, contributes to the regulation of 

LMP1 expression. 

LMP1 expression is also regulated by structural elements within the EBV genome 

called terminal repeats (TRs). The number of TRs within an EBV genome varies based 

upon the circularization of the viral genome, and LMP1 expression is inversely correlated 

with the number of TRs in epithelial cells. However, the mechanism by which TR 

number regulates LMP1 expression has yet to be elucidated. We hypothesized that TR 

number differentially regulates the epigenetic state of the LMP1 promoters to either 

promote or suppress their activity. By examining the epigenetic state at both LMP1 

promoters in isogenic cell lines with different numbers of TRs, we identified differences 

in histone modifications and DNA methylation at the LMP1 promoters. Furthermore, 

decreasing the number of TRs eliminated a chromatin loop formed between the LMP1 

loci and the viral enhancer OriP. This data suggests that the number of TRs regulates the 

epigenetic state of LMP1 and ultimately determines promoter usage, which is necessary 

for LMP1 expression. 

While the previous work focused on the host mechanisms that regulate LMP1 

expression, we also explored if the reverse relationship existed, that is, if EBV hijacks the 
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host epigenetic machinery as a means to alter host gene expression. LMP1 contributes to 

host cell proliferation and survival through the aberrant activation of biochemical 

signaling pathways that also modulate epigenetic regulation. Because the PARP1-

mediated post-translational modification poly(ADP-ribosyl)ation (PARylation) regulates 

EBV latency, and LMP1 activates a PARP1 regulator MAPK/ERK, we hypothesized that 

LMP1 drives the induction of PARP1-mediated PARylation. PARP1 facilitates gene 

transcription by maintaining a euchromatic state, and as a result, the disruption in 

epigenetic regulation mediated by LMP1 through PARP1 may also induce changes in 

host gene expression, including genes that contribute to EBV-mediated tumorigenesis.  

A panel of EBV-positive cell lines were found to have higher PAR levels than 

EBV-negative B cells, establishing a relationship between latent EBV infection and 

cellular PARylation. Because expression of the EBV oncoprotein LMP1 was sufficient to 

induce cellular PARylation, we explored the model that disruption in cellular PARylation 

driven by LMP1 expression subsequently promotes epigenetic alterations to elicit 

changes in host gene expression. PARP inhibition resulted in the accumulation of the 

repressive histone mark H3K27me3 at a subset of LMP1-regulated genes through 

induction of EZH2 expression. Inhibition of PARP also suppressed the expression of 

LMP1-activated genes and LMP1-mediated cellular transformation, demonstrating an 

essential role for PARP activity in LMP1-induced gene expression and cellular 

transformation associated with LMP1. 

This dissertation reveals for the first time the importance of the host protein 

CTCF and the effect of the number of viral TRs in epigenetically regulating the 

expression of the oncogenic protein LMP1. This dissertation further establishes a 
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mechanism by which EBV hijacks the host epigenetic machinery and identifies a novel 

role for LMP1 in driving the expression of tumor-promoting host genes by blocking the 

incorporation of an inhibitory epigenetic modification through the activation of PARP1, 

suggesting that PARP1 may be a target for treatment of EBV-associated malignancies.  
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CHAPTER 1 
 

INTRODUCTION 

 

EBV and Cancer 

Approximately 12% of human cancers are attributable to oncogenic viruses (1-3). 

Epstein-Barr virus (EBV) alone accounts for up to 1% of human cancer incidence, with 

the majority of EBV-associated cancers occurring in immunosuppressed individuals (1-

3). EBV is a human gammaherpesvirus that is capable of lytic replication in epithelial 

cells (4); however, it establishes a long-term latent infection in B lymphocytes, in which 

the virus is maintained as a chromatin-associated circular episome in approximately 95% 

of the population worldwide (5). Latent EBV infection is causally linked to numerous B 

cell cancers, including Hodgkin’s and non-Hodgkin’s lymphoma, all endemic Burkitt’s 

lymphomas, 20% of Burkitt’s lymphomas in the developed world, Diffuse Large B Cell 

Lymphoma (DLBCL), and 80% of post-transplant lymphomas (6-9). EBV infection is 

also linked to 100% of T/NK cell lymphomas, 10% of gastric carcinomas, and 

nasopharyngeal carcinoma (NPC) (6,10-12). Given the widespread significance of EBV 

infection in the pathogenesis of cancer, designing novel alternatives to traditional 

chemotherapy that specifically target EBV have the potential to lower cancer incidence 

on a global scale. 

 

Current Treatment and Preventative Measures 

One approach to preventing or treating EBV infection is vaccination, and most 

efforts have focused on developing a vaccine that targets EBV glycoproteins (13). 
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However, several factors limit the progress of EBV vaccine development. Current 

vaccination efforts using only EBV capsid glycoproteins reduced the rate of infectious 

mononucleosis in EBV seronegative adults but did not alter the rate of prolonged or latent 

EBV infection, clearly demonstrating the need to target additional EBV proteins for 

vaccination to be a truly efficacious therapeutic strategy (14). Additionally, because EBV 

only infects human cells, the lack of suitable animal models to study protection against 

EBV infection and disease has significantly impeded vaccine development (14). 

Therefore, a vaccine to prevent primary infection or disease, or a therapeutic vaccine to 

treat EBV-associated malignancies has not been licensed. Another approach to treating 

EBV-associated malignancies is adoptive immunotherapy, in which cytotoxic T cells that 

are specific for EBV antigens are isolated from either the infected individual, or an HLA-

matched donor, are expanded in vitro and then introduced into the patient, resulting in 

elimination of EBV-infected B cells through cytolytic T-cell activity (15). While adoptive 

immunotherapy is a feasible and safe strategy for EBV-induced lymphoproliferative 

diseases that occur subsequent to allogeneic hematopoietic stem cell transplant, it has 

marginal efficacy in managing EBV-associated malignancies in which cytotoxic T 

lymphocytes (CTLs) are limited, as is the case in HIV-positive individuals and graft-

versus-host disease (16-18). A third approach is to target viral proteins involved in 

oncogenesis and abrogate their functions. While each of these approaches have their own 

merits and pitfalls, it is clear that defining the molecular mechanisms of EBV-induced 

oncogenesis is an essential part of improving the prevention, diagnosis, and treatment 

strategies of malignancies associated with latent EBV infection. 
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Establishment of Latent EBV Infection 

EBV infection is transmitted by saliva and is asymptomatic in childhood but can 

lead to infectious mononucleosis if acquired during adolescence or later in life (19,20). 

The oncogenic potential of EBV relies on establishing a latent infection in B cells or 

epithelial cells, followed by transformation into continuously growing cells (21). EBV 

uses the normal biology of B cells to gain access to a naïve B cell. The major viral 

envelope glycoprotein gp350 binds to the complement component C3d receptor 2/CD21 

on the surface of the B cell and induces uptake of the virion (22). Following viral entry, 

the virus circularizes to form the latent EBV genome (5). During the initial infection the 

coordinated expression of specific EBV gene products allows the virus to mimic 

antigenic stimulation to promote proliferation and differentiation to ensure the long-term 

survival of the host cell. The expression of EBV genes drives proliferation and 

differentiation of the B cell equivalent to a normal antigen-activated B cell (23). The 

EBV latent membrane protein (LMP) 2A mimics a constitutively active signal delivered 

by the B cell receptor (BCR) in a ligand-independent fashion (24). LMP1 mimics the 

signal generated by CD40 in a ligand-independent manner, a signal normally given by T 

helper cells (25). By mimicking B-cell activation pathways EBV is able to drive the 

survival of the infected host cells. 

The EBV genome persists within a B cell by adopting different viral transcription 

programs, referred to as latency types (Figure 1) (26,27). Latent gene expression varies 

depending on cell type, developmental stage, and environmental conditions (26). In an 

infected B cell EBV initially adopts a Type III latent gene expression program in which it 

expresses its full set of latent genes, including the EBV nuclear antigens (EBNA) 1, 2, 
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3A, 3B, 3C, and LP (EBNA-family gene expression is driven from the viral promoter Cp) 

(28-30), LMP 1, 2A, and 2B (Figure 1) (6,31).  

EBNA1 is a DNA-binding protein that tethers the viral episome to host 

chromosomes, stimulates replication at the viral origin of plasmid replication (OriP), and 

is required for the distribution of the virus to daughter cells during mitosis (32,33). 

EBNA1 also regulates transcription of viral and cellular genes (34). EBNA2 regulates 

immortalization of the host and transcription of the viral genes EBNA and LMP (35-38). 

EBNA3A and EBNA3C are repressors of host gene transcription and are necessary for 

EBV-mediated transformation of B cells (39). 

Because the expression of this large set of EBV genes during Type III latency is 

highly immunogenic, immunocompetent hosts readily detect and eliminate Type III-

infected B cells (6,26). Therefore, in order to evade immune recognition, EBV 

downregulates its gene expression profile and adopts a Type II latency gene expression 

program (Figure 1) (30). 

During Type II latency viral gene expression is limited to EBNA1, LMP1, 

LMP2A, and LMP2B (Figure 1). Turning off EBNA2 expression is critical because it 

allows the infected B cell to differentiate into a germinal center B cell (32). Within the 

germinal center clonal expansion occurs and the B cells further differentiate into memory 

B cells, in which EBV adopts a Type I gene expression program (Figure 1) (30). 

Type I latency is associated with only the expression of the viral gene EBNA1, 

which is driven from the viral promoter Qp (Figure 1) (40). EBNA1 ensures division of 

viral DNA along with host DNA, allowing for survival of the virus. Additionally, 

EBNA1 is the only EBV protein that is not immunostimulatory, because a glycine-   
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Figure 1. EBV latency types: promoter utilization, gene expression, and B cell state. 

Upon infection of a naïve B cell EBV adopts Type III latency in which all of the latent 

viral genes are expressed, including the EBNAs, LMP1, and LMP2. The viral promoter 

driving expression of the EBNAs is Cp (green). The viral promoter Qp is inactive (red). 

The expression of the full set of latent EBV genes during Type III latency drives 

proliferation and development of the infected B cell, which promotes subsequent 

differentiation into a germinal center B cell and the establishment of Type II latency. In 

Type II latency the expression of EBV genes is restricted to EBNA1, LMP1, and LMP2. 

Because the Cp promoter is inactive (red) during Type II latency, EBNA1 expression is 

now driven from the Qp promoter (green). The germinal center B cell further 

differentiates into a memory B cell, in which EBV adopts Type I latency. In Type I 

latency only EBNA1 is expressed. EBNA1 expression is driven from the Qp promoter, 

while the Cp promoter is silenced. EBV is maintained within the memory B cell, 

escaping recognition by the immune system and ensuring survival of the virus.  
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alanine repeat domain within the protein interferes with proteasomal processing and 

antigen presentation within HLA-class I preventing presentation to CD8 T cells (41-44). 

Therefore, establishing Type I latency allows EBV to persist within the host for 

prolonged periods of time undetected, awaiting an opportunity to re-emerge during times 

of weakened immune system function. 

 Thus, EBV latency products drive host cell proliferation and survival as well as B 

cell immortalization and carcinogenesis. Therefore, the mechanisms that control the 

coordinate regulation of latency gene products are important for understanding EBV 

pathogenesis. Because these different latency types correlate with induction of specific 

EBV-associated malignancies (6,27), understanding EBV gene regulation during latency 

and the molecular mechanisms that control EBV latency type switching will provide 

crucial new insights into the onset and progression of EBV-associated malignancies. This 

will promote the development of novel treatments for a leading cause of cancer on a 

global scale. 

 

LMP1 

LMP1 is the major oncogene of EBV, it promotes tumor formation in nude mice, 

and ectopic expression in human and rodent fibroblasts is sufficient to induce cellular 

transformation (37,45,46).  Additionally, LMP1 is expressed in nearly all EBV-associated 

malignancies (7,21). EBV virions that fail to express functional LMP1 are unable to 

efficiently transform B cells (47,48). Thus, LMP1 contributes to stabilized EBV latency 

and promotes processes associated with cellular transformation and tumorigenesis (49). 

Despite the clear importance of EBV infection in cancer incidence on a global scale and 
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the apparent role of LMP1 in oncogenesis, there is still a lack of understanding of the 

mechanisms by which LMP1 alters host gene expression leading to cancer. 

 

LMP1 Expression 

 LMP1 expression is driven by two distinct promoter regions that are separated by 

~600 bp whose relative activity is dependent upon host cell type (50-52). Although 

different cell types can demonstrate a selective preference for a particular promoter, the 

translation of both LMP1 transcript variants initiates from the same methionine codon, 

thus both transcripts encode an identical protein product (53). In B cells LMP1 is 

encoded predominately as the shorter 2.8 kb mRNA variant, which is initiated from a 

transcription start site in conjunction with transactivation provided by the EBV protein 

EBNA2 (54). Alternatively, additional cellular factors, such as the STATs, interferon 

regulatory factor 7 (IRF7), and the activating transcription factor 4 (ATF4) can 

compensate for the loss of EBNA2 transactivation (55-58). In epithelial cells LMP1 can 

also be expressed as the longer 3.5 kb transcript variant that is initiated from a promoter 

embedded within the first terminal repeat (TR) in the EBV genome (52,59,60). Epithelial 

cells use both LMP1 promoters equally despite the lack of EBNA2 expression in this 

lineage (52,59,60).  Because LMP1 is oncogenic and its expression is driven from two 

promoters, understanding promoter regulation and ultimately LMP1 expression 

regulation is important in elucidating LMP1-mediated oncogenesis. 

 While LMP1 is essential for the maintenance of EBV infection, its expression is 

tightly regulated. Low levels of LMP1 expression trigger the unfolded protein response 

(UPR) by the host, inducing the activation of ATF4 and promoting LMP1 transcription 
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(61). High levels of LMP1 expression inhibit general protein synthesis by inducing 

phosphorylation of eIF2α and also cause cytostasis and autophagy, which limits the 

expression of LMP1 (36,56). Other host factors that regulate LMP1 expression include 

Pu.1, NFKB, and STAT3/5 (55,62-65). Thus, both the virus and the host balance several 

positive and negative autoregulatory feedback loops to maintain proper levels of LMP1 

protein expression (49). 

The structure of the EBV genome itself also includes features that further regulate 

the transcription of LMP1. Most notably, LMP1 transcription is directly regulated by the 

viral enhancer activity of OriP (66,67) and the number TRs that flank the LMP1 gene 

(53). Upon entry into cells, the linear EBV genome forms a covalently closed circle via 

its TRs, bringing together regulatory regions of latency genes that are positioned at either 

end of the linear genome (68). Because the circularization process is random, genomes 

with different numbers of TRs are generated (69,70). The proximity of both LMP1 

promoters to TR sequences suggests that variations in the reiteration of TRs may further 

contribute to the complexity of LMP1 regulation. This model is supported by the inverse 

relationship between LMP1 levels and TR number in epithelial cell culture (53). 

Additionally, the B cell factor PAX5 binds to the TRs and regulates LMP1 expression 

(71). 

 

LMP1 Structure and Signaling 

 The combination of intracellular signals elicited by engagement of the BCR and 

CD40 rescues activated B cells from apoptosis, drives proliferation in response to antigen 

stimulation, and is essential for the formation of germinal centers, immunoglobulin 
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isotype switching, and affinity maturation (72). Functionally LMP1 provides signals that 

mimic those physiologically induced by CD40 stimulation, thereby eliminating the 

requirement for CD40 engagement by the CD40-L normally provided by activated T cells 

(73).  

 LMP1 is a 386 residue protein that is composed of a short cytoplasmic amino-

terminus, six transmembrane domains, and a carboxy-terminal signaling domain located 

in the cytoplasm (Figure 2) (6). The amino terminus is responsible for correct insertion 

and orientation of the protein within the membrane (49). The transmembrane domain 

mediates the formation of LMP1 homo-oligomers in the membrane, which recapitulates 

crosslinking by a ligand, leading to the initiation of signal transduction (25). The 

carboxy-terminal signaling domain contains three C-terminal activation regions (CTAR 

1, 2, and 3), of which CTAR1 and CTAR2 are important in LMP1-mediated signaling 

(49). Thus, the structure of LMP1 alone allows the protein to constitutively activate 

signaling pathways, bypassing the need for ligand interaction to initiate downstream 

signaling cascades.  

 The activation of intracellular signaling pathways by LMP1 is ligand-independent 

and mediated by self-aggregation of the membrane-spanning portion of the protein (74). 

Like CD40, the signals are initiated through the use of adaptor molecules including the 

tumor necrosis factor receptor-associated factors (TRAFs), which act as intermediaries in 

signaling by members of the tumor necrosis factor receptor (TNFR) family (75-78). 

Despite the similarity in the profile of signaling cascades initiated by LMP1 and CD40, 

LMP1 is not homologous to CD40 at the amino acid level (79).  
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Figure 2. Structure of LMP1. LMP1 protein structure is composed of six 

transmembrane domains that connect a short amino-terminal domain with a cytoplasmic 

carboxy-terminal signaling domain. The signaling domain contains three C-terminal 

activation regions (CTAR), CTAR1, CTAR2, and CTAR3.   
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LMP1-mediated signaling results in the activation of multiple pathways, including 

NFKB, AP1, PI3K/Akt, IRF7, and MAPK/ERK (Figure 3) (49,80-86). NFKB signaling 

results in lymphocyte development, immunity, inflammation, and cancer (49), while 

differentiation and proliferation are mediated by AP1 (87,88), and PI3K/Akt drives cell 

survival and proliferation (82). The activation of IRF7 signaling results in transcriptional 

activation of virus-induced cellular genes, including interferons (89). Moreover, LMP1 

disrupts the regulation of programmed cell death by enhancing the expression of anti-

apoptotic genes, such as Bcl-2, and downregulating pro-apoptotic genes, such as BAX 

(90-92). Thus, the wide range of mechanisms utilized by LMP1 to promote cell survival 

and proliferation also contributes to its known oncogenic potential.  

 

LMP1 and Cancer 

 Since LMP1 activates several important signaling cascades within the B cell it 

potently affects host gene transcription (93-95). Genes involved in cancer development, 

inflammation, and regulation of the cell cycle are most affected by LMP1 expression 

(94). Additionally, LMP1 drives hyperactivation of B cells by inducing hallmarks 

associated with cancer, such as preventing the induction of cell cycle checkpoints and 

potentially tumor-immune evasion mechanisms (94). 

LMP1 is expressed in nearly all EBV-positive lymphomas and can lead to 

sporadic development of B cell lymphomas in mice (7,21,49,96). LMP1 transgenic mice 

have a higher incidence of lymphoma, and the progression of lymphoma correlates with 

higher expression of LMP1, demonstrating that LMP1 expression alone is sufficient to 

promote tumor development and therefore directly tumorigenic (96). This underscores  
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Figure 3. Important signaling pathways activated by LMP1. Through its CTAR 

domains LMP1 activates multiple signaling pathways including PI3K/Akt, MAPK/ERK, 

and NFKB, which lead to B cell proliferation, differentiation, and survival. 
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the importance of understanding the mechanisms by which LMP1 leads to cancer within 

the host. Evaluating the relative contributions of the numerous signaling pathways that 

are disrupted by LMP1 is an area of intense research interest in the field of EBV-

associated cancers. Such studies have revealed that NFKB is required for EBV-induced 

cellular transformation (97) and that PI3K/Akt activation is required for LMP1-mediated 

transformation of rodent fibroblasts (82,98). Because LMP1-positive lymphomas have 

activated PI3K/Akt, JNK, and NFKB (99-102), inhibiting LMP1-induced signaling 

pathways is a potential therapeutic strategy for treating LMP1-associated malignancies. 

Inhibitors of Akt, NFKB, and STAT3 block the enhanced viability of LMP1 transgenic 

lymphocytes and lymphoma cells in vitro (103). Akt inhibitors alone repress the growth 

of LMP1-positive nasopharyngeal carcinoma cells (104). The proteasome inhibitor 

bortezomib, which prevents NFKB activation, induces apoptosis in EBV-positive cells 

(105). However, any of these inhibitors alone are not sufficient to completely abrogate 

EBV-driven oncogenesis in vivo, suggesting that additional mechanisms that promote 

oncogenesis have yet to be discovered.  

 

LMP1 and Epigenetics 

 One of the additional mechanisms by which LMP1 may lead to tumorigenesis is 

by inducing alterations in host cell epigenetic regulation (which are discussed in more 

detail in the epigenetics section), and recent studies have begun to explore the effect of 

LMP1 on epigenetics. LMP1 downregulates DNA (cytosine-5)-methyltransferase 1 

(DNMT1) expression and, subsequently, CpG methylation in germinal center B cell-

derived malignancies (106). Conversely, LMP1 upregulates the expression of the host 
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genes DNMT1, DNMT3A, and DNMT3B, inducing the methylation and silencing of two 

tumor suppressor genes in nasopharyngeal carcinoma cell lines (107,108). LMP1-induced 

DNMT1 expression also forms a transcriptional repression complex together with a 

histone deacetylase at the E-cadherin promoter (109). Additionally, LMP1 downregulates 

DOK1, a tumor suppressor gene, by inducing the recruitment of an E2F1, pRB, and 

DNMT1 inhibitory complex that promotes DNA methylation and an EZH2-containing 

multiprotein complex that mediates inhibitory modifications of histones (110). E2F1 and 

pRB play important roles in cell cycle regulation and tumor suppression (111-113), while 

EZH2 is responsible for gene repression through tri-methylating lysine 27 of histone H3 

as the catalytic subunit of the polycomb repressive complex 2 (PRC2) (114). Thus, the 

recruitment of these complexes results in epigenetic repression through DNA methylation 

and H3K27me3 at the DOK1 promoter that results in gene silencing (110). LMP1 also 

promotes the demethylation of lysine 27 of histone H3 by KDM6B to prevent gene 

silencing through induction of an inhibitory histone modification (115).  

LMP1 drives cancer progression through epigenetic induction of micro RNA 

(miRNA expression). LMP1 directly upregulates miR-155, an oncogenic miRNA (116) 

and has also evolved two mechanisms to target the tumor suppressor p53 through 

induction of miRNAs. It does this through upregulating miR-34a, to suppress p53 

expression, and by inducing expression of the potent p53 antagonist ΔNp73a, to inhibit 

key anti-proliferative p53-regulated genes (31,86). 

These recent findings revealing LMP1-mediated epigenetic regulation provide 

insight into mechanisms by which LMP1 can alter host gene expression on a genome-

wide scale. Further, unlike genetic alterations such as point mutations and chromosomal 
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translocations, epigenetic modifications are reversible. Therefore, the genes that are 

controlled via LMP1 by epigenetic regulation may constitute an excellent therapeutic 

target for intervention strategies against EBV-associated malignancies.   

  

Epigenetics 

 Epigenetic mechanisms are essential for normal development and maintenance of 

tissue-specific gene patterns in mammals; however, disruption of epigenetic processes 

can lead to altered gene function and malignant transformation, and global changes in the 

epigenetic landscape are a hallmark of cancer (117). Epigenetic changes induce stable 

alterations in gene expression with no underlying modifications in the genetic sequence 

and are heritable through mitosis (118). These alterations include DNA methylation, 

post-translational histone modifications, three-dimensional changes in chromatin 

configurations, and modulation by noncoding RNA.  

 

DNA Methylation 

 DNA methylation is a covalent modification, whereby a methyl group is 

transferred to carbon 5 of the cytosine within a CpG dinucleotide motif (119). The 

reaction is catalyzed by members of the DNA methyltransferase (DNMT) family. 

DNMT1 is active through the cell cycle and maintains the existing DNA methylation 

profile following cell division (120), while DNMT3A and DNMT3B are de novo 

methyltransferases that catalyze the initial methylation of CpG cytosines (121,122). 

Cytosine methylation can be activating or repressing with respect to its effects on gene 

expression. CpG methylation within promoter or enhancer elements is typically 
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associated with gene repression, whereas intragenic methylation correlates with 

transcriptional activation (123).  

 

Posttranslational Histone Modifications 

 The nucleosome is the fundamental unit of chromatin and consists of a histone 

octamer assembled from two copies of each of the core histones: H2A, H2B, H3, and H4, 

wrapped by DNA (124). From each core histone a long N terminus amino acid tail is 

extended outward from the nucleosome structure (124). Because these histone N-terminal 

tails are positively charged, their electrostatic interaction with the negatively charged 

phosphoribose backbone of DNA leads to a closed and tightly packed chromatin structure 

(118). Furthermore, portions of the tail are exposed and susceptible to posttranslational 

modifications including acetylation, phosphorylation, and methylation (125-128). 

Posttranslational modifications alter the affinity of histones to DNA. For example, 

addition of an acetyl group to an exposed lysine residue neutralizes the positive charge of 

the histone, yielding a more open chromatin configuration (129). As such, the histone 

modification H3K9Ac is a mark of active regulatory elements (130). Methylation of the 

histone tail is associated with either transcriptional activation or repression, depending on 

the specific amino acid affected. H3K9me3 is a repressive mark associated with 

constitutive heterochromatin, and H3K27me3 is a repressive histone mark associated 

with repressive domains (130). Conversely, H3K4me3 is primarily associated with 

promoters and active transcription start sites (130). Thus, the structure of chromatin is 

dynamic, with condensation and decondensation occurring in a regulated manner that 

accommodates the requirements for transcriptional activity (131). 
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Noncoding RNA 

 Non-coding RNA is an RNA molecule that is not translated into a protein but 

rather acts as a regulator of gene expression (132). Common non-coding RNAs that 

regulate gene expression are micro RNAs (miRNAs), which are generated from the 

processing of primary and then pre-miRNAs (133). miRNAs are approximately 21-25 

nucleotides in length and bind to complementary regulatory sequences in mRNA (134). 

Because a single miRNA can have hundreds of potential target mRNAs, the main 

function of miRNAs is thought to fine-tune the regulation of gene expression on a broad 

or system-wide scale (135).   

 

Epigenetics and Cancer 

 Deregulation of epigenetic processes is associated with several diseases, such as 

cancer (136). Methylation is often dysregulated in tumor cells (137), and changes in 

DNA methylation levels are an early event in tumorigenesis that are necessary for tumor 

initiation and progression (138). DNA methylation effects on pathway alterations can be 

either direct, by affecting promoters of tumor suppressor genes, or indirect, by silencing 

known inhibitors of oncogenes (118). Methylation can also affect the binding capability 

of transcriptional activators and increase the affinity of transcriptional repressors (139). 

Additionally, hypomethylation also contributes to cell transformation and is the first 

epigenetic alteration noted in cancer cells (140,141). 

 Alterations in enzymes that regulate posttranslational histone modifications also 

lead to cancer. For example, overexpression of the histone methyltransferase EZH2 

promotes tumor growth and is present in melanoma, lymphoma, prostate, and breast 
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cancers (142). Changes in gene-specific histone acetylation are also linked to cancer 

(143). Furthermore, global alterations in miRNA expression lead to cancer (144), 

highlighting the importance of understanding epigenetic alterations induced within the 

host. 

 

Epigenetics as a Regulator of EBV Latency 

 Epigenetic regulation of gene expression is not limited to the host. Within the past 

ten years studies have focused on host regulation of EBV infection through epigenetic 

mechanisms (145). Several epigenetic events control viral episome generation and 

maintenance, which allows the virus to adopt a chromatin structure resembling the 

cellular chromosome that is suitable for gene expression, DNA replication, and 

chromosome segregation (146,147). EBV latency transcripts are subject to multiple forms 

of epigenetic regulation, such as DNA methylation and histone modifications, which 

influence EBV latency type (148-153). In general, peak nucleosome occupancy on the 

EBV genome occurs 2-3 weeks post-infection, while DNA methylation is a slower 

process that is established only months post-infection (154,155). This is believed to allow 

the virus to fine-tune its gene expression patterns in response to changes in the host cell 

environment (146).  

 Both changes in CpG methylation, mediated by the host DNMTs, (156,157) and 

histone modifications correlate strongly with alterations in viral promoter selection and 

latency type (149,158-161). In Type III latency the viral Cp promoter lacks significant 

levels of DNA methylation and thereby initiates the expression of a polycistronic 

message for the EBNA family proteins (28,162). Cp also has low nucleosome occupancy 
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and the nucleosomes are enriched in euchromatic histone modifications, such as 

H3K4me3 and H3K9Ac (147,163). Additionally, in Type III latency the LMP1/2 

promoters are associated with the euchromatic H3K4me3 mark (164). Thus, the Cp and 

LMP1/2 promoters are transcriptionally active in Type III latency, driving the expression 

of EBNAs and LMP1/2.  

 Conversely, in Type I latency the Cp promoter is associated with the loss of 

euchromatic histone marks and gain of the heterochromatic histone mark H3K9me3 

(153,163,164). Additionally, the CpG sites within the Cp and LMP1/2 promoters are 

methylated (164). As a result, these promoters are transcriptionally silent in Type I 

latency, consistent with the transcriptional repression of the EBNA proteins and LMP1/2 

from these promoters (149,152,165-167). In contrast, in Type I latency the viral promoter 

Qp is devoid of DNA methylation and associated with euchromatic histone marks, 

making it the transcriptionally active promoter (147,166-169). While DNMT1 and 

DNMT3B expression are upregulated in Type I latency compared to Type III, DNA 

methylation maintains Type I latency but is not sufficient to initiate the latency switch 

from Type III to Type I (152,170).  

 

Epigenetic Effects of EBV on the Host 

 While the host uses its epigenetic machinery to regulate EBV gene expression 

during latency, EBV also hijacks the host epigenetic machinery as a means to regulate 

host gene expression, allowing for viral survival. It is these EBV-mediated changes in B 

cell gene regulation that are most strongly associated with the development and 

progression of lymphomas (171-174). During EBV-mediated transformation there is a 



	   20	  

global decrease and redistribution of heterochromatic marks, including H3K27me3 and 

H3K9me3 (175), as well as a more pronounced loss at genes related to the regulation of 

cell division, proliferation, and apoptosis (175). EBV-mediated cellular transformation 

also leads to a global increase in endonuclease accessibility and transcriptional activation 

at thousands of genomic sites, including growth checkpoints and signal transduction 

(175).  

 The epigenetic imbalance of tumor suppressor genes and oncogenes is associated 

with a number of cancers caused by EBV infection (171,176,177). EBV immortalization 

of B cells induces widespread demethylation of the genome, affecting one-third of B cell 

genes, including those that contribute to cancer progression or development (178). In 

contrast, primary EBV infection in vitro elicits transcriptional repression of tumor 

suppressor genes through enhanced methylation mediated by induction of DNMT3A and 

DNMT3B (179). In epithelial cells EBV infection results in over 13,000 differentially 

methylated CpG residues; although, the vast majority of these methylation changes were 

not correlated with transcriptional changes, the genes most prominently altered are 

associated with cancer and cell signaling (156). These reflect true epigenetic alterations 

mediated by EBV infection, because the changes persisted following the loss of EBV. 

Thus, infection with EBV alone is sufficient to induce long-lasting and stable disruptions 

of host gene expression through epigenetic alterations (156). Taken together, EBV has 

contrasting DNA methylation effects depending on the host cell background, and EBV 

infection results in profound epigenetic changes, including DNA methylation and histone 

modifications within the host, which can lead to cancer progression associated with the 

virus. 
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Chromatin Structure 

 In higher eukaryotes a class of proteins called insulators regulate and maintain the 

epigenetic organization of the genome. Insulators block enhancer-promoter interactions, 

direct enhancers to promoters, block the spread of heterochromatin, demarcate the 

boundaries between epigenetic states, and mediate long-range inter- and intra-

chromosomal interactions (180-182). Long-range chromatin interactions incorporate 

distances up to 1 Mb and are involved in the epigenetic regulation of gene expression, 

including both repression and activation (181-183).  

 

CTCF 

The CCCTC-binding factor (CTCF) is the only insulator identified in vertebrates 

(184,185). CTCF binds to a wide range of variant sequences, as well as specific 

coregulatory proteins, through the combinatorial use of an eleven zinc finger central 

DNA-binding domain (186-189). This allows CTCF to selectively interact with different 

binding partners and post-translational modifications and is the structural basis for its 

multiple functional roles (131,190,191).  

 CTCF resides at the junction of active and repressive chromosomal domains and 

segregates in close proximity to the repressive histone mark H3K27me3 

(181,188,189,192). Furthermore, because CTCF binding sites are depleted for 

H3K27me3, and CTCF is sufficient to open compact chromatin rapidly, CTCF favors the 

transition of heterochromatin to euchromatin (181,193). Additionally, CTCF localizes to 

DNase-I hypersensitive sites, which are characteristic of open chromatin (194). Taken 

together, this indicates a role of CTCF in promoting gene expression. 
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 CTCF can also regulate gene expression by stabilizing three-dimensional 

associations between distant DNA sequences and through the creation of gene hubs 

(131,187,195,196). The homodimerization of CTCF bound to DNA forms long-distance 

loops that bring otherwise distant genes into close proximity in order to coordinate and 

optimize gene expression and regulation (131,197). Chromatin loops can activate gene 

expression by recruiting a distant enhancer element to a promoter region, or repress gene 

expression by looping out an enhancer region to hinder it from interacting with a 

promoter (195,198-200). CTCF also localizes to the nuclear envelope in association with 

the boundaries of lamin-associated domains throughout the genome (201,202). The 

associations with the nuclear lamina contribute to cell-type specific nuclear organization 

and regulation of cell-specific genes (202).  

 

Cohesin 

 Cohesin was originally identified as a multiprotein complex required to prevent 

premature dissociation of sister chromatids after DNA replication; however, it is also 

expressed in differentiated post-mitotic cells, where it performs functions beyond 

maintaining chromatin cohesion (203,204). Cohesin contributes to gene regulation and 

chromatin structure (204). CTCF is required for the recruitment of cohesin to 

chromosomal sites and proper insulator function of cohesin, where depletion of CTCF 

leads to the absence of cohesin binding (131,180,203). Additionally, in the human 

genome, approximately 89% of cohesin binding sites are also CTCF binding sites, while 

only 15% of the total CTCF sites overlap with cohesin, suggesting that the co-localization 

of CTCF with cohesin is highly significant for cohesin functions (203-206).  
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CTCF and Viruses 

 The role of CTCF in viruses is similar to that in the host, in which CTCF can both 

enhance and repress viral gene expression through its function as an insulator (207). 

Within the Human Papillomavirus (HPV), mutated CTCF binding increases the 

expression of the HPV oncoproteins E6 and E7, consistent with a role of CTCF as a host 

cell restriction factor (208). In the Kaposi’s sarcoma-associated herpesvirus (KSHV), 

depletion of CTCF increases lytic gene expression, suggesting a role for CTCF as a 

suppressor of lytic reactivation (209). The binding of CTCF separates inactive and active 

chromatin in the Herpes simplex virus (HSV-1), marking the boundary between different 

chromatin states (210,211). Given the many critical and complex contributions of CTCF 

to controlling cell functions, it is perhaps not surprising that many viruses have employed 

strategies that exploit different aspects of the regulatory functions of CTCF to promote 

viral persistence and expansion. 

 

CTCF and EBV 

 There are approximately 19 consensus CTCF binding sites within the EBV 

genome, including upstream the latent promoters Cp and Qp as well as at the LMP1/2 

promoters (163,212). All of the cohesin binding sites within EBV colocalize with CTCF, 

including at the enhancer region OriP and the LMP locus (163,212,213). The binding of 

CTCF is the same in all EBV latency types and is at both active and repressed promoters, 

indicating context-dependent gene regulation by CTCF within the EBV genome 

(207,213).   
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The CTCF-cohesin binding sites mediate DNA-loop formation in the EBV 

genome, and depletion or mutation of CTCF binding results in deregulation of EBV 

transcripts (164,214,215). In Type III latency CTCF mediates a loop between the viral 

enhancer OriP and the active promoter Cp (214). In Type I latency CTCF mediates loop 

formation between OriP and the active latent promoter Qp, squelching Cp promoter 

activity (214). Mutations in CTCF binding at Qp lead to reactivation of Cp resulting in 

the expression of Type III latency genes (214). Therefore, the CTCF-mediated alternative 

three-dimensional structure of EBV chromatin contributes to latency promoter selection 

and subsequently EBV gene expression through interaction with the enhancer OriP 

(146,214).  

 Beyond its role as a three dimensional organizer of the EBV genome, CTCF 

binding between the Cp promoter and OriP directly blocks the enhancer activation of Cp 

in Type I latency (216). Additionally, in Type I latency the insulator function of CTCF 

binding upstream Qp protects the region from DNA methylation and the spread of the 

repressive histone modification H3K9me3, acting as a chromatin barrier and preventing 

epigenetic transcriptional silencing of Qp (146,164,168). CTCF binding between the 

enhancer OriP and the Cp promoter represses transcription levels of the transactivator 

EBNA2 to repress Type III latency (148). Hence, within the EBV genome, CTCF 

regulates EBV gene expression during latency by multiple functionally distinct 

mechanisms both as an insulator to prevent the spread of heterochromatic histone 

modifications and DNA methylation, and as a mediator of long-range interactions (147). 
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PARP1 and Viruses 

 Epigenetic modifiers other than insulators can also regulate viral gene expression 

and replication, including the host protein PARP1, which plays an important role in 

regulation of multiple viruses. PARP1 promotes transcriptional repression of integrated 

retroviruses in a catalytic independent manner and is also required for efficient HIV-1 

replication (217,218). Within herpesviruses, HSV-1 activates PARP and the degradation 

of PARG (the enzyme responsible for the catabolism of PAR), enhancing the auto-

PARylation-mediated inhibition of PARP, thereby avoiding premature death of the 

infected cell (219). Additionally, PARP1 binds to KSHV and modulates its latent 

replication and can also restrict lytic cycle reactivation of KSHV (220,221). PARP1 also 

regulates latent EBV replication and the progression of the EBV lytic cycle (222,223).  

 
PARP1 and Transcription 

 
PARP1 contains multiple domains, including a catalytic domain, a central 

automodification domain, and a DNA binding domain composed of multiple zinc fingers 

(224). PARP1 is conserved both structurally and biochemically among various species 

(225,226). Through its catalytic domain, PARP1 carries out a post-translational 

modification called PARylation (225). The reaction generates long, negatively charged 

ADP-ribose polymers that alter the function of target proteins. PARP1 targets several 

proteins, including PARP1 itself and the histone proteins H1, H2, and H3 (226-228). 

PARylation of histones reduces their affinity for DNA due to electrostatic repulsion 

(229), creating a more relaxed, or decondensed, chromatin structure which makes the 

DNA more accessible to DNA repair or transcriptional machineries (229-231). In the past 
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few years there has been growing evidence that PARylation and PARP1 are important 

regulators of transcription (226,232).  

PARylation can regulate transcription by several mechanisms besides relaxing 

chromatin structure; for example, PARP1 can promote gene expression by increasing the 

activity of transcription factors or by affecting proteins involved in epigenetics 

(226,232,233). PARP1 modulates the occupancy of the TATA-binding protein (TBP), 

transcription factor II B (TFIIB), and Polymerase II, thereby regulating transcriptional 

efficiency. Additionally, PARP1 binding regulates the composition of chromatin by 

promoting the exclusion of H1 (234), as well as by blocking the demethylase KDM5B 

from demethylating H3K4me3, maintaining an open chromatin structure (235). While 

PARP1 plays an important role in transcriptional regulation of the host, it has yet to be 

reported if viruses target PARP1 as a means to alter gene expression to promote viral 

survival. 

 

Project Aims 

EBV latency contributes to cancer on a global scale, emphasizing the importance 

of elucidating the mechanisms by which EBV promotes oncogenic transformation. LMP1 

is the major EBV oncoprotein, driving EBV-mediated cellular transformation through the 

activation of multiple signaling pathways associated with B cell proliferation and 

differentiation. Therefore, LMP1 is a potential therapeutic target for EBV-associated 

malignancies, and understanding the regulation of LMP1 expression and its effects on 

host gene expression are crucial in developing novel strategies for treating EBV-

associated malignancies. 
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 Epigenetics regulate EBV gene expression during latency. The binding of the host 

proteins CTCF and cohesin throughout the EBV genome regulates latent EBV gene 

expression; however, the role of CTCF binding at a key region within the LMP1 locus 

has yet to be determined. Because CTCF functions both as an insulator of 

heterochromatic spread, and as a mediator of long-range chromatin interactions, CTCF 

may regulate LMP1 gene expression. Moreover, the structure of the EBV genome itself 

may contribute to epigenetic regulation by the host since the terminal repeat (TR) number 

that flank the LMP1 gene also influences LMP1 expression, but the mechanism 

mediating this unique genomic regulatory system for LMP1 has not been explored. 

Therefore, the first part of this dissertation elucidated the epigenetic regulation of LMP1 

expression mediated by CTCF and EBV TR number.  

 

Aim 1: Establish the mechanisms of host epigenetic regulation of LMP1 expression.  

Aim 1.1: Because CTCF serves as an insulator, blocking the spread of 

heterochromatin within the EBV genome, we determined the epigenetic role of 

CTCF binding at the LMP control locus in B cells by chromatin and DNA 

methylation analyses.  

Aim 1.2: CTCF mediates long-range interactions within the EBV genome, 

thereby regulating viral gene expression. Thus, by 3C assay, we examined 

chromatin architectural changes mediated by the single CTCF binding site at the 

LMP control locus. 

Aim 1.3: The number of TR regulates LMP1 expression in epithelial cells, so we 

explored the epigenetic state (chromatin, DNA methylation, and long-range 
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interactions) at LMP1 promoters in isogenic epithelial cells with varying number 

of TRs in the EBV genome.  

 

While the host epigenetically regulates EBV gene expression, the potential for 

EBV to hijack the host epigenetic machinery has yet to be fully addressed. These putative 

alterations in host gene expression may be critical to promote EBV-associated 

malignancies. LMP1 activates the MAPK/ERK pathway, which is a known contributor to 

oncogenic transformation. The MAPK/ERK pathway also activates PARP1, a host 

protein that regulates EBV latent replication, and gene expression through alterations in 

chromatin and chromatin-associated enzymes mediated by the posttranslational 

modification, PARylation. The second part of this dissertation examined the model that 

EBV, via LMP1 expression, induces PARylation as a means to alter host gene expression 

and potentially promote tumorigenesis. 

 

Aim 2: Establish if LMP1 epigenetically disrupts host gene expression through induction 

of PARylation. 

Aim 2.1: Determine if expression of LMP1 affects cellular levels of PARylation. 

PAR levels in LMP1-postive and LMP1-negative cells were compared, and the 

direct induction of PARylation by ectopic expression of LMP1 in EBV-negative 

cell lines was tested. 

Aim 2.2: Establish the role for PARP1 activity in the induction of PARylation 

elicited by LMP1. The activation of PARylation by LMP1 specifically through 

the PARP1 protein was assessed using a PARP inhibitor as well as PARP1-/- cells. 
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Aim 2.3: Identify LMP1 effects on host gene expression and transformation 

mediated by PARP1/PARylation. The expression of LMP1-target genes was 

evaluated following PARP inhibition or induction by LMP1 expression in 

PARP1-/- cells. Cellular transformation by foci formation assay in LMP1-

expressing cells with or without PARP inhibition tested the contributions of the 

PARylation-dependent genes in LMP1-mediated oncogenesis.  
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CHAPTER 2 

MATERIALS AND METHODS 

 

Cell Culture 

All cells were maintained at 37°C in a humidified 5% CO2 atmosphere in media 

containing antibiotics. LCLs containing EBV wt or EBVΔCTCF166 bacmids were 

generated by infecting B cells isolated from primary peripheral blood mononuclear cells 

with bacmid virus and selecting for hygromycin resistance. TR cell lines, kind gifts from 

Dr. Rona Scott (LSU, Shreveport, LA), were previously generated (53) and were cultured 

in DMEM with 10% fetal bovine serum and antibiotic and selected with 350 µg/ml G418. 

B cell lines were cultured in suspension in RPMI 1640 supplemented with fetal bovine 

serum at a concentration of 10% (Akata lines, Mutu I, Kem I, and Daudi), or 15% 

(DG75, lymphoblastoid cell lines (LCLs), Kem III, Raji, GM12878, and GM13605). 

LCL cells (gift from Dr. Paul M. Lieberman, The Wistar Institute, Philadelphia, PA) were 

generated at The Wistar Institute and approved by The Wistar Institute Institutional 

Review Board. MEF (WT and PARP1-/-), kind gifts from Dr. Zhao-Qi Wang (Leibniz 

Institute, Germany) (236), HeLa, and Rat1 cells were cultured in DMEM with 10% fetal 

bovine serum. 

 

Drug Treatment 

Stock solutions of olaparib were dissolved in DMSO, and cells were treated with 

the indicated concentration for 24 or 72 h upon dilution in the appropriate medium. 
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ChIP Assay 

 Chromatin immunoprecipitation (ChIP) assays were performed according to the 

protocol provided by Upstate Biotechnology, Inc., with minor modifications as 

previously described (164,214), and as follows. Cells were fixed in 1% formaldehyde for 

15 min. DNA was sonicated using a Sonic Dismembrator (Fisher Scientific) to generate 

200- to 300-bp DNA fragments. Real-time PCR was performed with SYBR green on an 

ABI StepOnePlus PCR system using 1/100 of the ChIP DNA. Chromatin was 

immunoprecipitated with polyclonal antibodies for CTCF (Millipore), Smc1 (Abcam), 

Smc3 (Abcam), Rad21 (Abcam), H3K4me3 (Active Motif), H3K9Ac (Active Motif), 

H3K9me3 (Active Motif), H3K27me3 (Active Motif), and IgG (Santa Cruz). The primer 

sequences used for amplification are listed in Table 1. 

 

ChIP-seq and Bioinformatics Analysis 

 Solexa Chromatin-Immunoprecipitation for high throughput sequencing (ChIP-

seq) experiments were performed with 1 × 106 EBV-positive cells per IP with antibodies 

specific for Rad21 (Abcam), Smc3 (Abcam), CTCF (Abcam), or control mouse IgG 

(Santa Cruz). ChIP methods were identical to conventional ChIP assays described above 

with the exception that competitor salmon sperm DNA was excluded from all IPs and 

wash buffers, and chromatin was immunoprecipitated using magnetic beads. DNA 

fragments of ~150-300 bp were isolated by agarose gel purification, ligated to sequencing 

adaptor, and then subject to Solexa sequencing using the manufacturer’s 

recommendations (Illumina, Inc.). The sequence reads generated from chromatin 

immunoprecipitates of Rad21, Smc3, CTCF, and IgG from LCLs was aligned to the hg18 
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human genome using the Bowtie algorithm (237), removing redundant tags before 

downstream analysis. Peak calling of binding sites was performed using the Homer 

algorithm (238) with combined IgG used as a background reference set. Only peaks with 

false discovery rates (FDRs) of <1% and a peak signal of at least 15 RPM (reads per 

million) that were a minimum of 5-fold over the IgG and local background signals were 

included in further analysis. 

 

RNA Extraction and Reverse Transcription-PCR (RT-PCR) 

 RNA was extracted from 5 × 106 cells using a Qiagen RNA extraction kit 

according to the manufacturer’s protocol. After extraction, the RNA was incubated with 2 

U of DNaseI at 37°C for 30 min, followed by enzyme inactivation at 65°C for 10 min. 

The RNA was quantified, 2 µg of RNA was reverse transcribed using Super Script II 

reverse transcriptase (Invitrogen), and 50 ng of cDNA was analyzed by real-time PCR on 

an ABI StepOnePlus machine. 

LCL ΔCTCF experiments: Data was analyzed using the ΔCτ method and GFP 

served as the internal control. 

Other experiments: Data was analyzed using the ΔΔCτ threshold cycle (Cτ) 

method. β-Glucuronidase (GUSB; for LCLs) and actin (for HeLa cells) served as the 

internal controls. 

The primer sequences used for amplification are listed in Table 1. 
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RNA-seq 

 RNA was extracted as described above. The polyadenylated transcript library 

used for transcriptome sequencing (RNA-seq) analysis was generated using an Epicentre 

(Illumina) mRNA-seq kit. Total RNA was depleted of the rRNA component using 

a RiboZero rRNA removal kit (Epicentre) and then processed with a ScriptSeq (version 

2) kit along with ScriptSeq index PCR primers (Epicentre) to generate a strand-specific 

library of mRNA. Single reads of 80 bp were obtained using an Illumina genome 

analyzer II. Sequencing reads were aligned to the human genome rn4 using the TopHat 

program (239), taking into account reads encoded across splice junctions 

(parameters were set to the default). The expression level of all RefSeq transcripts 

was evaluated using the Cufflinks program (240), and the number of fragments per 

kilobase of transcript per million fragments mapped (FPKM) was calculated for each 

transcript (the parameters were set to the default, and the hg19 RefSeq GTF table was 

used to define the transcripts). Differences in gene expression levels between samples 

were assessed by use of the Cuffdiff program and calculated as the log2 fold change. 

 

Western Blot Analysis 

 Cell lysates were prepared in radioimmunoprecipitation assay (RIPA) buffer (50 

mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.25% deoxycholic acid, 1% NP-40, 1 mM 

EDTA) supplemented with 1× protease inhibitor cocktail (Thermo Scientific). Soluble 

extracts were recovered by centrifugation at 21,000 × g for 10 min at 4°C, and protein 

concentration was determined with the BCA protein assay (Pierce). Lysates were boiled 

in 2× SDS-PAGE sample buffer containing 2.5% β-mecaptoethanol, resolved on a 4 to 
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20% polyacrylamide gradient Mini-Protean TGX pre-cast gel (Bio-Rad), and transferred 

to an Immobilon-P membrane. Membranes were blocked for 1 h at room temperature and 

incubated overnight with primary antibodies recognizing LMP1 (Abcam), Actin (Sigma), 

GFP (Santa Cruz), H3K9Ac (Active Motif), H3K4me3 (Active Motif), H3K9me3 

(Active Motif), H3 (Abcam), EBNA1 (Millipore), EBNA2 (Abcam), PARP1 (Active 

Motif), EZH2 (BD Biosciences), and H3K37me3 (Active Motif), as recommended by the 

manufacturer. Membranes were washed, incubated for 1 h with the appropriate secondary 

antibody: goat anti-rabbit IgG-HRP (Santa Cruz) or rabbit anti-mouse IgG-HRP (Thermo 

Scientific), washed, and detected by enhanced chemiluminescence. 

 

Methylated DNA Immunoprecipitation (MeDIP) 

  DNA was extracted from 2 × 106 cells with a GeneJET genome DNA purification 

kit (Thermo Scientific) according to the manufacturer’s instructions. A total of 2 µg of 

DNA was sonicated to generate fragments averaging 250 bp in length (range between 

200 and 300 bp). The DNA fragments were denatured by boiling the samples for 10 min 

and immediately cooling on ice. To each sample, 50 µl of 1× immunoprecipitation buffer 

(IP buffer: 1.4 M NaCl, 0.5% Triton X-100) and 5 µg of 5-methylcytosine antibody 

(Active Motif) was added, followed by overnight incubation at 4°C. The 

immunocomplexes were precipitated by adding 50 µl of Dynabeads (Life Technologies) 

and rotated for 2 h at room temperature. Beads were collected with a magnetic rack and 

washed three times with 500 µl of 1× IP buffer. Beads were then incubated at 50°C for 2 

h with shaking in 500 µl of proteinase K digestion buffer (50mMTris [pH 8.0], 10mM 

EDTA, 0.5% SDS, 1 mg of proteinase K/ml). DNA was extracted twice by phenol-
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chloroform, followed by ethanol precipitation. DNA was then analyzed by real-time 

PCR. The primer sequences are listed in Table 1. A 40 ng portion of genomic DNA was 

used as input material. 

 
3C Assay 

 Chromosome conformation capture (3C) assay followed the protocol of Hagege 

et al. (241), with minor modifications as described previously (214). Briefly, ~107 EBV-

positive cells were fixed in 1% formaldehyde for 30 min and the reaction was quenched 

using 0.125 M glycine. Cells were pelleted and resuspended in 0.5 ml of cold lysis buffer 

(10 mM Tris-HCl [pH 7.5], 10 mM NaCl, 5 mM MgCl2, 0.1 mM EGTA) containing 

freshly added 1× Complete Protease Inhibitors (Roche) and were lysed on ice for 10 min. 

The nuclei were collected by centrifugation at 500 × g for 10 min at 4°C, resuspended in 

0.5 ml of 1.4× MseI buffer (New England BioLabs) containing 0.3% SDS, and incubated 

for 1 h at 37°C with shaking at 1,200 rpm. SDS was then trapped by the addition of 2% 

(final concentration) Triton X-100, followed by incubation for 1 h at 37°C with shaking. 

A 10-µl aliquot was removed and saved for later analysis, and the remaining nuclei were 

incubated with 500 U of MseI (50,000 U/ml; New England BioLabs) at 37°C overnight 

with shaking. The original nuclear sample and an MseI-digested aliquot were compared 

by agarose gel electrophoresis to evaluate the extent of digestion efficiency. The MseI 

reaction was terminated by the addition of 1.6% SDS (final concentration) and incubation 

at 65°C for 30 min with shaking at 1,200 rpm. The sample was diluted 10-fold with 1.3× 

ligation buffer (Roche) plus 1% Triton X-100 and incubated for 1 h at 37°C with shaking 

at 900 rpm. The reaction mixture was incubated with 100 U of T4 DNA ligase (5 U/µl; 

Roche) at 16°C for 4 h, followed by 45 min at room temperature. Proteinase K (300 µg) 
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was added, and the sample was incubated overnight at 65°C. RNA was removed by 

adding 300 µg of RNase, and the sample was incubated for 1 h at 37°C. DNA was 

purified by phenol-chloroform extraction and ethanol precipitation. Purified DNA was 

then analyzed by quantitative PCR (qPCR). 

Analysis for EBVΔCTCF166, LCL, and Mutu cells: As a control for ligation 

products, EBV wt bacmid was digested with 10 U of MseI overnight and ligated with 10 

U of T4 DNA ligase at 16°C overnight followed by purification, creating all possible 

ligation products at background concentrations. The levels of specific 3C ligation 

products were quantified by real-time PCR using the ΔCτ method and expressed relative 

to EBV bacmid Cτ values used as a random-ligation control. The Cτ values were 

normalized for each 3C primer pair by defining the Cτ value for 100 ng of the EBV 

bacmid control random-ligation matrix DNA as 1. Primer sequences for quantitative PCR 

have been described previously and are available upon request (163,214). 

Analysis for TR cells: 3C products obtained from 6TR or 12TR EBV genomes 

were quantified by real-time PCR using the ΔΔCτ method as follows. Briefly, the Cτ 

values of 3C material for each primer pair was first normalized to the LMP locus primer 

pair, which serves as an internal control to account for differences in DNA amount. Then, 

“calibrated” Cτ values from 12TR genomes were normalized to 6TR genomes and 

expressed as relative fold changes using the following equation 2 –[(Ct 3C 12TR – Ct 12TR LMP) – 

(Ct 3C 6TR – Ct 6TR LMP)]. Primer sequences for quantitative PCR are listed in Table 1. 
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Determination of Total Cellular PAR 

 Cellular poly(ADP-ribose) (PAR) levels were quantified using a PARP in vivo 

pharmacodynamic assay 2nd generation (PDA II) kit (Trevigen) according to the 

manufacturer’s protocol. Briefly, cells were lysed in the buffer supplied with the kit, and 

the protein concentration was determined with a Pierce BCA protein assay kit. Cell 

extracts were added to a precoated capture antibody plate, incubated overnight at 4°C, 

and washed four times with PBS containing Tween 20 (PBST). A polyclonal antibody for 

the detection of PAR was added, and the plate was incubated at room temperature for 2 h. 

After washing four times with PBST, goat anti-rabbit IgG–HRP was added, and the plate 

was incubated for 1 h. The wells were washed four times with PBST. The PARP 

PeroxyGlow reagent was added, and luminescence was measured using a POLARstar 

Optima microplate reader (BMG Labtech). 

 

Plasmids 

 The plasmid vector pLXSN and the LMP1 expression construct pLXSN-LMP1 

were provided by Dr. Rona Scott (LSU, Shreveport, LA). The Flag and Flag-EBNA1 

vectors were kind gifts from Dr. Paul M. Lieberman (The Wistar Institute, Philadelphia, 

PA). 

 

Nucleofection of DG75 Cells 

 Cells were transfected using the SF Cell Line 4D-Nucleofector Kit (Lonza). 

Briefly, 5 × 106 cells were spun down at 100 × g for 10 min, the supernatant was 

removed, and the cell pellet was resuspended in 100 µl Nucleofection Solution containing 
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4 µg of pLXSN or pLXSN-LMP1 plasmid. The solution was transferred to a 

Nucleocuvette, transfected using the EN-150 program on a 4D-NucleofectorTM (Lonza), 

and the reaction was incubated for 10 min at room temperature. Fresh, prewarmed media 

(400 µl) was added to the Nucleocuvette, and the Nucleocuvette was incubated at 37°C 

for 90 min before transferring the solution to a single well in a 12-well plate. The 12-well 

plate was incubated at 37°C for 72 h before collection. 

 

Transfection of Rat1, MEF, or MEF PARP1-/- Cells with Lipofectamine 

 2.5 × 105 cells/well were seeded in 6-well dishes one day prior to transfection. 

Transfections were performed using LipofectamineTM 2000 Transfection Reagent 

(Invitrogen) with 2.5 µg plasmid DNA and 12 µl of Lipofectamine according to 

manufacturer’s instructions and incubated for 72 h at 37°C. 

 

Retroviral Transduction 

 Plasmid constructs HA-tagged full-length LMP1, pBABE, pVSV-G, and 

pGag/Pol were kindly provided by Dr. Nancy Raab-Traub (UNC, Chapel Hill, NC), and 

were described previously (242). Retroviral particles were generated using the Fugene 6 

reagent (Promega) to simultaneously transfect subconfluent monolayers of 293T cells 

with 1 µg pBABE (vector) or HA-LMP1, 250 ng pVSV-G, and 750 ng pGal/Pol, 

according to manufacturer’s instructions. After overnight incubation at 37°C the 

transfection media was replaced with fresh media, and cells were incubated at 37°C 

overnight. The media containing retrovirus was harvested, filtered through a 0.45 µm 

filter, and stored at 4°C. Fresh media was added to 293T cells, incubated overnight at 
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37°C, and collected and filtered as above. The viral media stocks collected at the two 

post-transfection time points were pooled and used for retroviral transduction. Rat1 cells 

were transduced by seeding 5 × 105 cells in 6-well plates in 500 µμl media and adding 500 

µl of media containing retroviral particles. The transduced cells were harvested after 72 h 

and selected in 100 mm cell plates for 14 days in media containing 5 µg/ml puromycin. 

 

Foci Formation Assay 

 Rat1 cells were transduced with pBABE or HA-LMP1 retroviral-expressing 

vectors as described above were used for foci formation assay. Two weeks after infection 

1 × 104 cells were seeded in 6-well plates and incubated with media containing 5 µg/ml 

puromycin and 1.25 µM, 2.5 µM olaparib (Selleck Chemical), or DMSO (1:1000). After 

72 h the olaparib or DMSO-containing media was replaced with fresh media containing 5 

µg/ml puromycin, and the cells were grown for 14 days to allow foci formation. The cells 

were washed with PBS, fixed in methanol for 10 min, and stained with 1% crystal violet 

in 50% ethanol for 5 min to visualize foci. The plates were scanned and analyzed by the 

ImageJ plugin ColonyArea to quantify foci formation. 

 

shRNA-mediated Knockdown 

 A plasmid carrying short hairpin RNA (shRNA) specific for PARP1 (shPARP1) 

was generated by PCR and cloned into the pLKO.1-TCR cloning vector (243). pLKO.1-

TRC was a gift from David Root (Addgene plasmid number 10878). The pLKO.1-

shPARP1 lentivirus expression vector was generated according to the protocol provided 

by Addgene in which a set of complementary oligodeoxynucleotides were synthesized 
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with flanking EcoR1 and Age1 overhangs and ligated into an EcoR1/Age1 digested 

pLKO.TCR plasmid.  The oligodeoxynucleotide sequences used were shPARP1-Fw 

(CCGGCCGAGAAATCTCTTACCTCAACT CGAGTTGAGGTAAGAGATTTCTCGG

TTTTTG) and shPARP1-Rev 

(AATTCAAAAACCGAGAAATCTCTTACCTCAACTCGAGTTGAG GTAAGAGAT

TTCTCGG). Scrambled shRNA was a gift from David Sabatini (Addgene plasmid 

number 1864) (244). The sequence of the hairpin for the scrambled RNA is 

CCTAAGGTTAAGTCGCCCTCGCTCGAGCGAGGGCGA CTTAACCTTAGG. 

Lentiviral particles were generated by transfecting 293T cells with pLKO.1-shPARP1 or 

scrambled shRNA, the psPAX2 (Addgene plasmid number 12260) packaging plasmid, 

and the pMD2.G envelope plasmid (Addgene plasmid number 12259) according to the 

Addgene protocol. psPAX2 and pMD2.G plasmids were a gift from Didier Trono 

(Addgene plasmid numbers 12260 and 12259). LCLs were infected with lentivirus 

expressing pLKO.1-PARP1 or the pLKO control vector freshly generated from 293T 

cells. Infected LCLs were then selected with 1 µg/ml puromycin for 3 days. The selected 

cells were pooled and subjected to RT-PCR and Western blotting. 

 

Extraction of Histones 

 Histones were extracted using a histone purification mini kit (Active Motif) 

following the manufacturer’s recommendations. Briefly, cell pellets were resuspended in 

ice-cold histone extraction buffer and incubated overnight at 4°C. Cellular debris was 

removed by centrifugation at 21,000 × g and 4°C for 5 min. The supernatant containing 

crude histones was neutralized with 5× neutralization buffer and transferred to the spin 
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column supplied with the kit to bind histones. The column was washed three times, and 

histones were eluted. Purified histones were quantified using the Pierce BCA protein 

assay kit. 

 

Quantitation of H3K27me3 by ELISA 

 H3K27me3 levels were quantified using a histone H3 methylated Lys27 ELISA 

kit (Active Motif) according to the manufacturer’s protocol. Briefly, histone extracts 

were added to the histone H3 antibody-coated plate, and the plate was incubated for 1 h 

at room temperature with agitation on a platform rocker. The wells were washed three 

times with wash buffer, the H3K27me3-specific primary antibody was added, and 

the plate was incubated at room temperature for 1 h with agitation. The wells were 

washed and incubated for 1 h at room temperature with an HRP-conjugated anti-rabbit 

IgG secondary antibody. Following three washes, the developing solution was added and 

the plate was incubated for 2 min before termination of the reaction with stop 

solution. The plate was read at 450 nm using a VERSAmax tunable microplate reader 

(Molecular Devices). 

 

Statistical Analysis 

All experiments presented were conducted at least in triplicate to ensure reproducibility 

of results. GraphPad software package was used to identify statistically significant 

differences between experimental conditions and control samples, using Student’s t test 

or ANOVA followed by Bonferroni’s post-hoc comparison test, as indicated in the figure 

legends.  
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Table 1. Primer sequences  
 
Name  Sequence Assay 
LMP2Ap-1 Fw GAGAGGAGCAGGTGCTTATTG ChIP-qPCR, MeDIP 
LMP2Ap-1 Rev GTGTTGGCACTTCTGTGGATA ChIP-qPCR, MeDIP 

LMP2Ap-2 Fw CACCTGAGCGTGGTGAAG ChIP-qPCR, MeDIP 
LMP2Ap-2 Rev ACGGTGCATGTCACAGTAAG ChIP-qPCR, MeDIP 

LMP2Ap-3 Fw GGCAAATGGCGGTGTTATG ChIP-qPCR, MeDIP 
LMP2Ap-3 Rev CCAGGGCTTGGGAAGTG ChIP-qPCR, MeDIP 
LMP1p-4 Fw AGGCAGTTGAGGAAAGAAGG ChIP-qPCR, MeDIP 

LMP1p-4 Rev GGCCTACATCCCAAGAAACA ChIP-qPCR, MeDIP 
LMP1p-5 Fw TGTGTGCATGTAAGCGTAGAAA ChIP-qPCR, MeDIP 

LMP1p-5 Rev ACTTGGCCACCGCATTC ChIP-qPCR, MeDIP 
Proximal LMP1 
Promoter Fw AGGCAGTTGAGGAAAGAAGG 

ChIP-qPCR, MeDIP 

Proximal LMP1 
Promoter Rev GGCCTACATCCCAAGAAACA 

ChIP-qPCR, MeDIP 

Distal LMP1 Promoter 
Fw AATGGAGCGTGACGAAGG 

ChIP-qPCR, MeDIP 

Distal LMP1 Promoter 
Rev TTGTCAGGGTTGCCTGTG 

ChIP-qPCR, MeDIP 

cFos-1 Fw CGAGCAGTTCCCGTCAATC ChIP-qPCR 
cFos-1 Rev GAAAGGCCGTGGAAACCT ChIP-qPCR 
cFos-2 Fw CGAAATGCTCACGAGATTAGGA ChIP-qPCR 
cFos-2 Rev GTAAACGTCACGGGCTCAA ChIP-qPCR 
Egr1-1 Fw TATGGCCATGTACGTCACGA ChIP-qPCR 
Egr1-1 Rev CTGGGATCTCTCGCGACTC ChIP-qPCR 
Egr1-2 Fw CATGTGTTAGAGGGATGCCAAG ChIP-qPCR 
Egr1-2 Rev TCCAGAGCTCTCCATCCAAA ChIP-qPCR 
LMP2A Fw TACTCTCCACGGGATGACTC RT-qPCR 
LMP2A Rev GAGGTAGGGCGCAACAATTA RT-qPCR 
LMP2B Fw CAACGTTGGGAGGTCGTT RT-qPCR 
LMP2B Rev GAGGTAGGGCGCAACAATTA RT-qPCR 
LMP1 Fw CCACTTGGAGCCCTTTGTAT RT-qPCR 
LMP1 Rev AAGAGGAGAAAGTGCGTTAGAG RT-qPCR 
EBNA1 Fw TACAGGACCTGGAAATGGCC RT-qPCR 
EBNA1 Rev TCTTTGAGGTCCACTGCCG RT-qPCR 
EZH2 Fw TGTGGATACTCCTCCAAGGAA RT-qPCR 
EZH2 Rev GAGGAGCCGTCCTTTTTCA RT-qPCR 
GUSB Fw CGCCCTGCCTATCTGTATTC RT-qPCR 
GUSB Rev TCCCCACAGGGAGTGTGTAG RT-qPCR 
B-actin Fw CCAACCGCGAGAAGATGA RT-qPCR 
B-actin Rev CCAGAGGCGTACAGGGATAG RT-qPCR 
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Table 1. continued 
 
Name  Sequence Assay 
cFos Fw ACTACCACTCACCCGCAGAC RT-qPCR 
cFos Rev CCAGGTCCGTGCAGAAGT RT-qPCR 
Egr1 Fw AGCCCTACGAGCACCTGAC RT-qPCR 
Egr1 Rev GGTTTGGCTGGGGTAACTG RT-qPCR 
LMP1 (anchor) TTACGCCCCAGCAAGCTT 3C-qPCR 
FR GGCCCGCCCACCTACTT 3C-qPCR 
DS GCACAATGCCACCACTGAAC 3C-qPCR 
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CHAPTER 3 

RESULTS 

 

Generation of an EBV Bacmid Lacking CTCF Binding at LMP Control Region 

CTCF and cohesin regulate EBV gene expression during latency (164,214,215); 

the strongest CTCF/cohesin binding site within the EBV genome is at the LMP1/2 

transcription locus (212). LMP1, LMP2A, and LMP2B play essential roles in EBV 

latency, and LMP1 and LMP2A promote tumorigenesis (245-247). Therefore, we tested 

the importance of CTCF/cohesin binding at the LMP1/2 locus on LMP1/2 gene 

expression regulation. In agreement with previous work (212), chromatin 

immunoprecipitation of CTCF and cohesin followed by deep sequencing (ChIP-seq) 

analyses confirmed a major binding site for both CTCF and cohesin within the 

LMP1/LMP2 transcription locus at the right end of the EBV linear genome map (Figure 

4A). A consensus CTCF binding site was identified at the center of the CTCF ChIP-seq 

peak at position 166520 (EBV genome NC_007605.1) (Figure 4B). To investigate the 

function of this CTCF binding site, our collaborators at the Wistar Institute used 

recombineering techniques to delete the core 18 bp of this CTCF binding site in the EBV 

bacmid genome; the adjacent coding regions of the LMP1 or LMP2A open reading 

frames, annotated poly(A) sites, and splice acceptor-donor sites were left intact (Figure 

5A) (248). Lymphoblastoid cell lines (LCLs) containing EBV wt or ΔCTCF166 bacmids 

were generated by infecting B cells isolated from primary peripheral blood mononuclear 

cells with bacmid virus and selecting for hygromycin resistance. To confirm that deletion 

of the core binding site disrupted CTCF and cohesin binding in cells, the CTCF and  
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Figure 4. CTCF and cohesin binding at the LMP control region. (A) ChIP-seq peaks 

depicting position and relative distribution of binding sites for CTCF (blue), and cohesin 

subunit proteins Rad21 (red), and SMC3 (green) within the EBV genome (coordinates of 

genome on X axis) of B95.8 Lymphoblastoid cell lines (LCLs). The individual traces 

correspond to relative abundance of protein (Y axis) at the EBV genomic sequence 

detected from ChIP-seq. Peak height indicates the frequency of sequence detection within 

the linear EBV genomic position (X axis). (B) Detailed view of CTCF, Rad21, and 

SMC3 ChIP-seq peaks identified adjacent to the LMP2A first intron (hatched) and LMP1 

3’UTR (black) near EBV nucleotide position 166 kb within the EBV genome. Co-

localization of CTCF, Rad21, and SMC3 is indicative of the formation and binding of a 

CTCF/cohesin regulatory complex at this site in the EBV genome.  
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Figure 5. Generation of EBV bacmids that disrupt CTCF and cohesin binding to the 

LMP control region. (A) CTCF consensus binding site in the LMP control region is 

underlined. A deletion mutation was introduced in this region by site-directed 

mutagenesis to create recombinant EBV ΔCTCF bacmids. (B) ChIP assay in LCLs 

generated with EBV wt, EBVΔCTCF.1, or EBVΔCTCF.2 bacmid virus. ChIP with 

antibodies for CTCF, SMC1, SMC3, Rad21, or IgG (control) were assayed with primers 

that amplify sequences flanking the EBV CTCF166 region. Results are expressed as the 

percentage of input chromatin material and indicate mean ± standard deviation of the 

mean (SD) for three independent PCRs.  
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cohesin binding profiles for LCLs containing either EBV wt bacmid or ΔCTCF166 

(ΔCTCF.1 or ΔCTCF.2) were compared using ChIP. Binding of CTCF, as well as the 

cohesin subunits Rad21, SMC1, and SMC3, to the region surrounding the CTCF166 site 

was significantly reduced in EBV ΔCTCF.1 and ΔCTCF.2 LCLs (Figure 5B). Thus, 

the ΔCTCF166 bacmid viral genome lacks CTCF and cohesin binding only at position 

166520, allowing for assessment of the role of CTCF and cohesin binding at the LMP 

control region on viral gene expression. 

 

Deregulation of LMP1, LMP2A, and LMP2B Expression in EBV ΔCTCF166 LCLs 

To investigate EBV gene regulation by CTCF binding at the LMP control region 

expression of the latency transcripts LMP2A, LMP2B, LMP1, and EBNA1 were 

compared using RT-quantitative PCR (qPCR) in EBV wt and ΔCTCF166 bacmid LCLs 

(Figure 6A). EBNA1 serves as a transcriptional control since it is necessary for EBV 

maintenance and is expressed in all latency types. The relative mRNA levels of LMP1 

and LMP2A were substantially reduced (2- to 10-fold) in EBV ΔCTCF166 relative to the 

wt bacmids (Figure 6A). In contrast, LMP2B mRNA was increased 8- to 10-fold in 

EBV ΔCTCF166 relative to wt bacmids, while changes in EBNA1 expression were 

comparatively modest (Figure 6A). Western blot analysis confirmed the reduction in 

LMP1 protein levels in ΔCTCF166 LCLs relative to wt (Figure 6B). These findings 

indicate that LMP1 and LMP2A expression levels are reduced, whereas LMP2B mRNA 

is elevated in EBV ΔCTCF166 relative to the wt and suggests that CTCF binding at this 

site is important in the positive regulation of the tumorigenic proteins LMP1 and 

LMP2A. 
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Figure 6. LMP transcription and translation is deregulated in EBV ΔCTCF166 

LCLs.  (A) RT-qPCR reactions for LMP2A, LMP2B, LMP1, and EBNA1 mRNA were 

normalized to bacmid GFP, which is directly proportional to EBV copy number, for EBV 

wt.1, wt.2, ΔCTCF.1, or ΔCTCF.2. Error bars represent the SD for three independent RT-

qPCRs.  (B) Western blot of protein extracts from EBV wt, ΔCTCF.1, or ΔCTCF.2 LCLs 

probed with antibodies to LMP1, actin, and GFP. The Western blots are representative of 

those from three independent experiments.  
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Loss of Euchromatic Histone Modifications at LMP Promoters in EBV ΔCTCF166 

LCLs 

As an insulator, CTCF prevents the spread of heterochromatin into genomic 

regions that are being actively transcribed (182). Within the EBV genome, CTCF binding 

near the latent promoter Qp blocks the spread of the repressive histone mark H3K9me3, 

and prevents transcriptional silencing (146,164,168). To determine the influence of 

CTCF166 on regulatory histone modifications at the LMP1 and LMP2 promoter regions 

we performed ChIP assays to measure the histone modifications H3K9Ac (active), 

H3K4me3 (active), and H3K9me3 (repressive). We assayed ChIP DNA using primer 

pairs spanning the LMP1 and LMP2 5’ proximal promoter regions (Figure 7A). EBV 

ΔCTCF166 had substantial loss of H3K9Ac at the LMP2A and LMP1 promoter regions, 

while H3K4me3 levels were not altered significantly (Figure 7A). In contrast, 

repressive H3K9me3 levels were elevated at the LMP2A promoter region, especially in 

LCL ΔCTCF.2 genomes (Figure 7A). Western blots indicated that the global levels of 

these modified histones were similar, revealing that depletion of CTCF binding at the 

LMP control region results in site-specific but not global changes in histone 

modifications (Figure 7B).  

We also examined these histone modifications at the LMP control region in two 

established cell lines latently infected with EBV: LCLs (Type III latency, LMP1/2-

positive) and Mutu I cells (Type I latency, LMP1/2-negative). H3K9Ac and H3K4me3 

were highly elevated at the LMP control region in LCLs, in which LMP1 and LMP2 are 

expressed, but not in Mutu I, in which these genes are not expressed (Figure 8). These 

findings indicate that the histone modifications H3K9Ac and H3K4me3 correlate with  
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Figure 7.  Loss of euchromatic histone modifications at the LMP control region in 

EBV ΔCTCF166. (A) ChIP assay for LMP control region-associated H3K9Ac, 

H3K4me3, and H3K9me3 in EBV wt, ΔCTCF.1, or ΔCTCF.2 LCLs.  Results are 

expressed as the percentage of input chromatin material, and error bars represent the SD 

for three independent PCRs. Numbers indicate the genomic position of the detection 

primer sets utilized to characterize epigenetic alterations that are 5’ to the TSS for 

LMP2A (primer sets 1, 2, and 3), and LMP1 (primer sets 4 and 5), as illlustrated in the 

genome map at the bottom. Arrows indicate transcription start sites and the oval 

represents the CTCF166 binding site. (B) Western blot of H3K9Ac, H3K4me3, 

H3K9me3, and H3 levels in protein extracts from EBV wt, ΔCTCF.1, or ΔCTCF.2 LCLs. 

Western blots are representative of those from three independent experiments.  
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Figure 8. Histone modifications at LMP control region in Type I and Type III 

latently infected B cells. ChIP assays for H3K9Ac, H3K4me3, H3K9me3, and IgG 

(control) in established Type I (Mutu I) and Type III (LCL) EBV-positive B cell lines. 

Results are expressed as the percentage of input chromatin material and error bars 

represent the SD for three independent PCRs. Numbers indicate the genomic position of 

the detection primer sets as indicated in Figure 7A. Arrows indicate transcription start 

sites and the red oval represents the CTCF166 binding site. 

 

  



	   52	  

transcriptional activity at the LMP1/2 locus. CTCF deletion at this site results in a loss of 

histone acetylation and a corresponding increase in the repressive histone mark 

H3K9me3 at the LMP2A and LMP1 regions and further reveals that loss of CTCF 

binding at this site promotes changes in the epigenetic state. 

 

Increased CpG DNA Methylation at LMP Promoters in EBV ΔCTCF166 LCLs 

Since loss of CTCF binding at the LMP control region results in changes in 

histone modifications, and because CTCF also affects DNA methylation within the EBV 

genome (146), we explored the effects of this specific CTCF binding site on DNA 

methylation at the LMP control region. Alterations in the DNA methylation pattern at the 

LMP control region in EBV ΔCTCF166 LCLs were measured by methylated-DNA 

immunoprecipitation (MeDIP) using an antibody specific for 5’-methylcytosine (249). 

DNA methylation was elevated in the promoter control regions for both LMP1 and 

LMP2 in EBV ΔCTCF166 LCLs relative to wt LCLs (Figure 9A). Interestingly, and in 

contrast to H3K9me3, DNA methylation was enriched to a greater extent at the 

LMP1 and LMP2B promoter regions (primer sets 4 and 5) relative to the LMP2A 

promoter region (primer sets 1 to 3) (Figure 9A). The partial overlap of DNA methylation 

with H3K9me3 suggests that these two modifications are not identical forms of 

heterochromatin and that both epigenetic mechanisms may contribute to the 

transcriptional repression of LMP1 and LMP2A in ΔCTCF166 LCLs.  

We also found that cytosine methylation was highly elevated at the LMP1 

and LMP2A promoter regions in Mutu I cells (Type I latency, LMP1/2-negative) relative  

to LCLs (Type III latency, LMP1/2-positive) (Figure 9B), consistent with its   
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Figure 9. Increased DNA CpG methylation at the LMP control region in EBV 

ΔCTCF166.  (A) MeDIP assay for 5-methylcytosine (5-meCyt) levels within the LMP 

control region in EBV wt, ΔCTCF.1, or ΔCTCF.2 using primers as indicated in Fig. 7A. 

Results are expressed as the percentage of input DNA material and error bars represent 

the SD for three independent PCRs. Numbers indicate primer position within the LMP 

control region, as illustrated in the bottom diagram. (B) Corresponding MeDIP assay for 

Mutu I and LCL cells using primers described in Fig 7A. The levels of 5-meCyt in the 

LMP control region of LCLs were below the limits of detection for the primer sets 

utilized. Arrows indicate transcription start sites and the oval represents the CTCF166 

binding site.  
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established role in transcriptional repression of LMP1 and LMP2 in Type I latency 

(167). Taken together, this suggests that CTCF binding abrogates DNA methylation, 

playing a role in the epigenetic regulation of LMP1/2 expression, and the loss of CTCF 

binding at CTCF166 is sufficient to push the cells towards a Type I latency methylation 

pattern at the LMP1/2 locus. 

 

Loss of DNA Loop Formation with the Viral Enhancer OriP in ΔCTCF166 LCLs 

In the EBV genome, CTCF mediates the formation of alternative DNA loops that 

correlate with selective EBV promoter usage during latency (214). Additionally, 

CTCF/cohesin binding at the LMP1/2 region forms a DNA loop interaction with the viral 

enhancer OriP (163). Therefore, we evaluated the importance of CTCF binding on loop 

formation at the LMP control region. Chromosome conformation capture (3C) was used 

to measure the interaction between the LMP1 and OriP loci. 3C allows for the detection 

of long-range interactions between DNA regions, both intra- and inter-chromosomal 

(183). The procedure involves cross-linking to stabilize protein-protein interactions 

between distal DNA segments followed by dilution and re-ligation in conditions that 

favor intramolecular ligation products as opposed to random fragments (Figure 10) (250). 

Ligation products are determined by performing PCR using locus-specific primers (250) 

(Figure 10). We used an anchor primer set at the MseI site near the CTCF166 position at 

LMP1 and measured 3C products by qPCR for interactions with three 

independent regions surrounding OriP or the latent viral promoter Cp, the active 

promoter during Type III latency. 3C products were quantified as a percentage of qPCR 

products that could be amplified from undiluted matrix reactions, indicating that the PCR 
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Figure 10. Schematic representation of the 3C assay. Step 1: Cross-link to stabilize 

protein-protein interactions that mediate associations between distal DNA segments. The 

yellow oval indicates a DNA binding protein that stabilizes a physical association 

between two distant segments of DNA (red and blue strands). Step 2: Restriction enzyme 

(RE) digestion cuts the DNA strands at specific sequence sites that flank the point of 

contact for the DNA binding protein. Step 3: Dilution and re-ligation in dilute conditions 

preferentially generates intramolecular ligation products within the DNA-protein 

complex over random ligation in bulk solution, because the cohesive ends are maintained 

in close physical proximity throughout the incubation with ligase. Step 4: Ligation 

products are evaluated by PCR using locus-specific primers. Arrows indicate primers for 

PCR amplification. 
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products could be generated and were not affected by the deletion of the CTCF 

binding site. We found that DNA interactions between the LMP1 and OriP loci are 

disrupted in ΔCTCF166 LCLs (Figure 11A). A specific long-range interaction between 

the LMP1 and OriP loci, but not with the control Cp region, was detected in wt LCLs 

(Figure 11A). In contrast, no specific interactions were detected in ΔCTCF166 LCLs 

(Figure 11A). Thus, CTCF166 is required for the formation of a stable DNA loop 

between the LMP1 and OriP loci. A similar pattern of 3C interactions between LMP1 and 

OriP was observed in established LCLs and Mutu I cells (Figure 11B). The 

relatively strong 3C signal in Mutu I cells, where LMP1 and LMP2 genes 

are epigenetically silenced, suggests that DNA loop formation is not sufficient for 

transcriptional activation of the LMP gene locus and may have different functions in 

different latency types. Taken together, these data suggest that the loss of a single CTCF 

binding site at the LMP control region results in multiple epigenetic changes, including 

the loss of a chromatin loop between the LMP1 loci and the enhancer OriP, an increase in 

heterochromatin and a decrease in euchromatin, and an increase in DNA methylation, all 

leading to repression of the EBV oncogenes LMP1 and LMP2A (Figure 12). 

 

Regulatory Elements, TRs, in EBV Genome Influence Epigenetic Control of LMP1 

Expression 

The previous observations highlight the complex and multifaceted role of CTCF 

in the epigenetic regulation of LMP1/2. CTCF binding at the LMP control region may 

block the spread of heterochromatin characteristic of the GC-rich repetitive DNA of the 

EBV terminal repeat (TR) region. TRs are GC-rich regions that are approximately 500 bp  
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Figure 11.  Loss of DNA loop formation between LMP1 and OriP loci in EBV 

ΔCTCF166.  (A) 3C assay for EBV wt, ΔCTCF.1, or ΔCTCF.2 LCL cells using an 

anchor primer at the LMP1 promoter region (red arrow).  Acceptor primer positions 

(black arrows) are indicated, with three in the OriP region and three in the Cp region as 

shown in the lower diagram. MseI restriction sites are indicated by vertical lines 

positioned below the linear EBV genome. Results are expressed relative to bacmid and 

error bars represent the SD for three independent PCRs.  (B) 3C assay for LCL and Mutu 

I cells using acceptor primers at MseI restriction sites indicated above in (A). Error bars 

represent the SD for three independent 3C reactions.
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Figure 12.  Model depicting CTCF functions on LMP control region chromatin 

conformation and gene regulation. In wt EBV (left), the CTCF site positioned within 

the LMP control region promotes accumulation of active histone marks and mediates a 

chromatin loop between LMP1 and OriP. The loss of CTCF binding at the LMP control 

region (right) results in the accumulation of heterochromatic H3K9me3 and DNA 

methylation at the LMP2A and LMP1 promoter regions, resulting in decreased LMP2A 

and LMP1 expression, the upregulation of LMP2B transcription, and loss of long-

distance physical interaction with the enhancer OriP. Thus, the binding of CTCF at the 

LMP control region serves to maintain a euchromatic state and mediate chromatin loop 

formation resulting in the expression of LMP2A and LMP1.
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in length (68,251); the number of TRs that the EBV genome has varies naturally and 

depends upon circularization of the genome upon entry into cells (69,70). Larger numbers 

of TRs correlate with the epigenetic repression of LMP1 in epithelial cells (53); however, 

the exact mechanism by which increased numbers of TRs lead to the epigenetic 

repression of LMP1 has yet to be elucidated. Therefore, we explored the mechanism by 

which increasing the number of TRs leads to decreased LMP1 expression.  

 We first confirmed the inverse relationship between LMP1 expression and the 

number of TRs by Western blotting lysates prepared from epithelial cells, previously 

generated by our collaborator Rona Scott, expressing either 6 or 12 TRs (Figure 13) (53). 

LMP1 expression can be driven from one of two promoters, whose relative activity varies 

by cell type (53). The first promoter (proximal promoter) is used by B cells and epithelial 

cells, while the second, located within the first TR (distal promoter), is used exclusively 

by epithelial cells (Figure 13) (52,54,59,60). However, both transcripts use the same 

initiator codon and encode an identical protein product (53). To explore the relationship 

between the number of TRs and epigenetic regulation of LMP1 expression, we assessed 

the profile of histone modifications around the LMP1 distal promoter by ChIP in 

epithelial cells infected with EBV genomes carrying 6 or 12 TRs. Cells with a lower 

number of TRs (6TR) had increased euchromatic histone marks H3K9Ac and H3K4me3 

compared to cells with an increased number of TRs (12TR) (Figures 14A and 14B); there 

was no correlation between the number of TRs and heterochromatic marks at the distal 

promoter (Figure 14C). Next, we assessed histone marks at the proximal promoter. Cells 

with increased number of TRs (12TR) had increased levels of the euchromatic histone 

marks H3K9Ac and H3K4me3 (Figures 14A and 14B). Interestingly, 12TR cells also had  
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Figure 13. LMP1 expression is inversely correlated with the number of viral TRs. 

Schematic representation of the EBV genome with 6TR (A) and 12TR (B). Location of 

the two LMP1 promoters is indicated. The promoter located within the first TR is 

referred to as the distal promoter, while the other LMP1 promoter is referred to as the 

proximal promoter. The proximal and distal promoters are located ~600 bp apart. (C) 

Western blot analysis for LMP1 expression in the 6TR and 12TR cells. Actin served as 

loading control. Western blots are representative of those from three independent 

experiments. 
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Figure 14. Number of TRs alters histone modifications at LMP1 promoters. 

Quantitative ChIP for H3K4me3 (A), H3K9Ac (B), and H3K27me3 (C) occupancy at 

LMP1 promoters in 6TR and 12TR cells. Primer position for each promoter is indicated 

by the red rectangle. The ball and stick represent the two LMP1 promoters and the 

LMP2B promoter. Results are normalized to H3 and are the average from two 

experiments ± SEM. 
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increased levels of the heterochromatic histone mark H3K27me3 compared to 6TR cells 

(Figure 14C). The presence of both euchromatin and heterochromatin at the proximal 

promoter in 12TR cells is indicative of a bivalent chromatin state and likely contributes to 

the decreased LMP1 expression in 12TR cells compared to 6TR. Taken together, this 

demonstrates that the number of TRs influences histone modifications at both LMP1 

promoters.  

 

The Number of TRs Alters DNA Methylation at the LMP1 Promoters 

Since the number of TRs altered histone modifications, we next assessed the 

DNA methylation status at the proximal and distal LMP1 promoters using MeDIP. 6TR 

cells had increased DNA methylation at the proximal promoter compared to 12TR cells 

(Figure 15), while the 12TR cells had increased methylation compared to the 6TR cells at 

the distal promoter (Figure 15). Therefore, the number of TRs corresponds with the 

methylation status at the LMP1 promoters and likely plays a role in regulating promoter 

usage. At the proximal LMP1 promoter increasing the number of TRs results in an 

increase in euchromatic histone marks and a decrease in DNA methylation. At the distal 

LMP1 promoter lower number of TRs results in euchromatic histone marks and a 

decrease in DNA methylation. Thus, the number of terminal repeats impacts multiple  

aspects of epigenetic regulation of the LMP1 promoters, and likely LMP1 expression, in 

epithelial cells. 
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Figure 15. Number of TRs alters DNA methylation status at LMP1 promoters. 

Quantitative MeDIP for CpG methylation at LMP1 promoters in 6TR and 12TR cells. 

Primer position for each promoter is indicated by the red rectangle. The ball and stick 

represent the two LMP1 promoters and the LMP2B promoter. Results are dispalyed as 

the average percentage of input DNA from two experiments ± SEM. 
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Increased TR Number Results in DNA Loop Formation Between LMP1 and the 

Viral Enhancer OriP 

We previously reported a DNA loop between the LMP1 locus (proximal 

promoter) and the enhancer region OriP in B cells (Figure 11).  Because the number of 

TRs increases the distance between LMP1 and OriP, which could affect DNA loop 

formation, we determined the effect of the number of TRs on chromatin loop formation 

in epithelial cells using 3C. Surprisingly, we observed chromatin loop formation between 

the proximal promoter and OriP region in the EBV genome containing 12TR (lower 

LMP1 expression) but detected no chromatin loop between these regions in the 6TR 

(higher LMP1 expression) EBV genome (Figure 16). These data indicate that the number 

of TRs influences the chromatin architecture of the EBV genome at the LMP1 proximal 

promoter. 

Taken together, these results reveal that the number of TRs the EBV genome 

carries has a profound impact on the epigenetic state of the LMP1 promoters and likely 

dictates promoter usage in epithelial cells. Lower numbers of TRs (6TR) are 

characterized by euchromatic histone marks and prevent DNA methylation at the LMP1 

promoter located within the first TR (distal promoter) (Figure 17). Therefore, 6TR cells 

likely use the distal promoter (Figure 17). Increasing the number of TRs leads to 

decreased euchromatic histone marks and a gain of DNA methylation at the distal 

promoter (Figure 17). However, 12TR cells acquire both euchromatin and 

heterochromatin and have a loss of DNA methylation at the proximal promoter (Figure 

17). Additionally, 12TR cells form a chromatin loop between the proximal promoter and 

the enhancer OriP, suggesting that LMP1 expression in 12TR cells is driven by the 
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Figure 16. Increased number of TRs in EBV genome leads to chromatin loop 

formation between viral enhancer OriP and LMP1. 3C assay for chromatin loop 

formation between LMP1 loci and the viral enhancer OriP in 6TR and 12TR cells. The 

red box indicates anchor primer position and the blue box indicates acceptor primer. The 

pink arrow depicts chromatin loop formation. Results are normalized to 6TR. Error bars 

represent the SD for three independent experiments. 
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Figure 17. TR number dictates LMP1 promoter usage in epithelial cells. In EBV 

genomes with 6TR the proximal promoter is methylated and the distal promoter is 

associated with euchromatin. This indicates that in cells with 6TR LMP1 expression is 

driven from the distal promoter. In EBV genomes with 12TR the distal promoter is 

methylated and the proximal promoter is associated with both euchromatin and 

heterochromatin. In 12TR cells the proximal promoter also forms a chromatin loop with 

the viral enhancer OriP. This suggests that in cells with 12TR LMP1 expression is driven 

from the proximal promoter. 
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proximal promoter (Figure 17). Therefore, the number of TRs dictates the epigenetic state 

of the LMP1 promoters and subsequently promoter usage, regulating LMP1 expression.   

 

EBV-Induced Epigenetic Alterations in Host Gene Expression by LMP1 are 

Mediated by PARP1 

Given the importance of epigenetics in modulating EBV gene expression, we 

extended our examination to explore the effects of EBV on epigenetics. LMP1 plays an 

important role in establishing EBV latency by activating signaling pathways, including 

MAPK/ERK, a regulator of the host protein PARP1, which has a well-established role in 

the regulation of epigenetic modifications. PARP1 carries out the posttranslational 

modification poly(ADP-ribosyl)ation (PARylation), which targets histones to regulate 

gene expression through increasing the accessibility of chromatin by the transcriptional 

machinery (225,226,228-231). Because PARP1 regulates latent EBV replication (222), 

we explored if EBV hijacks the host epigenetic machinery, specifically using 

PARylation, as a means to alter host gene expression potentially leading to the 

carcinogenic risk associated with EBV. 

 

Type III Latency Increases PAR Levels 

To assess the relationship between EBV latency and the posttranslational 

modification PARylation, PAR levels were measured by ELISA in a panel of EBV-

positive and EBV-negative B cell lines. The levels of cellular PAR in all of the EBV-

positive cells exceeded those in the EBV-negative cell lines Akata and DG75         

(Figure 18A). Moreover, there was a clear relationship between PAR levels and latency  
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Figure 18. Latent EBV infection increases PAR levels. (A) PAR levels in EBV-

negative B cells and Type I and Type III latently infected EBV-positive B cells. Stars 

indicate corresponding isogenic cell lines. Results show average ± SD and are 

representative of those from three experiments. (B) Western blot of EBV-positive cells 

from (A) probed for the EBV proteins EBNA1, EBNA2, and LMP1 or the host protein 

PARP1. Actin served as a loading control. Western blots are representative of those from 

three independent experiments. 
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type in the EBV-positive cell lines. Type III latency cells Mutu-LCL, Kem III, 

GM12878, and GM13605 had 3- to 4-fold greater PAR levels as compared to Type I 

latency cells Mutu I, Kem I, Akata, and Daudi (Figure 18A). The increased PAR levels 

were not attributable to differences in the expression of PARP1 (Figure 18B), consistent 

with the fact that there is no correlation between PARP1 activity and expression in cell 

lines (252). Additionally, latency types were confirmed by EBNA1 and LMP1 expression 

(Figure 18B). The Kem I (Type I) and Kem III (Type III) cell lines are fully isogenic with 

respect to both the host and EBV genomes; thus, the distinct PAR levels in different EBV 

latency types were not due to inherent genetic differences in the host cells or EBV strains. 

Likewise, Mutu-LCL (Type III) have higher levels of cellular PAR than the Mutu I (Type 

I) cells despite being isogenic with respect to the EBV genome. Therefore, not only does 

stable latent EBV infection promote PARylation; the level of PAR induction is directly 

related to viral latency type, with EBV-infected cell lines in Type III latency possessing 

the highest levels of PAR. 

 

LMP1 Activates PARylation 

The differences in PAR levels in fully isogenic Kem I and Kem III cell lines 

suggest that an EBV protein expressed exclusively during Type III latency likely 

contributes to the increased PAR levels. Among the proteins expressed during Type III 

latency, LMP1 plays a critical role in cellular transformation (45,47,48). LMP1 is an 

integral membrane protein that promotes B cell differentiation and proliferation by 

mimicking CD40, resulting in the activation of many cellular signaling pathways, and 
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regulates the expression of epigenetic modifiers (72,245,253). Therefore, we tested the 

hypothesis that LMP1 alone is sufficient to increase PAR levels by ectopic expression in 

the EBV-negative B cell line DG75, and the fibroblast cell line Rat1, in which LMP1 

induces cellular transformation (45). Ectopic expression of LMP1 in both DG75 and Rat1 

cells elicited increased PAR levels, consistent with LMP1 activating PARylation (Figures 

19A and 19B). In contrast, ectopic expression of EBNA1, which is present during both 

Type I and Type III latency, did not affect PAR levels in Rat1 cells (Figure 19C). These 

data show that the EBV protein LMP1 alone is sufficient to promote the increased PAR 

levels found in Type III latency.  

 

LMP1 Activates PARylation through PARP1 

There are five members of the PARP family that are capable of PARylating (254); 

of these, PARP1 is the most abundant and well-characterized. Additionally, LMP1 

activates the MAPK/ERK pathway known to contribute to PARP1 activation (255). 

Therefore, we tested the hypothesis that LMP1 activates PARP1 to promote PARylation 

by expressing LMP1 in PARP1-deficient mouse embryonic fibroblasts (MEF PARP1-/-) 

(Figure 20A). We used MEFs because LMP1 induces the proliferation of MEFs, 

demonstrating that these cells are responsive to LMP1 expression (256). Ectopic 

expression of LMP1 in MEF PARP1-/- cells did not alter PAR levels relative to the 

control (Figure 20B), while expression of LMP1 in wt MEFs resulted in a 25% increase 

in PAR levels (Figure 20C).  Taken together, this demonstrates that LMP1-mediated 

PARylation is dependent upon the expression of PARP1. 
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Figure 19. Ectopic LMP1 expression increases PAR levels. (A) DG75 and (B) Rat1 

cells were transfected with an LMP1 expression construct or plasmid vector, and PAR 

levels were measured by ELISA. Results shown are average ± SD and are representative 

of those from three experiments. LMP1 expression was confirmed by Western blotting, 

and actin served as loading control. (C) Rat1 cells were transfected with EBNA1 or an 

empty vector, and PAR levels were measured by ELISA. Results shown are average ± 

SD and are representative of those from three experiments. Western blot for EBNA1 

confirms expression, and actin served as a loading control. 
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Figure 20. LMP1 increases PAR through PARP1. (A) Western blot for PARP1 in 

MEF and MEF PARP1-/- cells confirms PARP1 deficiency. Actin served as loading 

control. (B) MEF PARP1-/- and (C) wt MEF cells were transfected with an empty plasmid 

vector or LMP1 expression construct, and PAR levels were measured by ELISA.  Results 

show average ± SD and are representative of those from three experiments. Western blot 

for LMP1 confirms expression. Actin served as a loading control.   
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PARP Inhibition Increases EZH2 Expression 

PARP1 plays an important role in regulating transcription, maintaining a 

euchromatic or active state partially achieved through the regulation of other epigenetic 

modifiers. EZH2 is the catalytic subunit of the polycomb repressive complex 2 (PRC2) 

and mediates the trimethylation of lysine 27 of histone 3 (H3K27me3), resulting in 

chromatin compaction and subsequent gene repression (114). EZH2 plays a critical role 

in controlling the balance between cellular self-renewal and cellular differentiation (257). 

Both the expression and activity of EZH2 are altered in several cancers, including breast 

cancer, ovarian cancer, and lymphoma (258). To define the relationship between PARP 

activity and EZH2, we examined the effects of PARP inhibition using the well-known 

PARP inhibitor olaparib on EZH2 expression. RNA-seq analysis revealed that 

PARP inhibition increased EZH2 transcript levels in LCLs at both 24 and 72 h relative to 

the levels in the untreated controls (Figure 21A). The induction of EZH2 expression by 

olaparib was confirmed using RT-qPCR and Western blotting. Olaparib induced a 2.5-

fold increase in EZH2 transcription (Figure 21B), with a corresponding increase in 

protein expression (Figure 21C), establishing that PARP controls EZH2 expression in 

LCLs. Because EZH2 is a broadly expressed protein and PARylation is a fundamental 

cellular process, we explored if PARP-mediated EZH2 regulation is common to a 

different cell type. We inhibited PARP activity in cells of the cervical epithelial cell line 

HeLa with 5 µM olaparib for 72 h. Consistent with the observations in LCLs, PARP 

inhibition increased EZH2 expression at both the transcriptional level (Figure 21D) and 

translational level (Figure 21E) in HeLa cells. Thus, PARP regulation of EZH2 

expression is not restricted to B cells.  
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Figure 21. PARP activity regulates EZH2 expression. (A) Plot showing the results of 

RNA-seq analysis of the relative EZH2 transcript abundance, measured as the number of 

fragments per kilobase of exon per million fragments mapped (FPKM), in LCLs treated 

with 2.5 µM olaparib for 24 and 72 h. Bars represent the average number of FPKM from 

three experiments ± SEM. (B and D) EZH2 mRNA transcript levels in LCLs (B) or HeLa 

cells (D) that were untreated (-) or treated (+) with 2.5 µM (LCLs) or 5 µM olaparib 

(HeLa cells) for 72 h were measured by RT-qPCR. EZH2 mRNA levels in control cells 

treated with DMSO were set equal to 1, and results are shown as the fold change over the 

levels for untreated cells. Bars represent the mean level of EZH2 mRNA expression ± 

SEM (n = 3). (C and E) Western blots showing EZH2 protein levels in LCLs (C) or HeLa 

cells (E) that were untreated (-) or treated (+) with 2.5 µM (LCLs) or 5 µM olaparib 

(HeLa cells) olaparib for 72 h. Actin served as a loading control. The Western blots are 

representative of those from three independent experiments.  
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Global H3K27me3 Levels Increase Following PARP Inhibition 

Since PARP inhibition increased EZH2 expression and EZH2 trimethylates 

H3K27, we assessed whether PARP inhibition was sufficient to promote elevated levels 

of H3K27me3. Purified histones isolated from untreated and olaparib-treated LCL and 

HeLa cells were assessed for H3K27me3 levels by Western blotting. Both cell lines 

responded to PARP inhibition with a corresponding global increase in H3K27me3 levels 

(Figure 22A). Analysis of LCL histone extracts using an ELISA kit specific for 

H3K27me3 revealed that inhibition of PARP activity increased global H3K27me3 levels 

by 30% (Figure 22B). Taken together, our results indicate that PARP inhibition induces 

EZH2 expression and function, resulting in increased levels of H3K27me3.  

 

PARP1 Activity Regulates EZH2 Expression and H3K27me3 Levels 

As a pan-PARP inhibitor, olaparib inhibits multiple PARP family members; at the 

2.5 µM concentration, olaparib may inhibit both PARP1 and PARP2. To determine if 

PARP1 contributes to the regulation of EZH2 expression and to exclude the possibility of 

potential off-target effects, we assessed changes in the levels of EZH2 and H3K27me3 

expression after PARP1 depletion in LCLs using lentiviral shRNA constructs (Figure 23). 

A PARP1 depletion of approximately 50% in LCLs yielded increased levels of 

EZH2 expression at both the transcriptional and translational levels, as well as a 

corresponding elevation in the H3K27me3 level, thereby confirming the role for PARP1 

in the regulation of EZH2 expression (Figure 23). Further, these results indicate that 

PARP1 activity directly regulates EZH2 and, by extension, H3K27me3 levels, 

ultimately playing an important role in gene expression.  
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Figure 22. PARP inhibition increases global levels of H3K27me3. (A) Western blot 

analysis of histone extracts from LCL or HeLa cells that were untreated (-) or treated (+) 

with 2.5 µM olaparib (LCLs) or 5 µM olaparib (HeLa cells) for 72 h and probed with 

antibodies to H3K27me3 and total histone H3 (loading control). The Western blots are 

representative of those from three independent experiments. (B) H3K27me3 levels in 

LCLs treated with 2.5 µM olaparib for 72 h were measured by ELISA. The plot shows 

the percentage of the global H3K27me3 levels, with the H3K27me3 levels from the 

untreated controls set equal to 100%. The graph shows the average from three 

experiments ± SEM.  
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Figure 23. PARP1 depletion increases EZH2 and H3K27me3 levels. (A) LCLs were 

transduced with shPARP1 or a scrambled lentiviral construct (shControl) for 72 h, and 

protein extracts were analyzed by Western blotting for PARP1, EZH2, H3K27me3, and 

actin (loading control). The Western blots are representative of those from three 

independent experiments. (B) RT-qPCR analysis of EZH2 mRNA levels following 

PARP1 depletion by an shPARP1 lentiviral construct in LCLs. The results from two 

independent knockdowns are shown. Bars represent the fold change in the level of 

mRNA expression and are expressed relative to the level of expression for the control 

from three experiments ± SEM.  
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LMP1 Decreases H3K27me3 through PARP1 

The activation of PARP1 by LMP1 may have important consequences for the 

expression of host genes and associated cell functions. Since we found PARP1 activity 

suppresses the expression and function of EZH2 preventing accumulation of H3K27me3, 

we predicted the activation of PARP1 by LMP1 should decrease global H3K27me3 

levels in Type III latently-infected EBV cells (LMP1-positive) compared to Type I 

(LMP1-negative). The levels of H3K27me3 were measured by ELISA in histones 

isolated from the isogenic Kem I (Type I) and Kem III (Type III) cell lines. Kem III cells 

had approximately 5-fold lower global H3K27me3 levels compared to Kem I cells 

(Figure 24A). This is consistent with expression of LMP1 and higher levels of PAR in 

Kem III cells (Figure 18A). Next, we measured H3K27me3 levels by ELISA in MEFs 

transfected with LMP1. LMP1 expression yielded more than a 50% decrease in global 

H3K27me3 levels (Figure 24B). To determine if LMP1 regulates H3K27me3 through 

PARP1, we expressed LMP1 in MEF PARP1-/- cells and measured H3K27me3 levels. 

LMP1 expression did not change H3K27me3 levels in the absence of PARP1 (Figure 

24C). Similar results were obtained in Western blots of histone extracts isolated from 

MEF and MEF PARP1-/- in the absence or presence of LMP1 (Figure 24D). Taken 

together, these results suggest that LMP1 expression decreases H3K27me3 levels through 

a PARP1-dependent mechanism. 

 

LMP1 Regulates a Subset of its Target Gene Expression through PARP1 

Since LMP1 reduced global cellular H3K27me3 levels, we explored whether 

LMP1 induced host gene expression through the PARP1/EZH2 axis. We examined two  
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Figure 24. LMP1 decreases global H3K27me3 levels through PARP1. (A) 

H3K27me3 levels measured by ELISA from histone extracts from the isogenic Kem I 

and Kem III cell lines. Bars represent the mean level of H3K27me3 normalized to total 

histones ± SD. Results are representative of three experiments. (B) Wt MEF and (C) 

MEF PARP1-/- cells were transfected with a plasmid vector or an LMP1-expression 

construct, and H3K27me3 levels in isolated histone extracts were measured by ELISA. 

Bars represent the mean level of H3K27me3 normalized to total histones ± SD. Results 

are representative of three experiments. (D) Western blot of histone extracts from wt 

MEF or MEF PARP1-/- cells transfected with an empty vector or LMP1 and were probed 

for H3K27me3. Histone H3 served as a loading control. Image is representative of three 

experiments.   
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LMP1-target genes that play a critical role in LMP1-induced tumorigenesis, c-Fos and 

EGR (93,259), for PARP1 dependence. PARP activity was inhibited using olaparib in the 

Type III latently-infected LCLs (LMP1-positive), and H3K27me3 deposition was 

measured near the transcription start site (TSS) of c-Fos and EGR1 by ChIP. PARP 

inhibition promoted the accumulation of H3K27me3 near the TSS of both c-Fos and 

EGR1, consistent with the positive effect of LMP1 on gene expression through PARP1 

(Figure 25A).  Treatment of LCLs with olaparib also significantly decreased the 

expression of c-Fos and EGR1, measured by RT-qPCR (Figure 25B), suggesting that the 

accumulation of H3K27me3 upon PARP inhibition was sufficient to abrogate the 

expression of c-Fos and EGR1. Thus, PARP activity is important for LMP1-induced 

activation of two target genes associated with tumorigenesis.  

The specific requirement for PARP1 in LMP1-mediated activation of c-Fos and 

EGR1 gene expression was directly tested using PARP1-/- MEFs ectopically expressing 

LMP1. LMP1 failed to induce the expression of c-Fos and EGR1 in PARP1-/- MEFs 

(Figure 26A), but induced robust transcription of both c-Fos and EGR1 in wt MEFs 

(Figure 26B). The requirement for PARP1 to induce c-Fos and EGR1 expression in both 

Type III latently-infected EBV cells and MEFs indicate that the PARP1/EZH2 axis is 

important for activation of host gene expression by LMP1 and suggests a further role for 

this pathway in EBV-associated oncogenesis. 

 

PARP1 Activity Contributes to LMP1-Induced Cellular Transformation 

Since LMP1 promotes the expression of host genes associated with tumorigenesis 

and cell growth (49) through the epigenetic effects of PARP1, we assessed 
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Figure 25. PARP inhibition offsets LMP1-induced activation of its target genes c-

Fos and EGR1. (A) Quantitative ChIP assay for H3K27me3 occupancy at the c-Fos 

(left) or EGR1 (right) transcription start site (TSS) in control or LCLs treated with 2.5 

µM olaparib for 72 h. Results are expressed as the percentage of input chromatin material 

± SD and are representative of two independent experiments. (B) c-Fos (left) and EGR1 

(right) mRNA transcripts measured by RT-qPCR in LCLs untreated or treated with 2.5 

µM olaparib for 72 h. c-Fos and EGR1 mRNA levels in untreated cells were set equal to 

1, and results are shown as the fold change over the levels for untreated cells. Bars 

represent the mean level of expression ± SD and are representative of three independent 

experiments.  
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Figure 26. LMP1 regulates the expression of c-Fos and EGR1 through PARP1. (A) 

MEF PARP1-/- and (B) wt MEF cells were transfected with an empty plasmid vector or 

an LMP1 expression construct. Bars represent the mean level of c-Fos or EGR1 mRNA 

expression normalized to the empty vector ± SEM as measured by RT-qPCR. 

Experiments were performed in triplicate and results are representative of three 

independent experiments.  
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whether LMP1-mediated changes in gene expression through PARP1 contribute to 

cellular transformation. The induction of foci formation in the Rat1 cell line is a well-

established assay to measure LMP1-mediated transformation (260). If PARP1 contributes 

to LMP1-induced transformation, then the PARP inhibitor olaparib should reduce or 

eliminate foci formation. To test this, Rat1 cells were retrovirally transduced with an 

empty vector (pBABE) or HA-LMP1, and foci formation was measured in the presence 

or absence of olaparib. LMP1 expression increased Rat1 foci formation relative to 

pBABE (Figure 27A), consistent with previous observations (260). Additionally, PARP 

inhibition with 1.25 or 2.5 µM olaparib reduced LMP1-mediated foci formation (Figure 

27A). Foci formation was quantified by the ColonyArea plugin function of the ImageJ 

software analysis to determine the percentage of area covered by crystal violet stained 

cell colonies and the intensity of the staining (261). The colony intensity for each 

condition was determined. PARP inhibition impaired foci formation more significantly 

(ANOVA p ≤ 0.001) in LMP1 transduced cells compared to the vector transduced control 

(Figure 27B). Taken together, this implies that PARP1 activity contributes to LMP1-

induced cellular transformation and can be repressed by inhibition of PARP1.  

Overall, these results show that EBV latency elicits PARylation and further 

identifies a novel mechanism by which the EBV oncoprotein LMP1 regulates host gene 

expression through the activity of PARP1. By activating PARP1, LMP1 hampers the 

function of the chromatin-modifying enzyme EZH2, which subsequently suppresses the 

accumulation of the repressive histone mark H3K27me3 (Figure 28). This leads to 

aberrant transcription of host genes that play an important role in LMP1-mediated 

tumorigenesis (Figure 28).  
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Figure 27. PARP inhibition reduces LMP1-mediated cellular transformation. (A) 

Rat1 cells were retrovirally transduced with the pBABE vector or HA-LMP1. Stably 

transduced pBABE or HA-LMP1 expressing cells were treated with 1.25 µM olaparib, 

2.5 µM olaparib, or DMSO for 3 days. Media was then replaced with fresh media and 

foci formation was analyzed after 14 days. Image is representative of six independent 

experiments. (B) Colony intensity for each condition in (A) determined by the ImageJ 

plugin ColonyArea, n = 6, mean ± SEM. Statistical significance is indicated by asterisks 

(*** p ≤ 0.001, * p ≤ 0.01; ANOVA). 
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Figure 4. PARP inhibition represses LMP1-mediated cellular transformation. A) 

Rat-1 cells stably expressing pBABE (empty vector) or HA-LMP1 were treated with 

1.25 μM olaparib, 2.5 μM olaparib, or DMSO for 3 days. Media was then replaced and 
foci formation was analyzed after 14 days. Image shows a representative sample of 
six independent experiments. B) Colony intensity for each condition in A) determined 
by the ImageJ plugin ColonyArea, n=6, mean ± SEM. *** p ≤ 0.001, * p ≤ 0.1. C) West-
ern blot of histone extracts from Rat-1 cells treated as in A) probed with the DNA 
damage mark γ-H2Ax. Coomassie staining showing total histone protein.
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Figure 28. LMP1-mediated activation of PARP1 and its effects on the host. The EBV 

protein LMP1 activates the host protein PARP1, resulting in increased PARylation. 

Increased PARylation maintains a euchromatic state and prevents the spread of 

heterochromatin mediated by EZH2. Through this the virus maintains the expression of a 

subset of its target genes, including those important in the cellular proliferation and 

transformation processes associated with EBV, likely contributing to EBV-associated 

cancer development. 
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Taken together, these results reveal the role of the host epigenetic machinery in 

regulating the expression of the EBV oncoprotein LMP1 and further identify a novel 

mechanism by which LMP1, in turn, hijacks the host epigenetic machinery to regulate 

host gene expression. The binding of CTCF is required for the proper transcriptional 

regulation of LMP1 as well as LMP2A and LMP2B. The loss of CTCF binding results in 

the switch from euchromatic to heterochromatic marks at the LMP promoter regions and 

prevents the formation of DNA loops. Additionally, host epigenetic regulation of LMP1 

expression is affected by the number of TRs the viral genome carries. This dissertation 

reveals the epigenetic mechanisms that regulate the inverse relationship between TR 

number and LMP1 expression in epithelial cells. At lower number of TRs, the distal 

promoter is associated with active histone marks and decreased DNA methylation, which 

promotes LMP1 expression. However, increasing the number of TRs results in a switch 

to the proximal promoter, which is associated with both euchromatin and 

heterochromatin, has decreased DNA methylation, and forms a chromatin loop with the 

EBV enhancer OriP. The differential expression of LMP1 has profound effects on the 

regulation of the host genome. This dissertation also reveals that LMP1 hijacks the host 

epigenetic machinery, specifically by activating the host protein PARP1 thereby 

hampering the function of the chromatin-modifying enzyme EZH2, subsequently 

suppressing the accumulation of the repressive histone mark H3K27me3. Through this, 

LMP1 drives the expression of a subset of its target genes, including genes that are 

involved in LMP1-mediated tumorigenesis. Therefore, this dissertation has further 

elucidated the epigenetic regulation of LMP1 expression and detailed a novel mechanism 

by which LMP1 epigenetically alters host gene expression.  
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CHAPTER 4 

DISCUSSION 

 

The control of latent EBV gene expression is complex and requires the 

coordination of multiple, functionally distinct mechanisms that include several epigenetic 

regulatory pathways. CTCF and cohesin are important epigenetic regulators of EBV that 

contribute to EBV latency type modulation by binding to key regions within the EBV 

genome to mediate the three-dimensional organization of the viral genome, control viral 

promoter usage, and regulate viral transcription (148,164,213,214,216). This dissertation 

reveals that expression of the EBV LMP1 gene is specifically regulated by an additional 

level of control mediated by CTCF and cohesin. CTCF binds at the LMP control region 

and mediates association with cohesin. Deletion of this specific CTCF binding site in the 

EBV genome decreases expression of the oncogenic genes LMP1 and LMP2A, and 

increases the expression of the non-oncogenic LMP2B gene (Figure 6). The loss of 

LMP1 expression is likely attributable to an increase in the heterochromatic marks, 

H3K9me3 and CpG DNA methylation in the LMP region (Figures 7 and 9), consistent 

with an important role for this CTCF binding site in maintaining the euchromatic state of 

the LMP promoter. We also show that DNA loop formation between the LMP1 loci and 

the viral enhancer OriP is dependent upon CTCF binding at the LMP control region 

(Figure 11). These findings establish the importance of a specific CTCF binding site at 

the LMP control region via multiple levels of epigenetic regulation. 

 OriP has been implicated as a transcriptional enhancer of the viral latent Cp and 

LMP1 promoters, but the mechanisms of enhancer-promoter communication have not 
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been fully established (67,262). OriP can physically interact with Cp in latency types 

where Cp is active (214). CTCF at the LMP1 region can also interact with OriP (163), 

suggesting a mechanism for transcriptional activation of the LMP1 promoter mediated by 

organizing OriP localization to position it in closer proximity to the LMP1 gene. These 

findings support previous work (262) and provide a mechanistic model that reconciles the 

correlation between OriP loop formation and transcriptional activation of LMP1. How 

OriP functions as a transcriptional enhancer is not yet known, but several possibilities 

exist. The OriP region maintains a euchromatic state, containing H3K4me3 in all EBV 

latency types (163,164,263). This suggests that OriP drives euchromatin formation by 

direct recruitment of H3K4 methyltransferases or by altering the chromatin environment 

to favor H3K4me3 formation. Therefore, OriP interaction with LMP1 may facilitate the 

formation of euchromatin at this locus. However, the interaction between OriP and the 

LMP1 locus alone is not sufficient for transcriptional activation of LMP1 expression. In 

Mutu cells (Type I), the LMP genes are epigenetically silenced despite the interaction of 

the LMP1 loci and OriP. This suggests that CTCF may be differentially modified in Type 

I and Type III latency. Post-translational modifications to CTCF may alter its insulator 

function and its ability to mediate long-range interactions (201,264-266), thereby 

regulating LMP1 expression. Additionally, other host factors or viral proteins that are 

selectively expressed during different latency types may further contribute to each 

specific latency transcription profile.   

 CTCF also binds to the KSHV genome and acts as an insulator preventing the 

spread of heterochromatin and mediates DNA looping to regulate KSHV latency 

(146,267). Moreover, the KSHV genome has a CTCF binding site that is analogous to the 
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CTCF-LMP site within the EBV genome, in which a cohesin binding site is positioned 

within the first intron of the multicistronic latency transcript that encodes three important 

KSHV latency genes (268). Thus, CTCF binding at this region in KSHV may serve 

similar functions to the CTCF-LMP binding site in EBV. 

 CTCF functions expand to other herpesviruses. For example, there are seven 

clusters of CTCF binding motifs within the HSV genome; CTCF binding maintains HSV 

latency through its insulator functions (210,269). CTCF also serves as an insulator that 

regulates gene expression and replication of the Cytomegalovirus (CMV) (270,271). At 

the 2015 International Herpesvirus Workshop, it was suggested that CTCF also regulates 

the three-dimensional architecture of the HSV genome (Dr. Donna Neumann, Personal 

Communication). While a definitive architectural role of CTCF in HSV or CMV has yet 

to be reported, it is a topic worthy of more detailed exploration based upon our current 

observations. Further, CTCF regulation of viral gene expression and replication extends 

beyond herpesviruses. CTCF controls splicing events that regulate viral oncoprotein 

expression in the human papillomavirus (HPV) and CTCF-cohesin are critical regulators 

of the differentiation-dependent HPV life cycle (208,272), broadening the importance of 

defining CTCF-locus specific roles within additional viral genomes that are unrelated to 

the herpesvirus family. Moreover, our data along with others (207) indicate that CTCF 

contributes to the intrinsic cellular host control of viral infection by sensing DNA viruses 

in the nucleus, binding to the viral genome, and limiting or abolishing viral gene 

expression. 

  Another possible function of CTCF at the EBV LMP1 locus is to block the 

spread of DNA methylation and heterochromatin formation arising from the GC-rich 
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repetitive DNA elements within the adjacent terminal repeat (TR) region. Because the 

number of TRs varies depending on the circularization of the EBV genome (69), and both 

LMP1 promoters and OriP are in close proximity to the TR region, this suggests 

scenarios whereby the variable reiterations of TRs expand the complexity of LMP1 

regulation. In fact, larger number of TRs correlates with epigenetic repression of LMP1, 

consistent with differential regulation of LMP1 expression due to alterations in TR 

number (53). Because our work with CTCF demonstrates that LMP1 expression is tightly 

regulated by epigenetics, and TR number modulates LMP1 expression, we explored the 

epigenetic mechanisms by which TR number alters LMP1 expression in greater detail. 

 LMP1 expression can be driven from two promoters, one located within the first 

TR (distal) and a second that is ~600 bp downstream from the distal promoter, referred to 

as the proximal promoter (50-52). The proximal and distal promoters are differentially 

utilized in EBV host cell lineages. In epithelial cells, both the proximal and distal 

promoters are used equally, while in B cells LMP1 expression is driven predominantly 

from the proximal promoter (52,54,59,60). Using isogeneic epithelial cell lines stably 

infected with EBV episomes containing 6 or 12 TRs, we defined the relationship between 

the epigenetic state of the LMP1 promoters and the number of TRs. In cells with 12TR 

the distal promoter is epigenetically silenced due to CpG methylation of DNA (Figure 

15), while the proximal promoter is associated with both euchromatin and 

heterochromatin (Figure 14). Additionally, a chromatin loop is found between LMP1 

(proximal promoter) and the viral enhancer OriP (Figure 16). The specific pattern of 

epigenetic modifications in epithelial cells with 12TR coupled with the recruitment of 

OriP to the proximal promoter supports a model for LMP1 expression in the 12TR EBV 
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genome that is driven predominantly from the proximal promoter. Conversely, in cells 

with 6TR the distal promoter is associated with euchromatin (Figure 14), while the 

proximal promoter displays DNA methylation (Figure 15) and lacks chromatin loop 

formation with OriP (Figure 16), suggesting that LMP1 expression in epithelial cells with 

6TR is driven preferentially from the distal promoter. These findings highlight the 

complexity of the regulation of LMP1 expression due to the coordinated contributions of 

multiple mechanisms of epigenetic control. 

 TRs are GC-rich regions and are therefore targets for DNA methylation (273). 

Thus, increasing the number of TRs introduces a greater number of potential DNA 

methylation sites. This may be the physical basis for why the distal promoter, located 

within the GC-rich TR region, contains increased DNA methylation in the 12TR cells 

relative to the 6TR, and the efficacy of epigenetic silencing is greater in EBV genomes 

with 12TR.  

 The previous part of this dissertation indicates that the LMP1 locus and OriP form 

a regulatory chromatin loop mediated by CTCF (Figure 11). We originally hypothesized 

a model where chromatin loop formation mediated by CTCF would elicit increased 

LMP1 expression found in 6TR compared to 12TR cells. However, our experimental 

observations did not support this model since EBV genomes with 6TR failed to form a 

chromatin loop with OriP, thus chromatin loop formation may be dispensable for the 

induction of LMP1 expression from the distal promoter in the 6TR EBV genomes. In the 

circular EBV episome the distal LMP1 promoter may be positioned close enough to the 

enhancer OriP that the need for a chromatin loop is bypassed. In addition, the expression 

of cell-specific transcription factors in epithelial cells may potentiate the strength of the 
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distal promoter allowing it to function independent of contributions from the OriP 

enhancer. Alternatively, steric limitations in the physical structure of the 6TR viral 

genome may make chromatin loop formation thermodynamically unfavorable. The 

incorporation of six additional TRs to generate the 12TR genome increases the size of the 

regulatory region by 3 kb, potentially enhancing the flexibility of the EBV episome to 

allow chromatin loop formation in the 12TR EBV genome. Due to the silenced distal 

promoter by methylation, the chromatin loop in 12TRs may facilitate LMP1 expression 

by positioning the enhancer OriP in close proximity to the proximal promoter. Yet 

despite forming a chromatin loop between OriP and the proximal LMP1 promoter, the 

12TR epithelial cells have lower levels of total LMP1 expression relative to 6TR. This is 

likely due to the bivalent chromatin state of the proximal promoter in 12TR, which 

contains both euchromatin and heterochromatin.   

 While alterations in the number of TRs in epithelial cells results in chromatin 

architectural changes of the LMP1 locus, the same is not true for B cells. In B cells a 

chromatin loop is formed between LMP1 and OriP regardless of latency type or the 

number of TRs. Therefore, B cells may express alternative transcription factors and 

chromatin-modifying enzymes during different latency types to modulate the regulatory 

effects of the chromatin loop on LMP1 expression, resulting in transcriptional activation 

or repression. Moreover, the chromatin loop may regulate other viral genes and play a 

less direct role in LMP1 transcriptional regulation in B cells (274). 

 As previously mentioned, in B cells LMP1 expression is driven predominately 

from the proximal promoter. In these cells LMP1 promoter usage is determined by the 

binding of transcription factors and the TRs play a lesser role, if any. For example, the B 
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cell-specific transcription factor Early B-Cell Factor 1 (EBF1) binds at the proximal 

LMP1 promoter and may regulate LMP1 transcription (163). PAX5, another B cell-

specific transcription factor, binds to the TR region and regulates LMP1 expression 

(163). Thus, B cells express multiple cell type specific transcription factors to circumvent 

regulation of LMP1 by TRs. In contrast, because epithelial cells do not express these B 

cell factors, the number of TRs dictates promoter usage and subsequently LMP1 

expression.  

 LMP1 induces profound morphological and phenotypic effects and has the 

potential to oncogenically transform epithelial cells (245). Since the number of TRs 

impacts promoter usage and is inversely correlated with LMP1 expression, it may be 

possible to predict the oncogenic potential of the virus by determining the number of TRs 

within the EBV genome in infected epithelial cells. However, currently there are no 

studies correlating the number of TRs in the EBV genome with the pathogenicity of 

cancer. This dissertation work provides a rationale to develop this potential diagnostic 

tool to prevent the subsequent development of epithelial cell-derived EBV malignancies 

associated with higher risk or guide more precise or aggressive treatments for specific 

patients with nasopharyngeal carcinoma and EBV-associated gastric cancer. 

 This dissertation demonstrates the importance of the structure of the EBV genome 

in regulating viral gene expression and could be applied to other viruses, such as KSHV. 

The KSHV genome also contains TRs that are GC-rich and regulate viral replication and 

transcription through the binding of the KSHV latency-associated nuclear antigen 

(LANA) to the TRs (275,276). Thus, a similar role for TR number in the KSHV genome 
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may regulate viral replication or transcription and possibly contribute to KSHV-

associated malignancies.  

 Taking this together, we defined two novel host mechanisms that regulate the 

expression of the EBV oncogene LMP1. In cells where LMP1 is expressed CTCF 

binding maintains a euchromatic histone state. It prevents the spread of heterochromatin 

and further facilitates a chromatin loop between the LMP1 locus and the viral enhancer 

OriP, driving LMP1 expression. On the other hand, the number of the repetitive TRs, 

structural elements within the EBV genome, epigenetically affects the LMP1 locus and 

dictates promoter usage as well as LMP1 expression. Since LMP1 is expressed in most 

EBV-associated malignancies, this work advances our understanding of the complexities 

of epigenetic regulation of LMP1 and is crucial in developing novel treatments targeting 

this EBV oncogene that contributes to cancer incidence on a global scale.  

The complex and intricate mechanisms that regulate LMP1 expression suggest a 

critical role for the protein in establishing EBV infection and maintaining latency. 

Because LMP1 activates multiple signaling cascades associated with cell differentiation 

and survival (49), we examined signaling events that would be predicted to be altered by 

LMP1 expression. LMP1 induces ectopic activation of the MAPK/ERK pathway (255), 

which is a regulator of PARP1 signaling (277), so we examined if LMP1 disrupts 

regulation of PARylation during latency. This explored the impact of LMP1 on the host 

epigenetic machinery, specifically through PARP1 and PARylation, and the resulting 

changes in host gene expression. We established a novel, functional link between latent 

EBV infection, the post-translational modification PARylation, and the disruption of host 

gene expression through epigenetic regulation. 
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LMP1 hijacks the host epigenetic machinery to alter the expression of host genes 

by activating the chromatin-modifying enzyme PARP1. During Type III latency, in 

which LMP1 is expressed, B cells have a significant increase in cellular PARylation 

compared to Type I, where LMP1 is absent (Figure 18). The induction of PARylation is 

dependent upon the expression of the EBV oncoprotein LMP1 (Figure 19), which is also 

crucial for EBV-driven oncogenesis. PARP inhibition attenuated the capacity of LMP1 to 

transform rodent fibroblasts (Figure 27), indicating that targeting PARP activity can 

antagonize LMP1-driven cellular transformation. Thus, the epigenetic alterations induced 

by LMP1 via PARP1 activation and PARylation contribute to oncogenic transformation 

associated with EBV infection. 

We identify for the first time that PARP activity suppresses EZH2 expression and 

function, subsequently downregulating the generation of the repressive histone mark 

H3K27me3 (Figures 21 and 22), thereby relieving a key inhibitory regulator that is 

responsible for gene suppression on a global scale. Further, we have characterized the 

mechanism of PARP1 regulation of EZH2 expression through disinhibiton of the 

transcriptional repressor E2F4 (278,279), whereby inhibition of PARP activity decreases 

E2F4 binding at the EZH2 promoter, causing an increase in EZH2 expression (279). In 

addition, we have preliminary evidence that PARP1 directly PARylates EZH2 resulting 

in decreased EZH2 enzymatic activity (not shown in dissertation), suggesting that PARP1 

regulates EZH2 through multiple mechanisms that include transcriptional repression and 

inhibition of catalytic function.  

We hypothesize that PARP1 activation by LMP1 is through stimulatory effects on 

the MAPK/ERK pathway as a means to alter host gene expression through suppression of 
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EZH2 transcription. However, LMP1 also disrupts other signaling pathways that directly 

affect EZH2 catalytic activity. LMP1 activates the Akt pathway, and Akt-mediated 

phosphorylation of EZH2 suppresses its methyltransferase activity, reducing H3K27me3 

(82,280). This suggests an additional direct mechanism for EBV to regulate gene 

expression through the EZH2/H3K27me3 axis that is independent of promoting EZH2 

gene transcription. Because EZH2 is critical for B cell development by mediating 

chromatin modifications required for normal antibody rearrangement and germinal center 

formation (281,282), EBV may target EZH2 by these multiple non-redundant 

mechanisms to effectively inhibit its methyltransferase activity, and reduce the levels of 

H3K27me3. While this work establishes that LMP1 utilizes PARP1 to target EZH2 and 

reduce the generation of H3K27me3; LMP1 may also promote the demethylation of 

existing H3K27me3 through activation of KDM6B (115). This highlights the importance 

of H3K27me3 as a key regulator of LMP1-induced alterations in host gene expression 

and supports an important role for EBV effects on the host epigenome in promoting latent 

viral infection. 

Expression of LMP1 alone is sufficient to activate PARP1 and promote a series of 

PARP1-dependent alterations in chromatin structure. PARP1 activity regulates the 

expression and function of EZH2, preventing gene silencing mediated by the repressive 

histone mark H3K27me3.  We report for the first time the induction of two tumor 

promoting genes, c-Fos and EGR1 (283,284), as key targets of LMP1 through the 

PARP1/EZH2 axis (Figures 25 and 26). Since LMP1-expressing cells have lower global 

levels of H3K27me3 (Figure 24), the disruption of host gene regulation likely extends 

beyond c-Fos and EGR1. These data suggest that the PARP1/EZH2 axis is a major 
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regulatory pathway utilized by LMP1, which promotes the expression of cellular genes 

involved in proliferation and transformation, contributing to LMP1-induced oncogenesis. 

The investigation of host gene expression driven by LMP1 through PARP1/EZH2 on a 

genome-wide scale remains ongoing, utilizing different cellular systems such as MEF and 

MEF PARP1-/- cells in the presence or absence of LMP1.  

These observations are consistent with previous work showing that LMP1 

expression decreases global H3K27me3 levels (175) and is further supported by the fact 

that LMP1 induces expression of the oncoprotein ΔNp73α by preventing EZH2 binding 

and H3K27me3 accumulation at the promoter (31). Since EZH2 also promotes gene 

expression by mechanisms that are independent of its catalytic activity (285,286), EBV 

may exploit multiple regulatory functions of EZH2, some of which directly alter host 

transcription independent of epigenetic modifications. Thus, this dissertation provides a 

mechanism for regulation of gene expression by demonstrating that LMP1, through 

PARP1, affects EZH2 and H3K27me3 and suggests an additional mechanism for LMP1-

mediated host gene regulation via EZH2 that is distinct from PARP1-dependent 

inhibition of H3K27me3 production. 

The EBV protein EBNA3C also targets EZH2. However, its effects are opposite 

those of LMP1, revealing an additional level of molecular complexity. EBNA3C recruits 

polycomb proteins increasing H3K27me3 levels, leading to silencing of target host genes 

(287,288). Therefore, EBV has evolved two mechanisms to exploit EZH2 to 

differentially regulate and balance host gene expression ensuring survival of the virus. 

Our previous work indicates that PARP1 regulates B cell receptor stimulation and 

the immune response (279). This link between PARP activity and B cell function is 
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supported by the observation that transcription factors that participate in the immune 

response, such as IL-2 and IFN-γ, likely contribute to PARP-mediated gene regulation 

(279,289). In addition, PARP1 is an important activator of NFKB (290). Thus, PARP1 

may be a critical target for EBV as a major regulator of gene expression through 

chromatin modifications and as an essential factor for proper B cell function to promote 

cell, and therefore viral survival.  

Previous research reported that LMP1 is expressed days post-EBV infection 

(37,291); however, more recent detailed studies suggest that LMP1 is minimally 

expressed until weeks post-infection (292), which corresponds with the profile of histone 

modifications on the EBV genome during this timecourse (154). This suggests that while 

LMP1 plays an important role in EBV latency establishment, it may not have a pivotal 

role in primary EBV infection. Moreover, the distinct levels of cellular PARylation 

observed in Type I and Type III cell lines strongly suggest that the LMP1/PARP1/EZH2 

axis regulates EBV latency type. Since the latent EBV genome does not integrate into the 

host genome, but is maintained as a chromatin-associated episome (293,294), alterations 

in the epigenome likely represent the primary means for the virus to regulate gene 

expression during latency. LMP1 may maintain the expression of Type III-associated 

genes by reducing H3K27me3 levels to prevent epigenetic silencing of latent EBV genes, 

sustaining viral transcription and ensuring persistence. 

PARP1 regulates chromatin structure through the PARylation of histones and 

chromatin-modifying enzymes (232,295). For example, PARP1 maintains the active 

histone mark H3K4me3 by PARylating the histone demethylase KDM5B, repressing its 

activity (235). Therefore, by activating PARP1, LMP1 and EBV may affect a broad 
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network of PARP1-regulated epigenetic modifications, not just EZH2, that act in concert 

to alter gene expression. 

Because PARP1 plays important roles in many cellular processes, other viruses 

may have also evolved mechanisms that target PARP1 activity to support viral infection. 

Herpesviruses encode proteins capable of transforming cells similar to LMP1, including 

the K1 protein of KSHV (296), suggesting that viral targeting of PARP1 may be a 

common mechanism of induction of cellular transformation. If so, PARP inhibition may 

be a widely applicable strategy to minimize the impact of viral-mediated disruptions in 

host gene regulation. Considering that EBV and KSHV contribute to cancer incidence on 

a global scale (3), PARP inhibition may be an effective treatment against some of the 

most prevalent viral-associated malignancies. 

While the mechanisms utilized by LMP1 to activate PARP1 have yet to be 

elucidated, one potential model that is supported by the literature is via the MAPK/ERK 

pathway. LMP1 activates MAPK/ERK (255), and PARP1 is activated by interaction with 

phosphorylated ERK2 (277). Future studies will establish the relative contribution of this 

signaling pathway and others to LMP1-mediated activation of PARP1. If LMP1 activates 

PARP1 through MAPK, other viruses that are capable of activating the MAPK/ERK 

pathway may also alter host gene expression via PARP1. For example, the herpesviruses 

KSHV and CMV use the MAPK/ERK pathway to increase infectivity and alter host gene 

expression, respectively (297-299). The contributions of MAPK/ERK signaling to viral 

infection extend beyond herepesviruses. This pathway contributes to establishing 

Hepatitis C virus infection and Ebola virus cytotoxicity (300,301). Thus, establishing the 

role of the MAPK/ERK pathway in LMP1-mediated activation has significant application 
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to further our understanding of host epigenetic manipulation through PARP1 by 

numerous viruses. This has important implications for the development of new classes of 

pharmacological interventions that are designed to interfere with viral epigenetic 

regulation and has the potential to target multiple aspects of viral pathogenesis ranging 

from initial infection to oncogenic transformation. 

This dissertation clearly establishes that LMP1 activates PARP1. It further defines 

that EBNA1, expressed in all EBV latency types, does not increase PAR levels, but the 

possibility that other EBV proteins activate PARP1 cannot be excluded. Moreover, EBV-

infected B cells have higher PAR levels than EBV-negative B cells. Double-stranded 

DNA viruses, including EBV, are recognized by DNA damage response proteins 

(302,303), one of these being PARP1 (304,305). Hence, increased PAR levels upon latent 

EBV infection may be partially mediated by the DNA damage response of the host.  

Epigenetic factors are targetable by drugs. Therefore, by identifying the 

epigenetic regulator PARP1 as an important target of LMP1-mediated alteration in host 

gene expression and LMP1-induced cellular transformation, this dissertation suggests a 

new strategy for the treatment of EBV-associated malignancies. The PARP inhibitor 

olaparib is already approved for use by the FDA; the concentration used in the 

experiments outlined in this dissertation is approximately half the level attained in 

peripheral blood mononuclear cells isolated from ovarian cancer patients enrolled in 

clinical trials, making it clinically relevant (306). The profile of side effects from these 

on-going clinical trials suggests that inhibiting PARP in B cells is safe and effective. 

Because current efforts designed to target individual LMP1-activated signaling pathways 

are insufficient to completely abrogate LMP1-driven oncogenesis, combining olaparib 
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with these inhibitors may be an effective strategy to potentiate targeting of EBV-

associated malignancies.   

Taken together, this dissertation identifies and mechanistically characterizes two 

epigenetic regulatory mechanisms utilized by the host to regulate LMP1 expression. The 

first mechanism is mediated by the host protein CTCF and involves both altering the 

profiles of histone and DNA modifications, as well as inducing changes in the three-

dimensional structure of the EBV episome. The second regulatory mechanism is based 

upon the number of terminal repeats within the EBV genome and is therefore intrinsic to 

EBV. This dissertation also defines a previously unreported regulatory mechanism used 

by EBV to hijack the host epigenetic machinery through LMP1-mediated induction of 

PARylation. LMP1 alters the expression of host genes through the PARP1/EZH2 axis, 

which contributes to LMP1-induced cell transformation. Because LMP1 drives cellular 

transformation, playing an important role in EBV-associated oncogenesis, using PARP1 

inhibitors to target this pathway may be an effective strategy to reduce the carcinogenic 

risk associated with EBV infection. 
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