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ABSTRACT 

Epstein Barr virus (EBV) is a gammaherpesvirus that infects more than 

95% of the human population worldwide. EBV latent infection of B cells is 

associated with a variety of lymphomas and epithelial cancers and accounts for 

approximately 1% of all human cancers. The EBV genome persists in infected 

host cells as a chromatinized episome and is subject to chromatin-mediated 

regulation. Binding of the host insulator protein CTCF to the EBV genome has an 

established role in maintaining viral latency type, and in other herpesviruses, loss 

of CTCF binding at specific regions correlates with viral reactivation. CTCF is 

post-translationally modified by the host enzyme PARP1, which can affect 

CTCF’s insulator activity, DNA binding capacity, and ability to form chromatin 

loops. Both PARP1 and CTCF have been implicated in the regulation of EBV 

latency and lytic reactivation. 

Here, we show that PARP activity regulates CTCF in type III EBV latency 

to maintain latency type-specific gene expression. Further, PARP1 supports 

chromatin looping between the OriP enhancer and other regions throughout the 

EBV genome. Further, we show that CTCF is not involved in EBV lytic 

reactivation, although it is known to restrict reactivation in other herpesviruses. 

Both PARP activity and PARP1 binding function to restrict EBV lytic reactivation 

in response to physiological lytic induction. Overall, we show that PARP1 has 

specific functions throughout the EBV genome, and CTCF function is specifically 

regulated by PARP activity at specific loci. Taken together, we suggest a model 

in which PARP1 acts as a stress sensor to determine the fate of the virus in the 
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host cell. These data provide a mechanistic understanding of PARP1 function 

throughout the EBV genome that suggest potential therapeutic application of 

PARP inhibitors in EBV-associated treatment strategies. We propose two distinct 

strategies specific to EBV latency type that could target EBV-infected cancer 

cells beyond the current chemotherapeutic standard-of-care.  
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CHAPTER 1 

INTRODUCTION 

 

EBV Life Cycle 

Epstein Barr virus is a gammaherpesvirus that infects more than 95% of 

the human population worldwide. The virus spreads through saliva, and upon 

entry into the nasopharyngeal epithelia, EBV causes an acute infection. Acute 

infection of children is generally asymptomatic, but if contracted as a young adult, 

the virus can initiate a cytotoxic T cell response, resulting in infectious 

mononucleosis (1). After primary infection, EBV establishes a chronic, latent 

infection in quiescent memory B lymphocytes according to the germinal center 

model (Figure 1) (2,3). In this model, EBV exploits normal B cell biology to 

establish infection (4). In the tonsillar epithelium, EBV infects naïve B cells, 

wherein virally-encoded proteins induce B cell activation and maturation. These 

proliferating B cell lymphoblasts enter the germinal center, and eventually 

become quiescent memory B cells. Periodically, memory B cells differentiate into 

plasma cells, driving reactivation of the virus. The virus rapidly spreads through 

the epithelia, likely re-infecting naïve B cells, shedding into the saliva for 

infectious spread to another host, and completing the viral life cycle.  
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Figure 1. Epstein Barr virus establishes a latent infection in B lymphocytes 

according to the germinal cell model. Upon infection of B cells, EBV 

establishes type III “proliferative” latency, expressing a number of latent proteins 

that drive B cell proliferation. EBV undergoes a transitional type II latency as the 

B cells enter the germinal center. As the cells differentiate into memory B cells, 

EBV establishes a type I “immunoevasive” latency, in which only EBNA1 is 

expressed, so that it can persist in quiescent cells without initiating an immune 

response.   
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EBV Latency Types 

During the establishment of latency in B lymphocytes, EBV expresses 

specific sets of genes to drive the various steps of B cell maturation (Figure 1). 

These different stages of EBV gene expression are called “latency types.” Each 

of the three stages of latency is defined by the expression of subsets of six EBV 

nuclear antigens (EBNAs 1, 2, 3A, 3B, 3C, and -LP) and three latent membrane 

proteins (LMPs 1, 2A, and 2B), as well as viral microRNAs and long noncoding 

RNAs. Upon entry into B lymphocytes, EBV expresses EBNA-LP and EBNA 2 

transiently from the Wp promoter. Together, these proteins stimulate transcription 

of the LMP1/2 promoter. LMP1 and LMP2A provide the signals to drive growth, 

proliferation, and survival of infected B cell lymphoblasts. In type III “proliferative” 

latency, the virus expresses the full program of latent proteins, including LMP1, 

2A, and 2B, and all EBNA proteins are stably transcribed from the Cp promoter 

(Figure 2). This latency type is recapitulated in vitro in lymphoblastoid cell lines 

immortalized by EBV.  

As the infected B cell migrates to the germinal center, the virus transitions 

into a less immunogenic type II latency, in which LMP1, LMP2A, LMP2B, and 

EBNA1 are expressed. In order to establish long-term latency in memory B cells, 

the virus must evade immune detection. In the memory B cell, EBV expresses 

only EBNA1 from the Qp promoter in type I “immunoevasive” latency (Figure 2). 

EBNA1 tethers the EBV genome to host mitotic chromosomes, and is thus 

required for efficient replication from OriP and chromosome segregation. Further, 

viral expression of EBNA1 fails to illicit a cytotoxic T cell response, as EBNA1  
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Figure 2. EBV latency type is defined by the set of genes expressed from 

different latency promoters. (A) The EBV genome contains three latent 

promoters that are differentially expressed and regulated based on latency type. 

The LMP1 and LMP2 transcripts are transcribed in antisense from a shared 

promoter. (B) During latency III, the EBNAs are transcribed as a multicistronic 

transcript from the Cp promoter. LMP1 and LMP2 are also expression from a 

separate promoter. During latency II, LMP1 and LMP2 are still expressed, but Cp 

becomes inactive, and EBNA1 is expressed from the downstream Qp promoter. 

In the most restricted latency type I, only EBNA1 is expressed from Qp, and the 

LMP1/2 promoter is inactive.   
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peptide does not efficiently present to MHC class I molecules (5). Cell lines 

derived from Burkitt’s lymphomas typically recapitulate type I latency in vitro, with 

only EBNA1 expression observed.  

 

EBV Reactivation 

 During latent infection, the host is subject to low-level, but consistent viral 

shedding. Typically, this occurs when a memory B cell terminally differentiates 

into a plasma cell, and is initiated, at least in part, by the cellular differentiation 

factor XBP1 (6-8). Virus undergoing reactivation expresses nearly all of the 

virally-encoded gene products, which consists of ~100 genes. Some B cell lines 

treated with anti-IgG in vitro reactivate the virus, in what is arguably the most 

physiological recapitulation of reactivation in B lymphocytes in vivo. Anti-IgG 

crosslinks with the B cell receptor (BCR), mimicking antigen activation and 

subsequently triggering lytic reactivation. Viral shedding during latency not only 

contributes to horizontal viral transfer to new hosts, but such spontaneous lytic 

reactivation also functions to re-infect naïve B cells, replenishing the pool of 

latently infected B cells. Evidence in vitro suggests that EBV-infected B cells 

likely reactivate in response to stress (9-11). Although the mechanisms 

responsible for stress-induced reactivation and the associated biology are largely 

unknown, it has been proposed that apoptosis may play a significant role (4). 

 Reactivation is initiated by expression of the immediate early gene BZLF1, 

whose protein product Zta functions to transactivate expression of downstream 

lytic genes in a gene expression cascade (Figure 3). Expression of Zta alone in B 
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cells is sufficient to drive the entire reactivation process (12,13). Accordingly, 

what is known about reactivation is largely understood in the context of BZLF1 

promoter (Zp) regulation. Numerous factors, both viral and cellular, have been 

identified that bind to Zp as either positive or negative regulators of BZLF1 

transcription (14). For example, Zta binds Zp in a positive feedback loop, driving 

its own transcription.  

 

EBV Latency and Cancer 

 EBV infection is typically asymptomatic in healthy individuals. However, 

EBV latent infection is associated with approximately 1% of all human cancers. In 

sub-Saharan Africa, EBV latent infection is associated with Burkitt’s lymphoma, a 

B cell cancer typically characterized by a chromosomal translocation driving 

constitutive c-myc expression (15). EBV-associated Burkitt’s lymphomas 

maintain a type I “immunoevasive” latency, expressing only the EBNA1 protein. 

EBNA1 can potentially contribute to the tumorigenic phenotype by manipulating 

numerous cellular pathways; for example, EBNA1 upregulates survivin 

expression, suppressing apoptosis (16). In addition, co-infection with malaria 

may contribute to Burkitt’s lymphoma pathogenesis, although the mechanisms 

are not well understood (17). EBV type II latency is associated with Hodgkin 

lymphoma, although the specific contributions of EBV to tumorigenesis are 

largely unknown (18). Immunocompromised individuals, including those infected 

with HIV, organ transplant recipients, and individuals  
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Figure 3. BZLF1 is transcribed from the Zp promoter and translated into its 

protein product Zta to initiate the lytic gene expression cascade. BZLF1 is 

transcribed from the immediate-early Zp promoter. The BZLF1 transcript is 

translated into its protein product, Zta. Zta is a transcription factor that binds to 

the promoter of specific sets of downstream viral lytic genes, including the other 

immediate early gene Rta. Expression of BZLF1 triggers a gene expression 

cascade in which viral genes promote the expression of downstream genes to 

drive viral reactivation and production.   
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with congenital immune suppression, are subject to developing EBV-induced 

cancers (19). Diffuse large B cell lymphoma (DLBCL), post-transplant 

proliferative disease, and AIDS-related lymphomas are often driven by EBV type 

III “proliferative” latency (20). While the absence of a cytotoxic T cell response in 

these patients likely contributes to tumorigenesis, these cancers are largely 

driven by expression of the oncoprotein LMP1. LMP1 is an integral membrane 

protein that functionally mimics CD40, a costimulatory receptor for B cell 

activation. LMP1 functions as a constitutively active CD40, activating B cells in a 

ligand-independent fashion (21). LMP1 expression in these tumors drives B cell 

activation, thus activating oncogenic signaling pathways to promote cell survival 

and proliferation.  

 

Herpesvirus Reactivation-Associated Pathologies 

 EBV is one of eight viruses classified in the herpesvirus family. 

Herpesviridae is comprised of three subfamilies—alpha, beta, and gamma. EBV 

and the related virus, KSHV, are the two members of the gammaherpesvirus 

subfamily. Although all herpesviruses establish latency and are subject to 

reactivation, their pathologies vary in respect to the herpesvirus life cycle. 

Alphaherpesviruses, including HSV-1 and -2 and VZV, have lesion pathologies 

associated with viral reactivation, while gammaherpesvirus latent infection is 

associated with a variety of cancers. Betaherpesvirus pathologies, including 

roseola infantum, encephalitis, and congenital defects, are less well-

characterized, but are likely associated with primary infection or reactivation 
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events. Nonetheless, in all herpesviruses, reactivation is associated with 

physiological or cellular stress. Although EBV reactivation is rarely pathogenic, 

uncovering the underlying mechanisms of reactivation may provide insight into 

therapeutics that could be useful in treating other herpesvirus infections.  

 

Chromatin Structure 

 Within the nucleus, DNA is packaged with histone proteins into an 

organized structure called “chromatin.” The nucleosome, the basic unit of 

chromatin, is comprised of helical DNA wrapped around a histone octamer 

containing two molecules of each histone (H2A, H2B, H3, H4). Linker histone H1 

is positioned at the base of the nucleosomal unit and functions largely in 

chromatin compaction (22,23). Chromatin compaction is required to pack the 

long strands of DNA into the nucleus, but also functions to regulate gene 

expression. Indeed, the genome is comprised of regions of open euchromatin 

and condensed heterochromatin, which are associated with gene activity and 

repression, respectively. Chromatin is subject to a number of “epigenetic” 

changes, including DNA methylation, histone tail modifications, and three-

dimensional chromatin looping. These epigenetic changes can alter gene 

function in response to environmental cues, providing for context-specific gene 

regulation.  
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DNA Methylation 

DNA methylation involves the transfer of a methyl group onto the fifth 

carbon of a cytosine in a CpG nucleotide. CpG methylation is mediated by the 

DNMT family of methyltransferases. Genome methylation is established in early 

development by the de novo DNMT3A and DNMT3B enzymes; DNMT1 is 

responsible for maintenance of methylation through mitosis. Methylation likely 

evolved as a mechanism to repress retrotransposons in the genome, but is also 

involved in gene imprinting and mammalian X-chromosome inactivation in 

females. DNA methylation of gene promoters and enhancers is typically 

associated with gene repression. Recent discovery of the TET enzymes has 

revealed an additional level of DNA methylation regulation, in which methyl 

groups can be oxidized to 5-hmC, and subsequently removed by various 

mechanisms (24). Viruses, including EBV, have evolved a number of 

mechanisms to manipulate DNA methylation of both host and viral genomes to 

their advantage (25). 

 

Histone Tail Modification 

 The N-terminal tails of histones are reversibly post-translationally modified 

(PTM) to regulate chromatin state and subsequent gene expression (26). 

Histone-modifying enzymes can readily access histone tails to read, write, or 

erase a PTM. Histones H3 and H4 are subject to a number of post-translational 

modifications, but methylation and acetylation primarily dictate the chromatin 

landscape. Histone acetyltransferases are responsible for histone acetylation. 
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Acetylation of lysines on histones reduces the positive charge on the amino acid, 

relaxing the chromatin and providing access to transcription factors and 

machinery (27). Histone methylation is carried out by histone methyltransferases, 

and can result in activation or repression of a modified region, depending on 

which amino acid is modified, and the extent to which it is modified (28). For 

example, trimethylation of lysine 9 on histone H3 (H3K9me3) is associated with 

repressed constitutive chromatin, while monomethylation of the same site 

(H3K9me1) marks active promoter transcription (29). However, H3K9me3 has 

also been identified at sites of transcription elongation, suggesting that the 

histone code is functionally complex (30). H3K27me3 and H3K4me3 association 

is more consistent, and these marks are often used to identify repressed and 

actively transcribed promoters, respectively.  

 

Chromatin Looping 

 Chromatin can also be regulated three-dimensionally, in many cases by 

bringing together distant enhancers and promoters to promote gene expression. 

Such interactions between distant regions of chromatin are called “chromatin 

loops” and comprise a regulatory network of higher order chromatin structure that 

is intimately connected with gene expression and repression. The development 

of chromosome conformation capture (3C)-based techniques has provided an 

avenue for rapid progress in understanding three-dimensional regulation of the 

genome (31). 3C utilizes crosslinking and ligation of interacting DNA fragments, 

following restriction enzyme digestion. Chromatin looping was first explored in 
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the context of specific gene loci; for example, at the β-globin locus, the enhancer-

containing locus control region (LCR) is brought into contact with the promoter of 

the active β-globin gene by forming a chromatin loop (32).  

More recent genome-wide approaches have revealed an addition layer of 

three-dimensional organization of chromatin in the nucleus (33). Hi-C (a high-

throughput, sequencing-based extension of 3C) analyses have revealed that the 

mammalian genome is organized into topologically associating domains (TADs), 

which are defined simply as regions that interact with one another at high 

frequency. TADs are highly conserved between cell types, while sub-TADs, 

regions that interact more frequently within a TAD, are more variable (34). In the 

mammalian genome, TADs are approximately 1 Mb in size; considering their 

large size, TADs contain a variety of genes that do not necessarily share 

functionality. Accordingly, specific chromatin looping interactions can occur within 

or between TADs and sub-TADs. TAD boundaries are demarcated by the 

architectural protein, CTCF (Figure 4). Although CTCF knockdown results in 

increased interactions between TADs, it is likely not the only player at TAD 

borders, since CTCF also binds within TADs (35). 

 

CTCF 

 CTCF, or CCCTC-binding factor, has been deemed the “master weaver of 

the genome” (36). This fitting title reflects CTCF’s role at TAD and sub-TAD 

boundaries, and in mediating enhancer-promoter chromatin loops (Figure 4). 

CTCF, however, was originally identified as an insulator protein that demarcates 
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chromatin boundaries by blocking enhancer-promoter interactions, or physically 

blocking the spread of heterochromatin (Figure 4). CTCF’s function as an 

insulator contributes significantly to its role at TAD borders. As a “master weaver” 

CTCF mediates chromatin loops, potentially by forming stable but dynamic 

homodimers between two regions of CTCF-bound DNA (37). The question 

remains whether CTCF’s roles are functionally distinct and depend on context, or 

whether they are intertwined. It is clear that at some loci, CTCF can exert 

insulator function by forming chromatin loops to separate enhancers from 

promoters (36). In its roles as insulator, chromatin loop mediator, and TAD 

boundary marker, CTCF can both positively and negatively regulate transcription 

in a highly context-specific manner. Mechanisms of CTCF regulation are still 

poorly understood, but potential models include differential CTCF occupancy, 

post-translational modification of CTCF, regulating the stability CTCF 

homodimer-mediated loops, and different protein and DNA element binding 

partners. Most recently, a study identified a structural basis for DNA methylation 

regulates CTCF binding (38). Nevertheless, it is clear that CTCF has a wide 

variety of functions that are highly context-specific within the genome.  

 

Chromatin Control of EBV 

 Upon infection of B cells, the EBV genome is circularized as a 

minichromosome and chromatinized by host proteins to establish a restricted 

latent gene expression program in which only a small percentage of viral genes 

are expressed. During this process, the viral DNA undergoes a highly regulated  



 14 

 
 
Figure 4. CTCF has three established functions that are highly intertwined 

and context-specific. CTCF functions as an insulator protein by physically 

blocking the spread of heterochromatin into regions of euchromatin. CTCF can 

also insulate by separating an enhancer from a proximal promoter (not shown). 

CTCF can mediate chromatin loops, and may do so by forming CTCF 

homodimers across a long stretch of chromatin. CTCF post-translational 
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modification may stabilize or destabilize these homodimers and loops. At some 

loci, CTCF can mediate chromatin loops as a means to its insulator function, by 

looping an enhancer out to separate it from a promoter, for example (not shown). 

CTCF marks the boundaries of TADs. Hypothetical Hi-C heat map showing TADs 

and sub-TADs boundaries demarcated by CTCF. Both CTCF insulator and loop-

mediating functions likely contribute to CTCF’s role at TAD boundaries.   



 16 

process to circularize, chromatinize, repress lytic cycle genes, and selectively 

transcribe latency genes (39). Through chromatinization of viral DNA, the virus is 

subject to chromatin-mediated epigenetic regulation. EBV encodes viral proteins 

and hijacks host proteins to manipulate the chromatin landscape to support the 

viral life cycle. Three distinct chromatin states can be identified throughout the 

viral life cycle: 1) pre-latent chromatin, during primary infection as the virus 

establishes latency, 2) latent chromatin, which is largely repressive, dynamic, 

and subject to latency-type specific differences, and 3) lytic chromatin, which is 

tightly regulated, but actively transcribed upon reactivation. EBV has evolved 

mechanisms to regulate DNA methylation, histone modification, and higher-order 

chromatin structure to evade, infect, and manipulate the host.  

 

Establishment of Latency 

 Viral DNA enters the nucleus as naked DNA, and is accordingly subject to 

host antiviral responses, including the DNA damage response, inflammatory 

response, and formation of PML-nuclear bodies (40). During pre-latency, viral 

gene expression is somewhat chaotic, in that some latency genes are expressed 

from the Wp promoter, as well as a number of lytic genes. It is not completely 

clear what dictates gene expression upon initial infection, but it is likely that this 

may be related to the lack of complete chromatinization of viral DNA during this 

period (41). Viral DNA gains nucleosome occupancy within days of infection, 

beginning at DS; after two to three weeks, the viral genome is completely 

chromatinized (42). The viral genome is subject to much more gradual, but 
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extensive DNA methylation, over a period of two to three months in primary B 

lymphocytes (43). As the viral DNA acquires chromatin, it likely requires the 

necessary repressive epigenetic marks needed to repress the majority of the 

genome (41). The mechanisms underlying chromatinization of the viral DNA are 

still largely unknown.  

 

Maintenance of Latency 

 Lytic gene expression is tightly epigenetically repressed during latency; 

latent promoters, including Cp and Qp and the LMP1/2 promoter, are spared 

from repressive DNA methylation. Qp appears to be regulated independent of 

DNA methylation state (44). The epigenetic state of the viral genome varies 

depending on latency type, however. Active latent promoters are hypomethylated 

in a latency type-specific manner. Heavily methylated regions are typically 

associated with repressive chromatin marks such as H3K27me3 and H3K9me3, 

and active promoters associated with acetylated histones and H3K4me3, 

indicating that EBV latent chromatin structure functions similar to that of the host. 

In type III latency, LMP1 regulates H3K27me3, resulting in less repressive 

chromatin at specific genes in the host; this mechanism may very well also 

contribute to viral promoter regulation by latency type (45). Higher-order 

chromatin structure also varies by latency type. Chromatin loops between OriP 

and the active latent promoter vary by latency type, and are mediated by the 

architectural protein CTCF (46). The lack of DNA methylation at the active 
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promoter and the ability to form a chromatin loop with OriP are likely functionally 

related.  

  

Lytic Reactivation 

 EBV has evolved a unique mechanism to over the tight regulation dictated 

by host DNA methylation. DNA methylation of the viral genome is required for 

lytic induction (47). The EBV lytic switch protein, Zta, preferentially binds to and 

activates methylated DNA (48). Zta is able to bind the DNA methylated 

promoters of downstream lytic genes to initiate the lytic gene expression 

cascade. At these promoters, Zta recruits HATs to activate transcription (49,50). 

Not surprisingly, the BZLF1 promoter itself is not heavily DNA methylated, but is 

silenced during latency by a number of histone modifications (51,52). Zp is 

associated with various suppressive histone marks during latency, including 

H3K27me3, H3K9me2/3, and H4K20me3 (53). Functional studies with inhibitors 

of EZH2, the methyltransferase that dictates the H3K27me3 mark, suggest that 

H3K27me3 is the most crucial mark to maintain latency (51). H3K27me3 is 

characteristic of facultative heterochromatin, and thus is subject to dynamic 

regulation to activate repressed promoters. During reactivation, Zp is associated 

with H3K4me3 and histone acetylation. Although it is well-known that histone 

deacetylases (HDACs) activate the lytic cycle in some cells lines, functional 

studies are lacking to demonstrate whether these active marks are 

mechanistically causative or consequential to lytic reactivation (54). Cell-specific 
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differences in histone modifications at Zp further complicate the notion of whether 

these epigenetic markers are functionally required for viral reactivation. 

 

PARP1 Function 

 Poly(ADP-ribose) polymerase 1 (PARP1) is the most abundant and well-

characterized member of the PARP family of proteins. PARP1 catalyzes the 

transfer of ADP-ribose units from an NAD+ donor onto target proteins to form 

poly(ADP-ribose) (PAR) chains. Targets of PARP1 include PARP1 itself, both 

core and linker histone proteins, and numerous factors involved in transcription. 

Although PARP1 was initially identified in the context of DNA damage, more 

recent work has focused on understanding the mechanisms of PARP1 

involvement in additional cellular processes, including transcription and immune 

regulation (55). Recently, PARP inhibitors have been successful in the clinic in 

treatment of BRCA-mutant breast and ovarian cancers, as PARP1 exhibits 

synthetic lethality with BRCA1/2. The PARP inhibitor olaparib is an FDA-

approved drug that inhibits PARP activity and traps the inactive enzyme to the 

DNA. A deeper understanding of PARP1 cellular function could elucidate 

different therapeutic applications for PARP inhibitors in other cancers, or even in 

additional diseases.  

 

PARP1 in DNA Damage 

 PARP1, along with PARP2 and PARP3, are activated in response to DNA 

damage. PARP activation facilitates DNA repair machinery in both base excision 
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repair and nucleotide excision repair processes, and is required for efficient DNA 

damage repair (56). PARP1 is also involved in double strand break repair, both 

homologous recombination and non-homologous end-joining, although the 

mechanisms are less clear. Interestingly, PARP activation is not essential during 

physiological DNA repair, in which cells are not subject to stress, suggesting that 

PARP function is stress-dependent.  

 

PARP1 in Transcription 

 Recent work in understanding PARP1 function has focused largely on its 

role in transcription (57). PARP1 function has two distinct effects on transcription 

(58). First, PARP1 poly(ADP-ribosyl)ates histone proteins to alter chromatin 

structure. PAR moieties carry an anionic charge; thus, PARylation of linker 

histone H1 confers a negative charge to the chromatin, promoting chromatin 

decondensation and a chromatin landscape more conducive to transcriptional 

activation (59,60). More recent work has shown, however, that PARP1’s role in 

chromatin structure varies by physiological state. Work in Drosophila 

demonstrates that PARP1 is required for heterochromatin formation, but 

regulates chromatin decondensation and transcription in response to stress 

(61,62). Genome-wide studies have revealed that PARP1 associates with both 

active and repressed gene promoters, and that PARP1 inhibition both up- and 

down-regulates subsets of genes, suggesting that PARP1’s function in chromatin 

regulation and transcription is considerably more complex than previously 

thought (63-65).  
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PARP1 in Immune Regulation 

 PARP1 is considered a “pro-inflammatory” enzyme, as it positively 

regulates both classical (NF-κB, AP-1, YY1) and non-classical (SIRT1, PPARs, 

ERα) regulators of inflammation (66). Indeed, PARP activation contributes to a 

variety of inflammatory diseases, such as asthma and arthritis, and PARP1 

deletion ablates inflammation (55). Work from our lab demonstrates that PARP 

inhibition affects the expression of a subset of genes related to the immune 

response (65). PARP1 is also antiviral, and is effective against a broad range of 

viruses, including HIV-1, hepatitis B virus, and the herpesviruses HSV-1 and 

hCMV (55,67). PARP1 also plays a role in T and B lymphocyte development and 

maturation, particularly in its contribution to programmed cell death (66). 

 

PARP1 Regulation of CTCF 

CTCF is subject to a number of post-translational modifications including 

phosphorylation, SUMOylation, and PARylation (68,69). PARylation of CTCF 

regulates its insulator activity (70-72). It was later shown that PARP1 colocalizes 

with CTCF at most CTCF binding sites in MCF7 cell lines (71). Whether 

PARylation of CTCF might regulate its other functions, specifically in its role as 

an architectural protein, has yet to be shown. However, Drosophila Parp modifies 

Drosophila insulator proteins, and regulates intra-chromosomal interactions 

mediated by PARylation of the CP190 insulator (72). Based on this proof-of-

concept in Drosophila, it is possible that PARylation may also regulate CTCF-

mediated chromatin.  
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Work from the Caiafa lab has also identified an interplay between CTCF, 

PARP1, and DNMT1. CTCF, PARP1, and DNMT1 form a complex at CTCF 

binding sites, and PARylation of PARP1 in this complex prevents DNA 

methylation at the site (73). Ectopic expression of CTCF is sufficient to induce 

PARP1 autoPARylation and CTCF PARylation, inhibiting DNMT1 activity and 

driving widespread hypomethylation (74). Indeed, genome-wide mapping of 

PARP1 in breast cancer cell lines showed that PARP1 tends to associate with 

CTCF, and its binding is mutually exclusive with DNA methylation (64). 

 

PARP1 and Viruses 

 Evolutionary analyses have identified other PARP family proteins that 

likely have evolved a role in host-virus conflicts (75). Indeed, a body of evidence 

suggests that PARP1 may serve as a stress sensor—a function that would be 

especially relevant in regulating the herpesvirus life cycle (76,77). Reports in 

KSHV have shown that PARP1 is selectively downregulated by a lytic protein, 

and restricts KSHV lytic replication through various mechanisms, including 

poly(ADP-ribosyl)ation (PARylation) of the immediate early protein, Rta (78,79). 

During latency, PARP1 negatively regulates EBV replication from OriP by 

preventing EBNA1 from binding to DS (80); a similar mechanism exists for KSHV 

(81). In HSV-1, PARP1 is activated during infection (82). From these studies, 

PARP1 appears to have a variety of roles in herpesviruses; nevertheless, the 

mechanisms identified thus far are consistent with a model in which the virus co-

opts PARP1 function to respond to and mediate cellular stress.  
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 Viral hijacking of PARP1 function is not limited to herpesviruses, or even 

DNA viruses. Indeed, PARP1’s role in HIV-1 infection is established in both viral 

transcription and integration. PARP1 negatively regulates HIV-1 transcription by 

competitively binding to TAR RNA, and preventing Tat transactivation of 

transcription (83). Further, PARP1 repression of HIV-1 transcription appears to 

be independent of PARP1 enzymatic activity (84). Conflicting reports identify 

PARP1 as a factor that is either dispensable to or required for HIV-1 integration 

(85,86). Recent reports show that PARP1 repression of HIV-1 occurs prior to 

integration, and confirm a PARP activity-independent mechanism of action (87).  

 

CTCF and Viruses 

 CTCF is frequently targeted by DNA viruses to manipulate viral gene 

expression (88). Indeed, ChIP studies have identified a number of CTCF binding 

sites throughout the EBV genome (89-92). CTCF binding at latency promoters 

Qp and Cp prevents the spread of repressive chromatin to Qp and mediates 

latency type-specific promoter usage by forming alternative chromatin loops 

(46,93). The functional relevance of CTCF binding at other sites across the EBV 

genome has yet to be studied. CTCF binds to the genomes of other 

herpesviruses, including HSV-1 and hCMV, and plays various roles in viral 

transcription and replication (94-96). CTCF also appears to have distinct 

functions in both latency and lytic reactivation of herpesviruses.  In HSV-1, CTCF 

occupancy is distinct during latent infection and reactivation; CTCF is lost from 

specific regions of the genome following HSV-1 reactivation (97). Mixed reports 
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in KSHV suggest that CTCF restricts lytic reactivation, at least in some cell lines 

(98,99). Whether CTCF plays a similarly restrictive role in EBV lytic reactivation 

is not known.   

 

Project Aims 

Based on the established role of CTCF in EBV latency, the functional 

interactions of PARP1 and CTCF, and because CTCF and PARP1 are both 

implicated as viral restriction factors in other herpesviruses, we hypothesized that 

PARP1 might regulate CTCF binding in the EBV genome to control the balance 

between latency and lytic reactivation. In this study, we specifically aimed to 

explore the contributions of PARP1 and CTCF function to EBV latency and lytic 

reactivation according to the following two aims: 

 

Aim 1. To assess the cooperative function of PARP1 and CTCF binding to the 

EBV genome.  

Aim 1.1. To map PARP1 binding across the EBV genome, and assess 

colocalization with CTCF. 

Aim 1.2. To determine the effect of PARP inhibition on CTCF function 

across the EBV genome. 

Aim 1.3. Determine the functional relevance of PARP1 and CTCF in EBV 

latency.  
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In Aim 1, we explore PARP1 regulation of CTCF binding in the EBV 

genome. In Aim 1.1, genome-wide ChIP-seq approaches are used to map 

PARP1 binding across the genome and compare binding patterns with CTCF. 

We also develop a 3C assay to identify novel EBV chromatin loops with OriP. In 

Aim 1.2, the same genome-wide assays are applied under conditions of PARP 

inhibition with olaparib, except by ChIP-seq, we mapped CTCF, not PARP1, 

binding after olaparib treatment. In addition, PARP1 and CTCF are knocked 

down by shRNA for the 3C assay. All genome-wide experiments were performed 

in LCLs that exhibit type III latency. Type III latency is associated with higher 

PARP activity than type I, so we hypothesized that PARP-mediated regulation of 

CTCF may be more relevant to type III latency.  

In Aim 1.2, we identify key regions of the EBV genome in which CTCF 

binding is affected by PARP inhibition. In Aim 1.3, we focused on understanding 

the functional relevance of PARP1 and CTCF at the Cp promoter. Cp expression 

is regulated by a CTCF-mediated chromatin loop, but the mechanism dictating 

latency type-specific loop formation is not known (46). In Aim 1.3, we 

investigated the effect of PARP1 on CTCF binding and the epigenetic landscape 

at Cp, along with subsequent effects on latency III gene expression. 

 

Aim 2. To determine whether CTCF and PARP1 play distinct roles in latency and 

lytic reactivation. 

Aim 2.1. Determine whether CTCF and PARP1 have functional roles in 

EBV lytic reactivation.   
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Aim 2.2. Investigate the potential mechanisms of CTCF- and PARP1-

mediated regulation of EBV lytic reactivation. 

 

PARP1 and CTCF have both been implicated as restriction factors for  

herpesvirus reactivation, but the mechanisms of restriction are unclear in EBV. 

Accordingly, we aimed to investigate the potential roles of PARP1 and CTCF in 

EBV lytic reactivation. ChIP-seq from Aim 1.2 revealed that PARP inhibition 

results in decreased CTCF enrichment at the lytic switch promoter Zp. In Aim 

2.1, we used PARP inhibition and PARP1 and CTCF knockdown to determine 

whether CTCF and PARP1 have functional roles in EBV lytic reactivation. In Aim 

2.2, we explore the mechanisms through which PARP1 and CTCF contribute to 

EBV lytic reactivation. 

 Previous studies have identified roles for both PARP1 and CTCF in 

regulating EBV latency and lytic reactivation. Based on these studies, and 

PARP1’s known role in regulating CTCF, we aim to understand how PARP1 and 

CTCF cooperate to regulate the EBV life cycle, and whether the roles and 

mechanisms of regulation are specific to latency type and lytic reactivation. We 

used both EBV genome-wide and locus-specific approaches to understand the 

effects of PARP1/CTCF regulation on EBV genome structure and chromatin 

landscapes at relevant promoters. Understanding these mechanisms could 

provide insight into the potential for PARP inhibitors as therapeutics for EBV-

associated cancers or other herpesvirus-associated pathologies.   
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CHAPTER 2 

METHODS 

 

Cell culture and treatment 

Cell lines were maintained in a humidified atmosphere containing 5% CO2 

at 37°C. B cells lines were cultured in suspension in RPMI 1640 supplemented 

with fetal bovine serum at a concentration of either 10% (Mutu, Kem I, Akata) or 

15% (LCL, Kem III, GM12878). HEK293 cells were cultured in Dulbecco’s 

modified Eagle’s medium (DMEM) supplemented with 10% FBS. All cell media 

were supplemented with 1% penicillin/streptomycin. Olaparib (Selleck Chemical) 

was dissolved in DMSO and diluted in the appropriate cell medium for treatment. 

B cells were treated with 2.5 µM olaparib for 24 hrs, or as specified. The 

concentrations of olaparib used in experiments does not produce a cellular 

phenotype and does not induce DNA damage. HEK293 cells were treated with 

100 µM N-Methyl-N'-nitro-N-nitrosoguanidine (MNNG; Pfaltz & Bauer) for 10 min 

immediately prior to harvesting. Akata-EBV cells were treated with anti-human 

IgG (Sigma-Aldrich) at 10 µg/mL for 24 hrs to induce lytic reactivation.  

 

Chromatin immunoprecipitation and sequencing (LCLs) 

 LCLs treated with or without 5 uM olaparib were subjected to chromatin 

immunoprecipitation followed by deep sequencing to assess genome-wide 

binding of PARP1 and CTCF to the EBV genome. 2.5×107 cells were crosslinked 

with 1% formaldehyde for 15 min at room temperature; the reaction was 
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quenched on ice with 0.25 M glycine. Cells were centrifuged at 700×g for 5 min 

and washed three times with cold 1X PBS.  Cell pellets were lysed in a series of 

lysis buffers to extract cell nuclei. Cell pellets were resuspended in 10 mL Lysis 

buffer 1 (50 mM HEPES-KOH, pH 7.5; 140 mM NaCl; 1 mM EDTA; 10% glycerol; 

0.5% NP-40; 0.25% Triton-X 100) and rotated for 10 min at 4°C. After spinning at 

1350×g for 5 min at 4°C, the pellet was resuspended in 10 mL Lysis buffer 2 (10 

mM Tris-HCl, pH 8.0; 200 mM NaCl; 1 mM EDTA; 0.5 mM EGTA) and incubated 

at room temperature for 10 min. After another centrifugation at 1350×g for 5 min 

at 4°C, the cell pellet was finally resuspended in 500 µL Lysis buffer 3 (10 mM 

Tris-HCl, pH 8.0; 100 mM NaCl; 1 mM EDTA; 0.5 mM EGTA; 0.1% Na-

deoxycholate; 1% SDS). The lysate was dounce homogenized using Pestle A 20 

times. Lysates were sonicated to fragments of 100−300 bp at 90% amplitude for 

25 sonication cycles, alternating 30-second bursts with 30 seconds of rest. Cell 

lysates containing correctly sized DNA were cleared of cellular debris by spinning 

at 20000×g for 10 min at 4°C and transferred to a new tube. Sonicated chromatin 

was diluted 1:10 with IP dilution buffer (0.01% SDS; 1.1% Triton X-100; 1.2 mM 

EDTA; 16.7 mM Tris-HCl, pH 8.0; 167 mM NaCl). Chromatin was divided into 

aliquots of 1 mL each; to each tube, 5 µg of either PARP1 (Active Motif) or CTCF 

(Millipore) antibody were added to the tube and rotated at 4°C for 1 hr. 50 µL of 

Protein A Dynabeads (Thermo Fisher Scientific) were added to each tube and 

incubated overnight at 4°C to conjugate antibody-bound chromatin to beads. 

Beads were washed five times on a magnetic rack with ChIP RIPA buffer (50 mM 

HEPES-KOH, pH 7.5; 500 mM LiCl; 1 mM EDTA; 1% NP-40; 0.7% Na-
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deoxycholate), with 45 seconds of rotating to completely resuspend beads in 

buffer each time. Beads were finally washed with TE buffer, and all residual 

buffer was removed after centrifugation at 900×g for 3 min at 4°C. Beads were 

resuspended in Elution buffer (50 mM Tris-HCl, pH 8.0; 10 mM EDTA; 1% SDS) 

and incubated for 15 min at 65°C shaking at 1400 rpm to elute bound 

immunocomplexes; after spinning down beads, supernatant was transferred to a 

new tube. 0.2 M NaCl was added to each tube, and incubated at 65°C overnight 

to reverse the crosslink. After RNA and protein digestion, ChIP DNA was purified 

using the Wizard SV Gel and PCR Clean-Up kit (Promega). All five tubes were 

combined and purified through a single column. ChIP DNA was quantified using 

the Qubit dsDNA HS Assay kit (Thermo Fisher Scientific) prior to submitting for 

sequencing. 

 ChIP DNA was end-repaired, A-tailed, and ligated with Illumina adapters 

using the TruSeq ChIP Library Preparation Kit (Illumina) according to the 

manufacturer’s protocol. The product was then loaded onto a 2% agarose gel 

and subjected to electrophoresis; DNA between 250-300 bp was recovered by 

gel purification. The gel-purified library was amplified via PCR for 18 cycles.  

Libraries were purified using AmPure beads (Agilent), and were checked for 

quality on a Bioanalyzer (Agilent) and quantified with Qubit (Invitrogen). Sample 

libraries were pooled and loaded to the sequencer. DNA was sequenced with the 

HiSeq 2500 platform (Illumina), using the HiSeq Rapid SR Cluster and HiSeq 

Rapid SBS kits (Illumina). FASTQ data, single-read at 50 bp averaging 30-50 

million passing filter reads per sample, were generated on the Illumina server. 
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 For analysis, sequencing reads were mapped against the March 2010 

EBV genome assembly (Genbank: NC_007605) using bowtie2. The MACS2 

software suite (100) was used to call peaks, which correspond to the read 

enrichment in the pulldown samples compared to the input samples. Analyses of 

peak distributions under different conditions were compared with the BEDTools 

software suite (101). Integrative Genomics Viewer (102) was used for data 

visualization.  

 

OriP chromosome conformation capture (3C) 

 Chromatin conformation capture assay was performed as described in 

Hagege et al, 2007, with some modifications (46,103). Briefly, 2.5×107 LCLs 

were resuspended in a 10% FBS/PBS solution and filtered through a 40-µM filter 

to make a single cell suspension. Cells were suspended in a 1% 

formaldehyde/10% FBS/PBS solution to crosslink for 30 min at room 

temperature. The reaction was quenched on ice with 0.25 M glycine, and cells 

were pelleted by centrifugation at 230×g for 8 minutes at 4°C. The cell pellet was 

resuspended in cold lysis buffer containing 1X protease inhibitors (Thermo 

Scientific) and dounce homogenized with Pestle A 30 times. Crosslinked nuclei 

were pelleted by centrifugation at 400×g at 4°C for 5 min. Nuclei were 

resuspended in and washed twice with 250 µL of 1X NEBuffer3.1 (New England 

Biolabs). The lysate was divided into 5 aliquots containing 50 µL per tube. To 

each tube, 337 µL of 1X NEBuffer3.1 and 38 µL of 1% SDS were added, and 

incubated for 10 min at 65°C. To each tube, 44 µL of 10% Triton X-100 and 400U 
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BamHI (100,000 U/mL; New England Biolabs) were added, and the reaction was 

carried out overnight at 37°C shaking at 1200 RPM. The reaction was stopped 

with addition of 86 µL of 10% SDS and incubation at 65°C for 30 minutes. The 

contents of each tube were transferred to a 15-mL conical, and incubated for 24 

hrs at 16°C with the addition of 7688 µL 3C ligation mix. After ligation, crosslink 

reversal and protein digestion were carried out overnight at 65°C. All tubes were 

combined, and DNA was phenol-chloroform extracted twice, and ethanol 

precipitated overnight at −80°C. DNA pellets were resuspended in 1X TE, and 

subjected to RNase A digestion. 3C DNA was purified using the DNA Clean & 

Concentration kit (Zymo Research). As a control, purified EBV bacmid was 

digested with BamHI and ligated. 3C DNA was amplified using the anchor primer 

for OriP and a series of primers for other EBV BamHI fragments. Primers are 

listed in Table 1. Data were analyzed by the ΔCT method relative to the EBV 

bacmid control.  

 

Western blot analysis 

Cell lysates were prepared in radioimmunoprecipitate assay (RIPA) lysis 

buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.25% deoxycholic acid, 1% NP-

40, 1 mM EDTA; Millipore) supplemented with 1X protease inhibitor cocktail 

(Thermo Scientific). Protein extracts were obtained by centrifugation at 3,000×g 

for 10 minutes at 4°C. For nuclear fractions, nuclear soluble and chromatin-

bound fractions were extracted from 2×106 cells using the Subcellular Protein 

Fractionation Kit for Cultured Cells kit (Invitrogen) according to manufacturer’s 
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instructions. Protein concentration was measured using a bicinchoninic (BCA) 

protein assay (Pierce). Lysates were boiled with 1X Laemmli sample buffer (Bio-

Rad) containing 1.25% β-mercaptoethanol (Sigma-Aldrich). Proteins were 

resolved by gel electrophoresis on a 4−20% polyacrylamide gradient Mini-

Protean TGX precast gel (Bio-Rad) and transferred to an Immobilon-P 

membrane (Millipore). Membranes were blocked in 5% milk in PBS-T for 1 hour 

at room temperature, and incubated overnight at 4°C with primary antibodies 

against CTCF (Millipore), actin (Sigma-Aldrich), Zta (Santa-Cruz), PAR 

(Trevigen), FLAG (Abcam), gp125 (Abcam), PARP1 (Active Motif), Lamin B1 

(Abcam), and H3 (Abcam).  

 

shRNA-mediated knockdown 

Plasmids encoding short hairpin RNAs (shRNA) specific to PARP1 and 

CTCF were purchased as glycerol stocks from Sigma-Aldrich. Two unique 

shRNA constructs were used for each target to ensure specificity. A non-

targeting scrambled shRNA was a gift from David Sabatini (Addgene; 1864). All 

shRNA hairpin sequences are listed in Table 1. Lentiviral particles were 

generated by transfecting HEK293T cells with the packaging plasmid psPAX2, 

the envelope plasmid pMD2.G, and shScramble, shCTCF, or shPARP1 

plasmids, according the Addgene protocol. psPAX2 and pMD2.G plasmids were 

a gift from Didier Trono (Addgene; 12260, 12259). Supernatant containing 

lentivirus was collected at 48- and 72-hrs post-transfection, and filtered through a 

0.45 µM filter. Akata-EBV cells or LCLs were transduced by incubating with 
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filtered media as described previously (104) and after 48 hrs, were selected with 

1 µg/mL puromycin for a total of 48 hrs. Akata-EBV cells were treated with anti-

IgG to induce lytic reactivation 72 hrs post-transduction. Akata-EBV cells and 

LCLS were collected for experiments 96 hrs post-transduction. Knockdown 

efficiency was assessed by western blot. 

 

Chromatin immunoprecipitation and quantitative PCR 

Chromatin immunoprecipitation (ChIP) assays were performed according 

to the Upstate Biotechnology Inc. protocol as described previously, with minor 

modifications (45). Briefly, cells were fixed in 1% formaldehyde for 15 min, and 

DNA was sonicated using a sonic dismembrator (Fisher Scientific) to generate 

200−500-bp fragments. Chromatin was immunoprecipitated with polyclonal 

antibodies to H3K27me3 (Active Motif), H3K4me3 (Active Motif), CTCF 

(Millipore), PARP1 (Active Motif), and monoclonal antibody to Zta (Santa Cruz). 

Protein A/G magnetic beads (Pierce) were used for immunoprecipitation with 

monoclonal antibody for Zta. Immunoprecipitation of PAR was carried out using 

PAR resin (Tulip Biolabs). Real-time PCR was performed with a master mix 

containing 1X Maxima SYBR Green, 0.25 µM primers, and 1/50 of the ChIP DNA 

per well. Primers are listed in Table 1. Quantitative PCR reactions were carried 

out in triplicate using the ABI StepOnePlus PCR system. Data were analyzed by 

the ΔΔCT method relative to DNA input and normalized to the IgG control.  
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Methylated DNA immunoprecipitation and quantitative PCR 

DNA was extracted from 2 × 106 cells with a GeneJET Genomic DNA 

purification kit (Thermo Scientific) according to the manufacturer's instructions. A 

total of 2 µg of DNA was sonicated to between 200 and 300 bp. Samples were 

boiled for 10 min and immediately cooled on ice. To each sample, 50 µL of 10X 

immunoprecipitation buffer (IP buffer; 1.4 M NaCl, 0.5% Triton X-100) and 5 µg of 

5-methylcytosine antibody (Active Motif) were added, followed by incubation 

overnight 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 1X IP 

buffer. Beads were incubated at 50°C for 2 h with shaking in 500 µL of proteinase 

K digestion buffer (50 mM Tris [pH 8.0], 10 mM EDTA, 0.5% SDS, 1 mg of 

proteinase K/ml). DNA was extracted twice by phenol-chloroform, followed by 

ethanol precipitation. DNA was analyzed by real-time PCR. The primer 

sequences are listed in Table 1. Two percent of the genomic DNA was used as 

input material.  

 

Formaldehyde-assisted isolation of regulatory elements (FAIRE) and 

quantitative PCR 

Open chromatin was assayed by formaldehyde-assisted isolation of 

regulatory elements (FAIRE) in LCLs treated with and without 5 µM olaparib. 

FAIRE was performed as described previously, with minor modifications (105). 

Briefly, 1×107 cells were crosslinked with 1% formaldehyde, and lysed in lysis 
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buffer A on ice. Cell lysate was sonicated with a sonic dismembrator (Fisher 

Scientific) at 90% amplitude for a total of 22 minutes, alternating 30-second 

bursts with 30 seconds rest, to produce DNA fragments of 200−600 bp. After 

reversing the crosslink, and protein digestion with proteinase K, phenol-

chloroform was added to the DNA, and the aqueous layer was separated from 

the solution. Input and FAIRE DNA were ethanol precipitated from the aqueous 

phase and purified using the Wizard SV Gel and PCR Clean-Up kit (Promega). 

For qPCR, 100 ng of FAIRE DNA was amplified with primers for Cp and DS. 

Primers are listed in Table 1. 

 

RNA sequencing (RNA-seq) 

RNA-seq was performed as previously described in Martin et al., 2015. 

Briefly, RNA was extracted from 5×106 LCLs using the Qiagen RNeasy Plus 

Minikit according to the manufacturer's protocol. 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, taking into account 

reads encoded across splice junctions (parameters were set to the default) (106). 

The expression level of all RefSeq transcripts was evaluated using the Cufflinks 
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program, 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 

calculated as log2 fold-change. 

 

Chromatin immunoprecipitation and sequencing (Akata cells) 

We compared CTCF occupancy on the EBV genome during latency and 

reactivation in Akata-Zta, a cell line that harbors the Akata episome as well as a 

plasmid with a doxycycline-inducible bidirectional promoter that produces both 

BZLF1 and LNGFR (107). Cells were maintained in RPMI-1640 with 25 mM 

HEPES and 2 g/L NaHCO3 supplemented with 10% (v/v) Tet System Approved 

fetal bovine serum (Clontech) in 5% CO2 at 37°C. Log-phase cultures were 

pretreated with 200 µM acyclovir (Sigma-Aldrich) for 1 hr before induction with 

500 ng/mL doxycycline (Sigma-Aldrich). Acyclovir prevents lytic replication of 

linear genomes that generates a heterogenous population of EBV DNA. After 1 

day, cells were magnetically sorted using LNGFR Microbeads and LS columns 

(Miltenyi Biotec). Immunoprecipitation, library construction, sequencing, and 

bioinformatics were performed as previously described with minor modifications 

(91). Chromatin was purified using anti-CTCF (Millipore) from 2×107 cells per 

condition. ~200–400 bp amplicons of libraries were selected for with Agencourt 

RNAClean XP beads (Nugen). 50 bp sequence reads were mapped to an index 

containing both the human hg19 and the EBV reference (Genbank ID: 
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NC_007605.1) genomes using Bowtie version 0.12.8 (108) allowing up to 2 

mismatches and 1 alignment. Peaks were visualized after normalization to the 

total number of mapped reads. Each occupancy profile was determined from a 

data set that yielded ~20 million mapped sequences. 

 

CTCF binding site prediction and electrophoretic mobility shift assay 

(EMSA) 

CTCF binding site prediction software was used to identify potential CTCF 

binding motifs in the BZLF1 promoter region (109). Electrophoretic mobility shift 

assay (EMSA) was carried out using DNA oligonucleotides designed with the 

motif identified and a mutant oligonucleotide carrying point mutations within the 

motif. Reactions were carried out at room temperature for 30 min in Buffer A (25 

mM Tris-HCl pH 7.5, 1 mM DTT, 10 mM NaCl, 0.01% NP-40, 0.1 mM ZnCl2, 0.1 

mg/ml BSA, 10% glycerol) containing 0.2 µM CTCF and 5 nM radiolabeled WT or 

mutated dsDNA. Purified CTCF protein was a kind gift from Paul M. Lieberman 

(89). Competitor dsDNA was titrated in at 0.005-100 nM. Reactions were 

resolved in 5% non-denaturing polyacrylamide gels and exposed to a phosphor 

imaging screen. Oligonucleotide sequences for the motifs and competitor DNA 

are listed in Table 1. 

 

Viral copy number quantification 

DNA was extracted from 1×106 cells using the GeneJET Genomic DNA 

Purification Kit (Thermo Fisher Scientific) according to the manufacturer’s 



 38 

protocol and quantified by NanoDrop (Thermo Scientific). For qPCR, 100 ng DNA 

was loaded per well in a master mix containing 1X Maxima SYBR Green (Fisher) 

and forward and reverse primers for the EBV DS region or a genomic control 

region (IDT). Primers are listed in Table 1. PCR was carried out on an ABI 

StepOnePlus PCR system. Data were analyzed by the ΔΔCT method relative to 

the genomic control and normalized to the untreated control. 

 

Determination of cellular PAR levels 

Cellular poly[ADP-ribose] (PAR) levels were quantified using the PARP in 

vivo Pharmacodynamic Assay 2nd Generation (PDA II) kit (Trevigen) according 

to the manufacturer’s protocol. Briefly, 3×106 cells were lysed in the provided 

buffer, and protein concentration was determined with a bicinchoninic acid (BCA) 

protein assay (Pierce). Cell extracts were added to the provided antibody capture 

plate, incubated overnight at 4°C. Wells were washed four times with phosphate-

buffered saline containing 0.05% Tween-20 (PBS-T) and incubated with the 

polyclonal PAR detection antibody at room temperature for 2 hrs. After washing 

four times with PBS-T, extracts were incubated with goat-anti-rabbit IgG-HRP 

antibody at room temperature for 1 hr. Wells were washed four times with PBS-T 

before adding the PARP PeroxyGlow reagent. Luminescence was measured 

using a POLARstar Optima microplate reader (BMG Labtech). 
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Plasmids and transfections 

Plasmids for PARP1 and CTCF shRNAs were purchased from Sigma-

Aldrich as E. coli glycerol stocks. Upon receipt, Luria broth was inoculated with 

the stock, a culture was grown overnight at 37°C shaking, and plasmids were 

extracted using the Pureyield Plasmid Midiprep System (Promega). The 

shScramble construct was a gift from David Sabatini (Addgene; 1864). psPAX2 

and pMD2.G plasmids were gifts from Didier Trono (Addgene; 12260, 12259). 

Addgene plasmids were provided as bacterial stabs and prepped as described 

above. The BZLF1 promoter firefly luciferase construct (LucZ), pRL Renilla 

luciferase construct, and FLAG-Zta plasmid were all kind gifts from Paul 

Lieberman. LucZ was generated in the Lieberman lab by amplification of BZLF1 

−400 to +40 as an NheI/HindIII fragment in the pGL3 vector (Promega). The wild-

type His-PARP1 construct was a generous gift from John Pascal (110). The 

FLAG-BAP control expression construct was purchased from Sigma-Aldrich. 

Transfections for lentiviral particle generation were carried out using FuGENE 6 

(Promega) according to the Addgene protocol. All other transfections were 

performed using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s 

instructions for either 6- or 12-well format.  

 

Luciferase assay 

Luciferase assay was performed using the Dual-Luciferase Reporter 

Assay System (Promega) according to the manufacturer’s instructions. HEK293 

Cells were transfected with pRL, LucZ, and constructs expressing either His-
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PARP1 or FLAG-Zta using Lipofectamine 2000 according to the manufacturer’s 

protocol. After 72 hrs, cells were lysed for 15 min at room temperature in the 

supplied Passive Lysis Buffer and transferred into a 96-well plate for luciferase 

assay. LARII and Stop & Glo Reagents were dispensed into wells via automated 

injectors. Luminescence was measured using the Promega GloMax Multi 

Detection System plate reader.  

 

Statistical analysis 

All experiments presented were conducted at least in triplicate to ensure 

reproducibility of results. The Prism statistical software package (GraphPad) was 

used to identify statistically significant differences between experimental 

conditions and control samples, using Student’s t test as indicated in the figure 

legends. 
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Table 1. Primer sequences 
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CHAPTER 3 

RESULTS 

 

PARP1 and CTCF colocalize at key promoters across the EBV genome in 

type III latent cells 

 CTCF binding across the EBV genome has been characterized by ChIP-

seq studies in EBV-immortalized LCLs (91,92). These studies have identified 

approximately 20 CTCF binding sites, with many occurring at key regulatory 

regions, including the latency promoters Cp, Qp, and LMP1/2. Preliminary 

studies indicate that CTCF binding is largely identical in both type III latent LCL 

and type I latent Mutu-LCL cell lines (111). We aimed to understand how CTCF 

might be differentially regulated between latency types. Since PARP1 is known to 

mediate CTCF function, and PARP activity is significantly higher in type III 

latency, we performed ChIP-seq analysis in LCLs to assess colocalization of 

PARP1 with CTCF across the EBV genome (45,112). PARP1 is enriched at 

roughly half of the CTCF binding sites, including those at OriP, Cp, Qp, EBNA2, 

and LMP1/2 (Figure 5). 

 

CTCF is lost from select regions of the EBV genome following PARP 

inhibition 

PARylation of CTCF by PARP1 can mediate CTCF insulator function and 

subsequent gene transcription (70,71). To broadly understand the effect of PARP 

activity on CTCF function in EBV, we treated LCLs with the PARP inhibitor  
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Figure 5. PARP1 and CTCF colocalize at key promoters across the EBV 

genome in type III latent cells. ChIP-seq for CTCF and PARP1 was performed 

in type III latent LCL cell lines. ChIP-seq data for CTCF (blue) and two biological 

replicates of PARP1 (green) were aligned against the EBV genome. Tracks were 

visualized in the Integrative Genomics Viewer. Major latency and lytic promoters 

are designated in yellow. EBV gene transcripts, both latent and lytic, are shown 

below in blue. PARP1 binds approximately half of the sites also occupied by 

CTCF. Among these sites, PARP1 and CTCF colocalize at the Cp, EBNA2, Qp, 

BZLF1, and LMP1/2 promoters.  
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olaparib to inhibit cellular PARylation, and performed ChIP-seq analysis for 

CTCF across the EBV genome (Figure 6A). Although CTCF enrichment was 

maintained at a number of sites, including OriP, EBNA2, Qp, and LMP1, CTCF 

binding was lost from select regions. Most notably, PARP inhibition resulted in 

CTCF loss at the active Cp promoter (Figure 6B). Interestingly, after olaparib 

treatment, CTCF is also lost from the BZLF1 lytic switch promoter, but is 

enriched in regions immediately downstream of both the leftward and rightward 

origins of lytic replication (OriLyt), suggesting a potential role for PARP1-

mediated regulation of CTCF function in EBV lytic reactivation.  

 

Generation of an EBV genome-wide 3C assay 

 In addition to its insulator functions, CTCF also mediates long-range 

chromatin interactions to support the global organization of chromatin into 

topologically-associating domains (TADs) (35,36,113-115). In EBV, CTCF 

binding at the latency promoters Cp and Qp mediates latency-type specific 

chromatin loops with the OriP enhancer region (46). The OriP enhancer region is 

predicted to serve as a chromatin hub, mediating both structural and regulatory 

chromatin loops throughout the EBV genome (116). To elucidate the EBV 

genome-wide chromatin looping landscape with OriP, we developed a 

chromosome conformation capture (3C) method to assay for OriP chromatin 

loops. In the 3C assay, chromatin is crosslinked, digested with a restriction 

enzyme, and ligated under dilute conditions to promote the intramolecular ligation 

of fragments in close physical proximity (Figure 7). After reversing the crosslink,  
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Figure 6. CTCF is lost from select regions of the EBV genome following 

PARP inhibition. (A) Type III latent LCLs were treated with or without 2.5 µM 

olaparib for 72 hrs and subjected to ChIP-seq for CTCF. Data are visualized as in 

Figure 1. Although CTCF binding is maintained at many sites, PARP inhibition 

with olaparib results in decreased CTCF enrichment at a number of sites, 

including the type III latent promoter Cp. (B) Zoomed image showing the CTCF 

binding site just upstream of the Cp promoter with and without PARP inhibition. 

Olaparib treatment results in about a 50% decrease in CTCF binding at the site.   
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DNA can be subjected to qPCR, probing the junction between the two fragments. 

In our assay, formaldehyde-crosslinked chromatin was digested with BamHI to 

generate approximately 43 fragments. The OriP primer serves as the “anchor” 

and is used in combination with a primer for each of 24 selected fragments in 

qPCR; amplification of a junction corresponds with enrichment of that OriP 

chromatin loop. This assay could also be used to probe for interactions between 

any of the BamHI fragments, simply by designing different anchor primers. 

Although digestion with BamHI does not provide the resolution to validate the 

OriP-Cp chromatin loop in LCLs, this assay did validate the previously identified 

loop between OriP and the LMP1/2 promoter (92). Overall, this assay identified 

six major chromatin loops with OriP in type III latent LCLs, four of which are novel 

(Figure 8). 

 

PARP inhibition significantly decreases OriP chromatin looping in type III 

latent cells 

 Although the effect of CTCF PARylation has been evaluated for its 

insulator function, the role of CTCF PARylation in mediating chromatin 

architecture is not well characterized. In Drosophila, PARylation of the insulator 

protein CP190 promotes interactions with other insulator proteins, suggesting 

that PARylation of insulators could stabilize long-range chromatin interactions 

(72). To assess whether PARP activity might affect CTCF-mediated chromatin 

looping in EBV, assayed for OriP chromatin loops after PARP inhibition with 
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Figure 7. Generation of an EBV genome-wide 3C assay. Schematic outlining 

a chromosome conformation capture (3C) assay to assess chromatin looping 

between the enhancer and origin of latent replication ‘OriP’ and other regions of 

the EBV genome. In 3C, cells are subjected to formaldehyde crosslinking, and 

digested with a restriction enzyme to trap together DNA fragments in close 

physical proximity in the nucleus. Digested fragments are ligated under extremely 

dilute conditions, favoring intra- rather than inter-molecular ligation; the resulting 

molecules are circular DNAs, comprised of two fragments of DNA that interact in 

the nucleus. The junction between the two fragments can be probed with primers 

and amplified by qPCR. In the OriP-3C assay, the EBV genome is digested with 

BamHI to produce 43 fragments. qPCR primers were designed to assay 

interactions between OriP and ~25 of the 43 fragments (excluding repeat regions 

and BamHI fragments >10kb in length). qPCR amplification represents the 

relative interaction frequency of OriP and the fragment of interest.   
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olaparib (Figure 8). For five of the six loops, we observed an approximately 50% 

decrease in interaction frequency, supporting the hypothesis that loss of 

PARylation would destabilize chromatin loops. Interestingly, the OriP loop with 

the genome fragment containing the rightward OriLyt, RPMS1 promoter, BART 

open reading frames, and the LF3 gene, increased by approximately 20%. This 

suggests that PARylation might play a unique role in mediating looping with this 

region.  

 

CTCF and PARP1 knockdown destabilize OriP chromatin looping 

 To determine whether PARP1 specifically is responsible for the PAR-

mediated effect on chromatin looping, we knocked down PARP1 in LCL cells and 

performed the OriP 3C assay (Figure 9A). PARP1 knockdown resulted in a 

similar loss of loop enrichment, but had no effect on the loop that was enriched in 

the olaparib experiment (Figure 9B). CTCF knockdown had a similar, albeit more 

potent, effect on OriP chromatin looping, essentially eliminating all chromatin 

loops. Taken together, these data suggest that for EBV, CTCF-mediated 

chromatin looping with OriP is stabilized by PARylation. One chromatin loop, 

between OriP and the BamHI fragment containing the rightward OriLyt, RPMS1 

promoter, BART open reading frames, and the LF3 gene, appears to be 

regulated independent of PARP1 and CTCF.  
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Figure 8. PARP inhibition significantly decreases OriP chromatin looping in 

type III latent cells. Type III latent LCL cell lines were treated with 2.5 uM 

olaparib for 72 hrs and subjected to the OriP-3C assay. Data are normalized to 

purified EBV bacmid, and shown centered around the OriP anchor region 

(yellow); corresponding EBV genome coordinates and relevant promoters (grey) 

are shown below. In untreated cells, six major chromatin loops were identified, 

including validation of a previously published loop between OriP and the LMP1 

promoter. PARP inhibition with olaparib resulted in an ~50% decrease in all 

identified OriP loops, except the loop between OriP and the 140-kb genome 

fragment where enrichment in looping is observed. Olaparib treatment results in 

a nearly global loss of EBV chromatin loops with OriP.  
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Figure 9. CTCF and PARP1 knockdown destabilize OriP chromatin looping. 

(A) Type III latent LCL cell lines were transduced with lentivirus containing 

shRNA against PARP1 or CTCF. Western blot showing protein levels after 

knockdown of PARP1 or CTCF in LCLs. (B) After PARP1 or CTCF knockdown, 

LCLs were subjected to the OriP-3C assay. Data are normalized and graphed as 

described in Figure 8. PARP1 knockdown had a similar effect to PARP inhibition. 

CTCF knockdown also decreased OriP chromatin looping across the EBV 

genome, but the effect was more potent than PARP1 knockdown, with numerous 

loops disappearing entirely. The loop between OriP and the 140-kb genome 

fragment was again an exception, and looping was unaffected by both PARP1 

and CTCF knockdown.   
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CTCF binding at Cp is mediated by PARP activity in type III latent cells 

 ChIP-seq analysis of CTCF and PARP1 combined with the OriP 3C assay 

demonstrates that PARP1 contributes to maintaining the global chromatin 

architecture of the EBV genome. Although these assays are powerful for showing 

genome-wide effects, they provide little insight into function. Since previous 

studies have demonstrated a role for CTCF in mediating latency promoter 

selection, we focused our attention on the major latent promoters (46,93,103). 

We asked the question whether CTCF is PARylated at specific CTCF binding 

sites across the EBV genome. Since this is a technically challenging question, 

we assayed for PAR enrichment at CTCF binding sites in both type I and type III 

latent cell lines, as a readout of potential CTCF PARylation. ChIP analysis 

reveals significant enrichment of PAR at the active Cp promoter in the type III 

Mutu-LCL and Kem III cell lines; PAR was not observed at the other major 

promoters, Qp and LMP1, or at the lytic Zta promoter (Figure 10A). Indeed, in 

LCL cell lines, PARP1 immunoprecipitates with CTCF (Figure 10B), and by ChIP, 

PARP1 and CTCF colocalize at the Cp promoter (Figure 10C). 

 

PARP inhibition results in loss of CTCF binding to the active latency 

promoter Cp in type III latent cells 

In our ChIP-seq analysis in LCLs, PARP inhibition with olaparib resulted in 

loss of CTCF binding at Cp. To ensure that this effect is not cell-type specific, we 

performed ChIP for CTCF in the type III latent Kem III cell line with and without  
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Figure 10. CTCF binding at Cp is mediated by PARP activity in type III latent 

cells. (A) Chromatin immunoprecipitation (ChIP) for PAR in type I (Mutu, Kem I) 

and type III (Mutu-LCL, Kem III) latent cell lines. Chromatin was 

immunoprecipitated with PAR resin and probed by qPCR at the CTCF binding 

sites in major latent and lytic promoters. Data were analyzed by the ΔΔCT 

method, normalized to input, and shown relative to the IgG control. PAR is 

selectively enriched at the active Cp promoter CTCF binding in type III latent 

cells. (B) PARP1 immunoprecipitates with CTCF in type III latent LCL cell lines. 

Western blot showing PARP1 protein after immunoprecipitation with IgG control, 

PARP1, or CTCF. (C) ChIP in type III latent LCL cell lines for IgG control, 

PARP1, or CTCF at the Cp CTCF binding site. Both CTCF and PARP1 bind to 

the Cp promoter, suggesting that CTCF is PARylated by PARP1 at the active Cp 

promoter in type III latent cells.   
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olaparib treatment. Again, we observed a similar decrease in CTCF enrichment 

with PARP inhibition (Figure 11A). To assess whether this loss of CTCF binding 

is latency-type specific, we performed the same experiment in the isogenic, type I 

latent cell line, Kem I. The Kem I and III cell lines are isogenic in respect to both 

the host and viral genomes, and differ only in their latent gene expression 

programs. Despite their genetic identity, ChIP for CTCF demonstrates that CTCF 

is more heavily enriched at Cp in Kem III compared to Kem I cell lines (Figure 

11A,B). Moreover, olaparib does not significantly alter CTCF binding at Cp in the 

Kem I cell lines, suggesting that PARP regulation of CTCF at Cp is specific to 

type III latency (Figure 11B).  

 

The active chromatin landscape at the Cp promoter in type III latent cells is 

repressed with olaparib treatment 

Both CTCF and PARP1 binding to chromatin are mutually exclusive with 

DNA methylation of the same region (64,117). Thus, we hypothesized that the 

loss of CTCF binding at Cp may result in accumulation of DNA methylation and 

other repressive chromatin marks. LCLs, with and without olaparib, were 

subjected to MeDIP, and DNA methylation was assessed across the Cp 

promoter. After one week of PARP inhibition, DNA methylation significantly 

increased across the Cp promoter (Figure 12A). ChIP analysis also revealed a 

simultaneous gain in the repressive H3K27me3 mark (Figure 12B), and loss of 

the active H3K4me3 (Figure 12C), at Cp in both LCL and Kem III cell lines 
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Figure 11. PARP inhibition results in loss of CTCF binding to the active 

latency promoter Cp in type III latent cells. (A) and (B) Chromatin 

immunoprecipitation (ChIP) for IgG control and CTCF at the Cp promoter in the 

isogenic Kem III (type III latency) and Kem I (type I latency) cell lines. Cells were 

treated with or without 2.5 uM olaparib for 72 hrs and subjected to ChIP. Data are 

shown as described in Figure 6. (A) PARP inhibition with olaparib decreases 

CTCF binding to Cp in Kem III cell lines, consistent with what was observed by 

ChIP-seq in LCLs. (B) CTCF binding to Cp is unaffected by olaparib treatment in 

Kem I cell lines. CTCF binding is significantly more enriched (~10-fold higher) at 

Cp in type III latency (A) than in type I latency (B).   

0
5

10
15
20
25
30
35
40
45
50
55
60
65
70
75
80

untreated

olaparib

CTCFIgG

Kem III, ChIP, Cp

C
hI

P/
Ig

G

A)

0

2

4

6

8

10
untreated

olaparib

CTCFIgG

Kem I, ChIP, Cp

C
hI

P/
Ig

G

B)



 55 

treated with olaparib. Further, LCLs were treated with olaparib, and subjected to 

FAIRE, a crosslinking-based assay that uses sonication and phenol-chloroform 

extraction to enrich for open chromatin (Figure 12D). PARP inhibition resulted in 

a loss of open chromatin at the Cp promoter, and no change at the DS control 

region (Figure 12E). Collectively, these data show that PARP inhibition results in 

CTCF loss at the active Cp promoter in type III latent cells, and subsequent 

accumulation of repressive chromatin marks.  

 

PARP inhibition deregulates latency promoter expression in type III latent 

cells 

 PARP inhibition results in the accumulation of repressive chromatin at the 

active Cp promoter in type III latent cells. Thus, we predicted that treatment with 

olaparib would decrease transcription from Cp. We performed RNA-seq in LCLs 

treated with olaparib (Figure 13A). Cp was significantly down-regulated, as 

expected. Interestingly, PARP inhibition up-regulates expression from the 

inactive Qp promoter. Down-regulation of Cp was also observed by qRT-PCR in 

LCLs and Kem III cell lines (Figure 13B). The EBNAs, including both EBNA1 and 

EBNA2, are expressed as a multicistronic transcript originating from the active 

Cp promoter in type III latent cells. Expression of both EBNA1 and EBNA2 also 

decreases with olaparib treatment (Figure 13C). Moreover, this down-regulation 

appears to be time-dependent over 72 hours (Figure 13D), supporting an 

epigenetic mechanism of regulation. Western blot for EBNA2 in two different LCL 

lines demonstrates a loss of EBNA2 protein after 72-hr treatment with olaparib  
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Figure 12. The active chromatin landscape at the Cp promoter in type III 

latent cells is repressed with olaparib treatment. (A) Methylated DNA 

immunoprecipitation (MeDIP) at Cp in LCLs treated with 2.5 uM olaparib across 

the Cp promoter. X-axis indicates the number of nucleosomes upstream (-) or 

downstream (+) from the Cp transcription start site. Data are shown as % of total 

input DNA. DNA methylation is increased across the Cp promoter after olaparib 

Kem IIILCL Kem IIILCL

LCL LCL

ChIP H3K27me3 
Cp promoter

0

50

100

0

50

100

C
hI

P/
Ig

G

C
hI

P/
Ig

G

ChIP H3K4me3 
Cp promoter

untreated

olaparib

D) E)

B) C)

0

20

40

0

20

40

quantitave
PCR

Open
Chromatin

Phenol-chloroform
DNA extraction

Cross-linked chromatin

Sonication

FAIRE Assay FAIRE Assay

  O
pe

n 
C

hr
om

at
in

 In
pu

tC
hr

om
at

in

0

10

20

30

40

50

untreated

olaparib

0

20

40

60
Cp DS-Ori P

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8

olaparib

untreated

Cp+1Cp-1Cp-2Cp-3

MeDIP, Cp promoterA)

%
 in

pu
t



 57 

treatment in LCLs. (B) Chromatin immunoprecipitation (ChIP) for the repressive 

H3K27me3 histone mark at Cp in type III LCL and Kem III cell lines with and 

without olaparib treatment. In both cell lines, PARP inhibition with olaparib 

enriches for H3K27me3 at Cp. (C) ChIP for the active H3K4me3 histone mark at 

Cp in type III LCL and Kem III cell lines with and without olaparib treatment. 

PARP inhibition with olaparib results in a significant loss of H3K4me3 binding at 

the active Cp promoter. (D) Schematic outlining the formaldehyde-assisted 

isolation of regulatory elements (FAIRE) assay. Chromatin is formaldehyde 

crosslinked and sonicated, and subjected to phenol-chloroform extraction. 

Nucleosome-free chromatin DNA is extracted and purified from the aqueous 

layer. qPCR is used to probe for regions of open chromatin. (E) FAIRE assay in 

LCLs treated with or without 5 uM olaparib. Data are shown relative to total input 

DNA. PARP inhibition with olaparib results in a loss of enrichment for open 

chromatin at the active Cp promoter, while olaparib treatment has no effect at the 

DS-OriP control region.   
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(Figure 13E). PARP inhibition, however, has no significant effect on expression 

of LMP1 (data not shown), a type III latency-specific protein that is expressed 

from a different promoter. 

 

CTCF binds the BZLF1 promoter, but its binding is not affected by EBV 

lytic reactivation 

Work in KSHV has implicated CTCF as a restriction factor in lytic 

reactivation (99). ChIP-seq studies in EBV-immortalized lymphoblastoid cell lines 

have identified numerous CTCF binding sites across the EBV genome (91,92). 

Previous work from our lab and others has elucidated the role of CTCF binding in 

the regulation of EBV latent promoter selection and LMP1/2 expression (46,103). 

Here, we ask whether the CTCF binding site proximal to the promoter of the 

immediate early gene BZLF1 is relevant to EBV lytic reactivation. EBV-positive B 

cells were subjected to chromatin immunoprecipitation with a CTCF antibody and 

probed for enrichment at the BZLF1 CTCF binding site (Figure 14A). CTCF was 

enriched over IgG at the binding site in all cell lines examined, but was more 

heavily enriched in Type III latent cells.  

In HSV-1, CTCF occupancy on the HSV-1 genome is significantly 

decreased at a number of CTCF binding sites following sodium butyrate-driven 

viral reactivation (97). We next asked whether lytic reactivation of the virus might 

alter CTCF binding across the EBV genome. We performed ChIP-seq for CTCF 

in Akata-EBV cells containing a construct with a doxycycline- inducible BZLF1 
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Figure 13. PARP inhibition deregulates latency promoter expression in type 

III latent cells. (A) RNA-seq in LCLs treated with or without olaparib. RNA-seq 

data are presented as log2 fold change expression over untreated. Expression 

from the active Cp promoter is significantly down-regulated by PARP inhibition; 

expression from Qp, the inactive promoter, is significantly up-regulated by PARP 

inhibition. (B) RT-PCR for Cp expression validating RNA-seq experiment in a 

panel of type I and type III latent cell lines. Type I latent cell lines (Mutu, Kem I) 

showed no significant Cp expression as expected, and were not affected by 

olaparib treatment. Type III latent cell lines (LCL, Kem III) treated with olaparib 
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showed a significant decrease in Cp expression. (C) RNA-seq in LCLs showing 

decreased expression of both EBNA1 and EBNA2 in response to olaparib 

treatment. (D) RT-PCR for EBNA2 treated with 5 uM olaparib for 24, 48, or 72 

hrs. EBNA2 expression decreases in a time-dependent manner, consistent with 

an epigenetic mechanism of regulation. (E) Western blot for EBNA2 protein in 

two LCL cell lines, showing decreased EBNA2 protein expression in response to 

olaparib treatment.   
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promoter (107). Cells were treated with doxycycline for 24 hours and sorted with 

magnetic beads to obtain a pure population of reactivated cells (Figure 14B). 

CTCF binding was largely unchanged following lytic reactivation, including at the 

BZLF1 promoter (Figure 14C). Similar results were obtained in Mutu cells 

activated with anti-IgG/IgM (data not shown). We wanted to identify the 

consensus sequence associated with CTCF binding at the BZLF1 promoter. To 

identify the specific sequence element bound by CTCF near the BZLF1 

promoter, we examined the region for candidate CTCF binding sites using a 

prediction algorithm (Figure 14D) (109). To validate CTCF binding to this motif, 

we performed an EMSA, using the wild-type binding sequence identified and a 

mutant sequence (Figure 14E). Quantification of the percent DNA bound to 

CTCF indicates that approximately 40% less mutant DNA sequence binds CTCF 

than the identified consensus sequence (Figure 14F). Together, these data 

demonstrate that CTCF binding is unchanged at all but one novel CTCF binding 

site following viral reactivation.  

 

CTCF binding at the BZLF1 promoter CTCF binding site is not involved in 

EBV lytic reactivation 

To test whether CTCF restricts EBV lytic reactivation, we knocked down 

CTCF in Akata EBV cells. To avoid the confounding epigenetic effects of 

chemical inducers such as sodium butyrate and 5-azacytidine, we used anti-IgG 

to induce lytic reactivation in Akata EBV cells. CTCF knockdown was achieved  
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Figure 14. CTCF binds the BZLF1 promoter, but its binding is not affected 

by EBV lytic reactivation. (A) Chromatin immunoprecipitation (ChIP) for CTCF 

in type I and type III latent EBV-infected B cells at the BZLF1 promoter. qPCR 

data are presented as fold over IgG. Results are representative of three 

independent experiments, and show mean ± standard deviation. (B) ChIP-seq for 

CTCF in Akata-EBV cells carrying doxycycline-inducible BZLF1. CTCF binding is 

shown as counts per million reads normalized to total DNA across the EBV 
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genome in latent and doxycycline-reactivated cells. (C) ChIP-seq experiment 

from (B) zoomed to the CTCF binding site at the BZLF1 promoter. (D) Table 

showing potential CTCF binding motifs in the BZLF1 promoter region CTCF 

binding site identified by ChIP-seq. Binding motifs were identified using CTCF 

binding site prediction algorithms (http://insulatordb.uthsc.edu/). (E) 

Electrophoretic mobility shift assay showing CTCF protein binding to both wild-

type and mutant BZLF1 promoter CTCF binding site DNA. CTCF binding motif is 

underlined in the genome sequence. Point mutations are designated by 

asterisks. Gels are representative of three independent experiments. (F) 

Quantification of CTCF protein bound to wild-type and mutated BZLF1 CTCF 

binding motif DNA from EMSA in (E). Graph represents the % DNA bound to 

CTCF in the gel. DNA bound to protein is shown as mean ± standard deviation of 

gel quantification of three independent experiments.   
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by infecting Akata EBV cells with lentivirus containing shRNAs targeting CTCF. 

Protein knockdown was validated by western blot (Figure 15A) and ChIP assays 

were performed to ensure that CTCF knockdown effectively removed CTCF from 

the BZLF1 CTCF binding site (Figure 15B). Despite nearly complete CTCF 

knockdown, there was no effect on EBV lytic reactivation as measured by viral 

copy number (Figure 15C) and Zta western blot (Figure 15D). Collectively, these 

data suggest that CTCF binding proximal to the BZLF1 promoter is not relevant 

for EBV lytic reactivation. 

 

PARP1 colocalizes with CTCF at the BZLF1 CTCF binding site 

CTCF has emerged as an important cofactor of the host protein PARP1 

(64,71,72,118). We hypothesized that PARP1 and CTCF may cooperate at the 

BZLF1 promoter to collectively restrict EBV lytic reactivation. We performed ChIP 

assays to assess PARP1 binding at the BZLF1 CTCF binding site in a panel of 

EBV-infected B cells (Figure 16A). PARP1 binds the site at similar levels in all 

cell lines examined except for Kem I, in which PARP1 is more heavily enriched. 

Less PARP1 binding in these cell lines could explain why type III latent cells have 

greater baseline lytic expression, and why Akata EBV cells reactivate easily in 

vitro. In Akata EBV cells, PARP1 binding increases at the BZLF1 CTCF binding 

site upon reactivation with anti-IgG (Figure 16B). This finding could indicate that 

the host selectively enriches for PARP1 during reactivation to restrict further  
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Figure 15. CTCF binding at the BZLF1 promoter CTCF binding site is not 

involved in EBV lytic reactivation. (A) Western blot showing CTCF knockdown 

in Akata-EBV cells. Actin served as a loading control. Cells were infected with 

lentivirus containing either non-targeting or CTCF shRNAs and induced with anti-

IgG. Blot is representative of three independent knockdown experiments. (B) 

ChIP-qPCR for CTCF at the BZLF1 promoter in Akata-EBV cells infected with 

shControl or shCTCF lentivirus. Results are representative of three independent 

experiments, and show mean ± standard deviation. (C) qPCR showing EBV copy 

number in Akata-EBV cells under latent and anti-IgG-induced conditions after 

s
h

 C
o

n
tr

o
l

s
h

 C
T

C
F

s
h

 C
o

n
tr

o
l

s
h

 C
T

C
F

- IgG + IgG

Zta

Actin

D)

B)

0

2

4

6

8

10

F
o

ld
 O

v
e

r
 I

g
G

ChIP CTCF 

EBV + Akata cells

sh 

Control

sh 

CTCF

CTCF

Actin

s
h

 C
o

n
tr

o
l

s
h

 C
T

C
F

s
h

 C
o

n
tr

o
l

s
h

 C
T

C
F

- IgG + IgG

A)

EBV+ Akata cells

s
h

 C
o

n
tr

o
l

s
h

 C
T

C
F

s
h

 C
o

n
tr

o
l

s
h

 C
T

C
F

C)

R
e

la
ti

v
e

 E
B

V
 c

o
p

y
 n

u
m

b
e

r

- IgG + IgG

0

2

4

6

Quantitave PCR 

EBV DNA
9
0
,8

0
0

9
1
,3

1
0

9
1
,2

1
0

BZLF1



 66 

CTCF knockdown. Data are shown as EBV copy number relative to a host 

genomic control. Results are representative of three independent experiments, 

and show mean ± standard deviation. (D) Cells were treated as in (A) and protein 

lysates were subjected to western blot, probing for the viral protein Zta. Actin 

served as a loading control.   
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Figure 16. PARP1 colocalizes with CTCF at the BZLF1 CTCF binding site. 

(A) ChIP-qPCR for PARP1 in type I and type III latent EBV-infected B cells at the 

BZLF1 promoter. qPCR data are presented as fold over IgG. Results are 

representative of three independent experiments, and show mean ± standard 

deviation. (B) ChIP-qPCR for PARP1 in Akata-EBV cells during latency and after 

anti-IgG-induced reactivation. qPCR data are presented as fold over IgG. Results 

are representative of three independent experiments, and show mean ± standard 

deviation.   
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activity from the promoter. In this way, PARP1 may act as a barrier against 

complete viral reactivation. 

 

EBV lytic reactivation attenuates PARP activity through Zta 

To further investigate the involvement of PARP in EBV lytic reactivation, 

both EBV-negative and EBV-positive Akata B cells were treated with anti-IgG to 

reactivate the virus over a 72-hour time course. PARP activity was measured 

using a commercially available PAR ELISA (Figure 17A) and PARylation of 

PARP1 was observed by western blot as a read-out of cellular PARP activity 

(Figure 17B). In both cell lines, PAR levels increased dramatically at 6 hours. 

However, in comparison to the EBV-negative cells, in the EBV-positive Akata 

cells, PARP activity was attenuated by approximately 2-fold between six and 24 

hours. In our system, this decrease in PARP activity is concurrent with peak 

expression of immediate-early proteins, specifically Zta (Figure 17B). Thus, we 

hypothesized that Zta itself may be responsible for decreasing PARP activity. 

HEK293 cells were transfected with FLAG-tagged Zta and treated with MNNG to 

activate PARP to mimic the activation of PARP concurrent with Zta expression in 

B cells (Figure 17D). PARP activity was measured by ELISA, and is shown here 

as relative PAR levels (Figure 17C). Relative to a FLAG-tagged control protein, 

Zta decreased PARP activity in MNNG-activated cells by approximately 20% 

(p=0.0238), demonstrating that Zta expression alone is sufficient to decrease 

PARP activity. 
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Figure 17. EBV lytic reactivation attenuates PARP activity through Zta. (A) 

ELISA measuring PAR levels in EBV-negative and -positive Akata cells. Cells 

were treated with anti-IgG over a 72-hr time course, and protein lysates were 

subjected to ELISA. Data are quantified as pg of PAR per µg of protein, and 

show mean ± standard deviation; graph is representative of three independent 

experiments. (B) Western blot for protein lysates from (A) probing for PAR and 

Zta; actin served as a loading control. PAR western blot shows PARylated 

PARP1 as a readout of cellular PARP activity. (C) ELISA measuring PAR levels 

in HEK293 cells. Cells were transfected with FLAG-control or FLAG-Zta vectors 

and treated with MNNG to activate PARP. Data are shown as % PARP activity 

relative to the untreated control. Statistical significance is indicated by asterisks 
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(**, p<0.05; *, p<0.1). (D) Western blot with lysates from (C), probing for FLAG 

and Zta to confirm transfection; actin served as loading control.   
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PARP inhibition with olaparib modestly affects EBV lytic reactivation 

Since Zta expression inhibits PARP activity, we predicted that 

pharmacological inhibition of PARP activity would be advantageous for the virus, 

and enhance lytic reactivation. To test this hypothesis, Akata EBV cells were 

activated with anti-IgG and treated with 2.5 µM olaparib for 24 hours to inhibit 

PARP1 activity (Figure 18A). qPCR quantification of EBV copy number revealed 

that EBV lytic replication was only modestly increased (p=0.0172) after anti-IgG 

treatment (Figure 18B). RNA was extracted from Akata EBV cells treated with 

anti-IgG after 0, 8, and 24 hours. At 8 hours, BZLF1 expression was significantly 

enhanced by olaparib treatment; this difference in expression was, however 

resolved by 24 hours (Figure 18C). We predict that olaparib’s ability to trap 

PARP1 to the DNA may contribute to inhibiting further transcription from the 

BZLF1 promoter (119). Western blot analysis of lytic proteins revealed no 

obvious differences in lytic protein expression with PARP inhibition (Figure 18D).   

 

PARP1 knockdown enhances EBV lytic reactivation 

Recent work in the PARP field has revealed new functions for PARP1 

beyond its enzymatic activity (64,118). We hypothesized that in the context of 

EBV lytic reactivation, PARP1 binding may be more relevant than its activity. To 

understand the functional role of PARP1 in EBV lytic reactivation, Akata EBV 

cells were infected with lentivirus containing shRNAs for PARP1 and activated 

with anti-IgG (Figure 19A). PARP1 knockdown alone was sufficient 
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Figure 18. PARP inhibition with olaparib modestly affects Epstein Barr 

virus lytic reactivation. (A) ELISA measuring PAR levels in Akata-EBV cells. 

Cells were treated with 2.5 µM olaparib for 24 hours to inhibit PARP activity. Data 

are shown as pg of PAR per µg of protein. (B) qPCR showing EBV copy number 

in Akata-EBV cells under latent and anti-IgG-induced conditions after olaparib 

treatment. Data are shown as EBV copy number relative to a host genomic 

control. Results are representative of three independent experiments, and show 

mean ± standard deviation. (C) qRT-PCR showing relative expression of BZLF1 

in Akata-EBV cells. Cells were treated with 2.5 µM olaparib for 24 hours and IgG 

for 0, 8, or 24 hours. Graph is representative of three independent experiments, 
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and shows mean ± standard deviation. (D) Western blot for protein lysates from 

(B); blot was probed for viral lytic proteins Zta and gp125, as well as PARP1, and 

actin as a loading control.   
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to drive EBV lytic replication, and significantly increased EBV copy number in the 

context of anti-IgG activation (Figure 19B). Western blot analyses of Zta and the 

late lytic protein gp125 show that PARP1 knockdown enhances EBV lytic 

reactivation (Figure 19C). 

 

PARP inhibition and PARP1 knockdown eliminate CTCF binding from the 

BZLF1 promoter in EBV-positive B cells 

Our ChIP-seq data show that CTCF binding is not significantly altered at 

the CTCF binding site at the BZLF1 promoter after lytic reactivation. However, 

colocalization of CTCF and PARP1 prompted us to ask whether there exists 

some functional interplay between the two proteins. We reactivated Akata EBV 

cells with anti-IgG and performed CTCF ChIP assays at the promoter with either 

PARP inhibition or PARP1 knockdown. With both PARP inhibition and PARP1 

knockdown, CTCF was removed from the binding site at the BZLF1 promoter 

(Figure 20A,B). Since our data show that PARP1 knockdown, but not PARP 

inhibition significantly increases BZLF1 expression, CTCF is likely removed from 

the site as an indirect consequence of the loss of PARP activity. Olaparib 

treatment in type I Akata EBV and type III LCL cells also eliminates CTCF 

binding from the BZLF1 promoter (Figure 20C,D). Since olaparib effectively 

phenocopies CTCF knockdown at the BZLF1 CTCF binding site, we treated a 

panel of type I and type III latent cells with olaparib to assess the effects of CTCF 

at the BZLF1 promoter on EBV reactivation. EBV copy number is unaffected by  
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Figure 19. PARP1 knockdown enhances Epstein Barr virus lytic 

reactivation. (A) Akata-EBV cells were infected with lentivirus particles carrying 

non-targeting or PARP1 shRNAs. Cells were selected with puromycin, and 

treated with anti-IgG for 24 hours to induce EBV reactivation. (B) qPCR showing 

EBV copy number in Akata-EBV cells under latent and anti-IgG-induced 

conditions after PARP1 knockdown. Data are shown as EBV copy number 

relative to a host genomic control. Results are representative of three 

independent experiments, and show mean ± standard deviation. (C) Western blot 

for lysates from experiment shown in (A). Blot was probed for PARP1 to confirm 

knockdown, and viral proteins Zta and gp125; actin served as a loading control.  
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the removal of CTCF from the BZLF1 promoter in both type I and type III cell 

lines (Figure 20E). These data further solidify the notion that the presence of 

CTCF at this binding site is not relevant for EBV lytic expression per se. 

 

PARP inhibition and PARP1 knockdown increase Zta binding to the BZLF1 

promoter 

We activated Akata EBV cells with anti-IgG, with and without olaparib 

treatment, and performed cellular fractionation to obtain nuclear-free and 

chromatin-bound protein fractions (Figure 21A). Western blot for Zta 

demonstrates that when PARP is inhibited, Zta becomes more enriched in the 

chromatin-bound fraction, while PARP1 localization is maintained. Enrichment of 

Zta in the chromatin-bound fraction suggests that the transactivator function of 

Zta may be enhanced in response to PARP inhibition. In order to determine 

whether Zta is functioning as a transactivator specifically at the BZLF1 promoter, 

we assessed Zta binding at the BZLF1 CTCF binding site by ChIP. Indeed, both 

PARP inhibition (Figure 21B) and PARP1 knockdown (Figure 21C) enrich for Zta 

binding at the BZLF1 promoter, indicating that PARP1 likely acts to prevent Zta 

transactivator function at the BZLF1 CTCF binding site. Finally, to assess the role 

of PARP1 and Zta on transcription of the BZLF1 promoter, we performed a 

luciferase assay. HEK293 cells were transfected with a pGL3 vector expressing 

luciferase under control of the BZLF1 promoter (LucZ) in addition to either FLAG-

tagged Zta or His-tagged PARP1 (Figure 21E). Zta expression alone is sufficient 

to drive luciferase expression, while PARP1 expression drives only low-level  
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Figure 20. PARP inhibition and PARP1 knockdown eliminate CTCF binding 

from the BZLF1 promoter in EBV-positive B cells. (A) ChIP-qPCR for CTCF 

at the BZLF1 promoter in reactivated Akata-EBV cells treated with 2.5 µM 

olaparib for 24 hours. (B) ChIP-qPCR for CTCF at the BZLF1 promoter in 
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reactivated Akata-EBV cells infected with lentivirus containing shControl or 

shPARP1. (C) ChIP-qPCR for CTCF at the BZLF1 promoter in type I latent 

Akata-EBV cells with and without olaparib treatment. (D) ChIP-qPCR for CTCF at 

the BZLF1 promoter in type III latent LCLs with and without olaparib treatment. 

(E) qPCR showing EBV copy number in a panel of type I and III latent EBV-

positive B cell lines. Cells were treated with 2.5 µM olaparib for 24 hours. Data 

are shown as EBV copy number relative to a host genomic control. Results in 

(A−E) are representative of three independent experiments, and show mean ± 

standard deviation.  
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luciferase expression (Figure 21D), relative to LucZ alone. Although we do 

observe slightly increased luciferase activity with PARP1 over the LucZ control, it 

is possible that this is due to a global increase in transcription with PARP1 

overexpression (65,120). Overexpression of PARP1, or even Zta alone, is likely 

not sufficient to drive robust expression from the tightly regulated BZLF1 

promoter, especially in uninfected HEK293 cells. These data suggest that there 

are likely additional factors, both positive and negative, required to turn the 

BZLF1 promoter to a completely “on” state in B cells. 

 

PARP1 binds to the BZLF1 promoter to restrict EBV lytic reactivation 

During latency, CTCF and PARP1 are colocalized at the BZLF1 promoter, 

restricting transcription. Spontaneous reactivation during latency may result in 

increased PARP1 enrichment at the site, subsequently blocking Zta binding, and 

ultimately resulting in abortive reactivation (Figure 22). Indeed, this may reflect 

what we observe in anti-IgG induction in cell lines as well as with PARP 

inhibition—modest, but unsustainable reactivation. Indeed, BZLF1 expression is 

transiently enhanced by PARP inhibition after anti-IgG induction, indicating that 

PARP activity may serve as an early barrier to restrict BZLF1 transcription. Early 

attenuation of PARP activity by EBV during reactivation may enhance 

transcription from the BZLF1 promoter, but, if PARP1 is still bound to the 

promoter, and there is an insufficient amount of Zta produced to overcome 

PARP1 binding, the promoter is not able to switch to a fully “on” state. 
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Figure 21. PARP inhibition and PARP1 knockdown increase Zta binding to 

the BZLF1 promoter. (A) Nuclear soluble and chromatin-bound fractions were 

extracted from Akata-EBV cells treated with and without olaparib. Fractions were 

subjected to western blot for Zta, PARP1, Lamin B1 as a nuclear control, and 

histone H3 as a chromatin fraction control. (B) ChIP-qPCR for Zta in Akata-EBV 

cells treated with and without olaparib at the BZLF1 promoter. Data are shown as 

relative enrichment over the untreated control. Data are representative of three 

independent experiments, and show mean ± standard deviation. (C) ChIP-qPCR 

for Zta in Akata-EBV cells infected with lentivirus carrying shRNA for PARP1 at 

the BZLF1 promoter. Data are shown as relative enrichment over the non-
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targeting control. Data are representative of three independent experiments, and 

show mean ± standard deviation. (D) HEK293 cells were transfected with 

constructs expressing Renilla luciferase, firefly luciferase under control of the 

BZLF1 promoter (LucZ), plus constructs expressing Zta and PARP1. Data are 

shown as relative luminescence over Renilla luciferase, and show mean ± 

standard deviation. (E) Western blot of HEK293 lysates from transfection in (D). 

Blot was probed for PARP1 and Zta to confirm overexpression; actin served as a 

loading control.  
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Figure 22. PARP1 binds to the BZLF1 promoter to restrict Epstein Barr 

Virus lytic reactivation. (A) During latency, CTCF and PARP1 are bound to the 

BZLF1 promoter to prevent transcription. During a spontaneous, abortive 

reactivation event, PARP1 is enriched at the BZLF1 promoter. Attenuation of 

PARP activity by the virus permits transient BZLF1 expression, but PARP 

enrichment by the host at the promoter ultimately prevents Zta from binding to 

the promoter, halting BZLF1 transcription. (B) Upon proper stimulation, such as 

environmental or stress stimuli, Zta is expressed at levels sufficient to inhibit 

PARP activity and eliminate PARP1 binding from the BZLF1 promoter. When 

PARP1 is removed from the promoter, Zta binds, and transcription is significantly 

enhanced to drive robust BZLF1 expression and lytic reactivation. 
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CHAPTER 4 

DISCUSSION 

 Here, we aimed to understand how PARP1 and CTCF cooperate to 

regulate EBV latency and lytic reactivation. We demonstrate that PARP activity 

has genome-wide effects on CTCF binding and CTCF-mediated chromatin loop 

formation in EBV latency, and PARylation of CTCF maintains the active 

chromatin landscape at Cp in type III latency. Surprisingly, CTCF binding in the 

EBV genome is irrelevant to lytic reactivation. PARP activity and PARP1 binding 

to the lytic switch BZLF1 promoter act as barriers against lytic reactivation. This 

body of work uncovers specific roles and mechanisms for PARP1 and CTCF in 

regulating EBV latency and lytic reactivation, and could ultimately provide insight 

into PARP-based therapeutics for EBV-associated cancers.  

 Our ChIP-seq studies demonstrate that PARP1 colocalizes with CTCF at 

most sites across the EBV genome in type III latent LCLs. PARP1 binds with 

CTCF throughout the OriP region, at both Cp and Qp, at EBNA2, at the LMP1/2 

and BZLF1 promoters, and across the BART miRNA-encoding regions. Here, we 

specifically focused on understanding regulation of Zp and Cp in the context of 

lytic reactivation and type III latency, respectively. These ChIP-seq data provide 

a plethora of information regarding potential coregulation of the EBV genome by 

PARP1 and CTCF beyond the scope of these studies. It is likely that 

PARP1/CTCF colocalization has a variety of functions across the EBV genome, 

which may reach beyond the established insulator and chromatin looping 

functions of CTCF. For example, PARP1 and CTCF colocalize at EBNA2; since 



 84 

EBNA2 is transcribed from Cp as a multicistronic transcript, it is possible that 

PARP1/CTCF could regulate splicing at this site. PARP1’s role in splicing 

regulation has not been widely explored, and EBV could serve as a useful model 

to explore the underlying mechanisms and potential involvement of CTCF (121).  

 ChIP-seq studies also identified sites at which either CTCF or PARP1 

binds alone. PARP1 does not colocalize with CTCF at the 73- and 75-kb sites, or 

at 133-kb. These regions do not specifically coincide with gene promoters or any 

other notable regions of the genome, and so it is unclear why CTCF binds to 

these sites. It is possible that these sites could serve as tethers to mediate inter-

chromosomal chromatin loops to either other EBV episomes in the cell, or to host 

chromosomes. It is also possible that other architectural proteins, such as 

mediator or cohesin, could bind at these sites to demarcate topologically-

associating domains (TADs) and maintain higher order chromatin structure in the 

EBV genome.  

PARP1 peaks tend to colocalize with CTCF peaks; however PARP1 

binding appears to also occur in the adjacent regions at some sites. Interestingly, 

each of these sites coincides with either a repeat region or an origin of 

replication. Between LMP1/2 and OriP, PARP1 binding appears to flank the 

terminal repeats (TRs). PARP1 is also enriched through OriP and at the leftward 

and rightward OriLyt at 40-kb and 143-kb, respectively. PARP1 negatively 

regulates OriP replication, and at least indirectly inhibits lytic replication of KSHV 

(78,80). Our studies in EBV lytic reactivation also support a CTCF-independent 

role for PARP1 in EBV lytic replication. PARP1 and CTCF binding may also 
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serve to prevent DNA double strand breaks (DSBs). A study recently showed 

that hot spots for DSBs coincide with PARP1 and CTCF binding in a ribosomal 

DNA unit (122,123). Although replication origins and ribosomal DNA units are 

unique genomic regions, they both contain tandem repeat regions that are 

amenable to chromosomal breakage. This could also be relevant in maintaining 

TR copy number downstream of the LMP1/2 promoter. It is thus possible that 

PARP1 and CTCF may also function at these sites in the EBV genome to 

maintain genome integrity, particularly during active replication or transcription 

through these regions.  

Our work focused on two regions that lose CTCF enrichment in response 

to PARP inhibition: Cp and Zp. However, CTCF binding is maintained at most 

regions after PARP inhibition, including EBNA2, Qp, and LMP1/2. This does not 

eliminate the possibility that these sites may still be regulated by PARP1, since 

preventing PARylation of CTCF does not always correlate with a loss of binding 

(71). Inhibition of CTCF PARylation could still result in destabilization of 

chromatin looping. The OriP-3C assay demonstrates that loops with OriP are 

decreased with PARP inhibition or PARP1 knockdown, and largely eliminated 

with CTCF knockdown. Each of the OriP chromatin loops that are affected by 

PARP inhibition, PARP1 knockdown, or CTCF knockdown, are with regions 

either containing or flanking a CTCF binding site, further solidifying the notion 

that OriP chromatin loops are coregulated by PARP1 and CTCF. Since CTCF is 

PARylated at Cp, but not other latent promoters, it seems that chromatin looping, 

at least, is not limited to PARylated CTCF. Epigenetic regulation at Cp, however, 
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does appear to be dependent upon CTCF PARylation, since chromatin at Cp is 

significantly altered in response to PARP inhibition, while other regions, such as 

LMP1/2 and DS, are largely unaffected. The mechanism of PARP1/CTCF 

regulation of chromatin looping is not entirely clear based on our studies, but 

could feasibly be two possibilities. First, PARP1/CTCF could directly alter 

chromatin at OriP to destabilize looping across the genome. Second, PARP 

inhibition or PARP1 knockdown could have an indirect effect that partially 

phenocopies the loss in looping observed with CTCF knockdown. Nevertheless, 

it is clear that chromatin looping is merely one level of gene regulation, and 

additional mechanisms exist at promoter CTCF binding sites to regulate gene 

expression in a context specific manner. 

The OriP-3C assay revealed one chromatin loop that appears to be 

regulated independently of CTCF and PARP1. OriP forms a loop with a genome 

fragment centered around 140-kb. Unfortunately, this fragment is nearly 10-kb in 

length, and contains a number of important loci, many of which could be 

interesting in this context. This region contains the rightward OriLyt, the RPMS1 

promoter, three late lytic open reading frames encoding EBV structural proteins, 

and the LF3 open reading frame. Interestingly, the loop with the fragment 

containing the leftward OriLyt at 40-kb is significantly decreased even with PARP 

inhibition. Having two differentially regulated origins of lytic replication could 

provide more flexibility for the virus to reactivate and replicate under different 

conditions. This is supported by the existence of the B95-8 EBV strain, which 

contains a deletion for the rightward OriLyt but is still capable of reactivation and 
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viral production. This loop also contains the promoters for two different groups of 

virally-encoded non-coding RNAs. The RPMS1 transcript arises from a region 

encoding a series of miRNAs called the BARTs. RPMS1 encodes a protein in 

vitro, but its function is not characterized, and the protein has not been identified 

in vivo (124,125). LF3 encodes a lncRNA, may form a DNA-RNA hybrid across 

OriLyt during lytic replication, and its promoter is highly sensitive to Zta 

transactivation (126,127). RPMS1, the BARTs, and LF3 are expressed to varying 

degrees during all latency types and during lytic reactivation, but are likely 

required for efficient lytic replication. Taken together, CTCF- and PARP1-

independent regulation of this loop may serve to maintain a structurally 

repressive environment to prevent lytic reactivation and replication, while poising 

the chromatin adjacent to the OriP enhancer to maintain proper viral gene 

expression.  

This loop was the only OriP loop identified without a CTCF binding site on 

the corresponding fragment, suggesting that this loop may be mediated by a 

different architectural protein entirely. To date, CTCF and cohesin are the only 

architectural proteins that have been mapped to the EBV genome, and are both 

involved in chromatin-looping in different contexts (46,92,103). Neither CTCF nor 

cohesin are enriched at this site, at least in Raji cells (91). One other possibility is 

that this region serves as an anchor to the nuclear lamina to mediate an EBV 

lamin-associated domain (LAD) (128). Unpublished data from our lab and others 

have shown that lamin expression and association vary by latency type, and 

could potentially contribute to higher-order EBV chromatin structure.  
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CTCF loss was observed at both Zp and Cp after PARP inhibition. At Zp, 

CTCF loss itself is irrelevant to promoter regulation and the lytic reactivation 

process. CTCF binding at the latent promoter Cp in type III latent cell lines, 

however, appears to be crucial in maintaining proper Cp expression. When 

CTCF is not bound to Cp, the chromatin loop between OriP and Cp is lost (46). 

PARP inhibition results in a loss of CTCF binding at Cp. Unpublished 3C data 

from our lab confirm the loss of the OriP-Cp chromatin loop after PARP inhibition. 

Although the EBV genome-wide OriP-3C assay used here does not have 

sufficient resolution to identify this loop, this is consistent with the general loss of 

OriP chromatin looping we observe after PARP inhibition, PARP1 knockdown, 

and CTCF knockdown. Mechanistically, our data suggest that PARylation of 

CTCF in type III latency maintains CTCF binding at Cp, preventing DNA 

methylation, and maintaining an open chromatin landscape conducive to 

transcription. Further, CTCF binding at Cp maintains a chromatin loop with OriP 

that is lost with PARP inhibition (46). Together, these data demonstrate that 

PARP1 regulates the epigenetic state of Cp at multiple levels, including higher-

order chromatin structure, histone modification, DNA methylation, and 

nucleosomal occupancy.  

 PARP1 and CTCF colocalize at both latency promoters in type III latency. 

However, PARP inhibition eliminates CTCF enrichment only at Cp. Indeed, in 

response to PARP inhibition and CTCF loss, Cp undergoes a transition from a 

transcriptionally active open chromatin landscape, to a repressive promoter, 

while Qp remains unchanged. ChIP analysis for PAR suggests that CTCF 
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enriched at Qp is likely not PARylated, and may account for why CTCF 

enrichment at Qp is not affected by PARP inhibition. Although there are a few 

studies addressing how chromatin and transcription is co-regulated by PARP1 

and CTCF, and studies demonstrating that PARylated CTCF is functionally 

distinct, the mechanism of how CTCF is PARylated at some sites, but not others, 

is not currently understood  (71,118,129). Although it is assumed that not all 

CTCF in a cell is PARylated, no study has explicitly identified regions with 

differentially PARylated CTCF. Our data suggest that CTCF is PARylated at Cp, 

but not at Qp. In type III latency, Cp is transcriptionally active, while Qp is 

transcriptionally silenced; it is possible that chromatin marks, lack of DNA 

methylation, or specific transcription factors associated with an active promoter 

are required for PARylation of CTCF. In breast cancer cells, PARP1 associates 

with active chromatin marks, CTCF, and DNase hypersensitivity sites, supporting 

the idea that CTCF PARylation could be associated with an active chromatin 

landscape (64).  

EBV has likely co-opted this mechanism of locus-specific CTCF 

PARylation for its own advantage. Differential CTCF PARylation at Cp and Qp 

could potentially dictate CTCF function by latency type. For example, in type III 

latency, OriP forms a CTCF-mediated chromatin loop with the active Cp 

promoter (46). It is possible that PARylation of CTCF at Cp in type III latency 

functions to promote three-dimensional chromatin looping with OriP. As a result, 

OriP specifically loops with the PARylated Cp promoter, but not the unPARylated 

Qp promoter, maintaining the proper latency type-specific enhancer-promoter 
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interaction. Interestingly, ChIP for PAR indicates that in type I latency, CTCF at 

the active Qp is not PARylated, as might be expected.  However, PARP activity 

is significantly lower in type I latency than type III and may not be relevant for 

Cp/Qp regulation in type I latency (45). Further, CTCF binding at Qp does not 

correlate with Qp activity, and suggesting that Qp activity may be regulated 

independent of CTCF/PARP (130). It seems likely that Qp is a sort of default 

promoter in the EBV genome, with additional levels of regulation required to 

activate Cp in type III latency or deactivate Cp in type I latency; this is supported 

by numerous studies demonstrating that Qp is constitutively active and 

hypomethylated, independent of the cell type infected (131,132). Qp activity 

correlates more with histone modifications, not DNA methylation, indicating that 

the epigenetic modification of the region is more amenable to dynamic changes 

than long-term, DNA methylation-dictated regulation (133). Most likely, Qp 

requires overt repression by a separate mechanism during type III latency. The 

virus has likely co-opted host mechanisms of transcription regulation to alter Cp 

in response to the cellular environment, with Qp regulation following that of Cp. 

PARP1 binding to DNA is mutually exclusive with DNA methylation and 

tends to associate with CTCF in regions of open chromatin (64), suggesting that 

PARP1 and CTCF cooperate to prevent DNA methylation. When EBV DNA 

enters a cell, it becomes gradually DNA methylated, potentially as a mechanism 

to evade host immune detection. It is thus possible that the virus has co-opted 

PARP1 and CTCF to stably maintain DNA methylation and viral latency. Not 

surprisingly, demethylating drugs such as 5-azacytidine reactivate the virus in 
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culture, and would likely cause a massive immune response and cell death (134). 

Treatment with 5-azacytidine specifically up-regulates expression of both Cp and 

EBNA2 in a type I latent cell lines, consistent with what we observed with PARP 

inhibition in type III latent cell lines (135). When Cp is demethylated, expression 

of both Cp and EBNA2 increase; when Cp gains methylation, for example in 

response to PARP inhibition and CTCF loss, Cp and EBNA2 expression are lost. 

The Caiafa lab demonstrated that at some sites, DNMT1 and CTCF form a 

complex with PARylated PARP1 to prevent CpG methylation (73). Although we 

did not seek to identify DNMT1 binding at Cp, it is reasonable to assume that 

DNMT1 associates with CTCF and PARP1 to maintain hypomethylation at Cp in 

type III latency.    

Most of the experiments in this study have been carried out in type III 

latent cell lines. How PARP1 binds to the type I latent genome remains an open 

question and is worth additional exploration. Since CTCF binding is largely 

similar between latency types, one would hypothesize that PARP1 binding may 

be more variable. PARP activity is significantly lower in type I latency, and so it is 

possible that PARP1 binding may be less relevant to the regulation of type I 

latent gene expression. CTCF knockdown in type I latent cell lines does not 

increase type III latent expression, as might be expected, suggesting that the 

type I latent genome may be subject to additional layers of repression beyond 

CTCF and PARP1 mediated promoter regulation (111). 

CTCF binding is critical for EBV latency, but has been largely unexplored 

in the context of lytic reactivation. The Tsurumi lab noted that a recombinant virus 
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carrying point mutations in the CTCF binding site flanking the BZLF1 promoter 

exhibited no notable differences in BZLF1 expression from wild-type virus (54). 

Although these negative data were not presented in the paper, our data are 

consistent with this observation, that CTCF binding plays little to no role in lytic 

reactivation in EBV (136). This is in stark contrast with reports in 

alphaherpesviruses, in which CTCF occupancy is lost in the LAT, ICP0, and 

ICP4 regions of the HSV-1 genome following reactivation (97). In the closely 

related gammaherpesvirus KSHV, reports are mixed regarding the role of CTCF 

in reactivation; the Lieberman lab observed no effect on KSHV reactivation 

following CTCF knockdown, whereas the Swaminathan lab reported a massive 

increase in KSHV virion production (98,99).  

CTCF’s lack of involvement in EBV reactivation was somewhat surprising, 

considering the established roles in HSV-1 and KSHV. However, EBV is unique 

from other herpesviruses in that it can switch between various latency types in 

addition to lytic. Accordingly, it is likely that the distinct gene expression 

programs in EBV are regulated with greater complexity than in other 

herpesviruses. Our data support the idea that CTCF regulation is more relevant 

to latency type switching, rather than maintaining latency. The transition from 

latency III to latency I is gradual in B lymphocytes, allowing progressive changes 

in cellular signaling pathways and viral gene expression programs. Stress-

initiated reactivation is much more abrupt, in that the virus must “decide” quickly 

whether reactivation, a costly endeavor, is necessary to maintain its genome 

prior to cell death and lysis. CTCF binding, although dynamic, maintains stable 
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genome structures and epigenetic landscapes and requires time to maintain 

these changes. This may be due to the fact that CTCF binding is itself 

epigenetically regulated, but also dictates epigenetic changes through its 

insulator function. Indeed, recombinant EBV bacmids harboring CTCF binding 

site mutations in 293 cells require 2-3 months in culture before observing 

changes in chromatin and gene expression, suggesting that altering CTCF 

binding is not an efficient way for the virus to quickly initiate gene expression 

changes (93,111).  

 Antiviral properties of PARP1 have been reported in other 

gammaherpesviruses. In KSHV, PARP1 interacts with and PARylates Rta to 

repress Rta-mediated transactivation (79). A recent study identified a KSHV 

protein that interacts with PARP1, targeting it for proteasomal degradation, and 

thus reducing levels of inhibitory PARylated-Rta (78). Here, we identify a similar 

restrictive function for PARP1 in EBV reactivation. Mechanistically, our data 

suggest that binding of PARP1 to Zp restricts transcription. However, Zta’s ability 

to repress PARP activity suggests multilayered regulation in respect to both host 

and virus. For example, it is possible that Zta, like KSHV Rta, is PARylated by 

PARP1 to regulate its transactivator function; this post-translational mechanism 

could account for distinct roles for PARP activity and PARP1 binding to the EBV 

genome in lytic reactivation. It is important to note that PARP inhibition and 

knockdown only increase lytic reactivation under conditions of anti-IgG induction, 

suggesting that PARP1 is specifically relevant to reactivation in the presence of 

an environmental stimulus.  
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 Our studies of Cp regulation during latency suggest that PARP activity 

dictates promoter regulation; PARP inhibition and PARP1 knockdown have 

similar effects on EBV genome-wide chromatin looping, and PARP inhibition is 

sufficient to alter the Cp epigenetic landscape and gene expression. Both PARP 

activity and PARP1 binding, however, contribute to the lytic reactivation process. 

BZLF1 expression is transiently enhanced by PARP inhibition after anti-IgG 

induction, indicating that PARP activity may serve as an early barrier to restrict 

BZLF1 transcription upon stimulation. Early attenuation of PARP activity by EBV 

during reactivation may enhance transcription from the Zp, but, if PARP1 is still 

bound to the promoter, and there is an insufficient amount of Zta produced to 

overcome PARP1 binding, the promoter is not able to switch to a fully “on” state. 

Additionally, PARylation of Zta may further inhibit the transactivator function of 

the protein, similar to what has been observed in KSHV (79). During a true 

reactivation event, Zta would be expressed at levels sufficient to inhibit and 

downregulate PARP1 and release PARP1 binding from the site, allowing robust 

BZLF1 expression and complete viral reactivation. Our data suggest that both 

PARP catalytic activity and PARP1 binding to Zp contribute uniquely to the 

restrictive nature of PARP1. During type III latency, PARP1 activity dictates the 

epigenetic landscape to mediate latent promoter expression. The precise 

mechanism of how PARP activity contributes to chromatin regulation is unclear, 

particularly regarding how this regulation is locus-specific.  

 In our first experiment to understand the role of PARP in lytic reactivation, 

we included the EBV-negative Akata cell line mostly as a negative control for lytic 
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protein expression. Relevant to our study, we observed that the EBV-positive cell 

line attenuated PARP activity relative to the EBV-negative cell line. We also 

observed that anti-IgG crosslinking resulted in a significant increase in PARP 

activity, regardless of EBV status. Anti-IgG crosslinks the B cell receptor in these 

cell lines, driving B cell differentiation. This observation led us to hypothesize that 

PARP activity may have an inherent, and completely unexplored, role in normal 

B cell biology. A previous study from our lab showed that PARP inhibition with 

olaparib in LCLs has a significant effect on immune cell signaling pathways (65). 

It is also possible that PARP activity could contribute to B cell activation and 

differentiation in vivo, and might potentially regulate B cell gene expression to 

drive the process forward. RNA-seq experiments in Akata B cells with and 

without EBV, anti-IgG, and olaparib could reveal PARP-dependent signaling 

pathways relevant to B cell biology, and additional pathways that EBV hijacks to 

drive B cell differentiation.   

 PARP1’s broad cellular functions have one thing in common: stress. 

PARP1 is known to regulate the DNA damage response, the immune response, 

apoptosis, and gene transcription, functioning as a hub to respond to stress, and 

initiate the appropriate cellular responses. Cellular stress typically increases 

PARP activity(77). We hypothesize that EBV has co-opted PARP1 to act as a 

viral stress sensor to maintain the balance between latency and lytic reactivation 

in response to environmental cues (Figure 23). During latency, the primary 

environmental driver is the host immune system. High PARP activity in type III 

latency promotes LMP1 expression to drive cellular proliferation and type III 
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latent gene expression. Since this gene expression is immunogenic, PARP1 

likely responds to the host immune system to mediate host and viral gene 

expression and switch to immunoevasive type I latency. As the virus maintains 

type I latency in resting memory B cells, it is subject to normal B cell cycling, and 

spontaneous low-level or abortive reactivation events. PARP activity may 

fluctuate slightly during these events, but ultimately remains sufficiently stable to 

perform its normal cellular functions. PARP1 remains bound to Zp until an 

environmental stimulus triggers reactivation events. Zta inhibits PARP activity 

enough to prevent apoptosis, but Zta expression eventually breaches a threshold 

in which it can displace PARP1 from Zp, driving a bona fide reactivation event. 

Upon reinfection of B cells, PARP activity is required, perhaps in order to 

properly drive B cell differentiation. Throughout B cell differentiation, PARP 

activity senses the B cell microenvironment to relay the proper signaling to drive 

latency establishment. Since all herpesviruses are known to reactivate in 

response to stress, it is likely that PARP1 functioning as a stress sensor could 

apply to other herpesvirus, such as HSV-1 and KSHV. This model may provide a 

rationale for studying PARP1’s role in UV-mediated reactivation of HSV-1, the 

mechanism for which is entirely unknown. 

 Overall, the host factors involved in maintaining latency type and lytic 

reactivation are poorly understood; identifying host factors amenable to 

therapeutic targeting could be a powerful tool for treating EBV-associated 

cancers. Here, we demonstrate that PARP1 plays an essential role throughout 
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Figure 23. PARP1 acts as a stress sensor to maintain the balance between 

latent and lytic reactivation. PARP1 has specific functions throughout the EBV 

life cycle to regulate both the host cell and the virus. Throughout this process, 

changes in PARP activity act as a sensor to environmental stressors, such as 

DNA damage or the immune response, to decide the fate of the cell. During 

stress, PARP activity trigger lytic reactivation. The virus has evolved mechanisms 

to attenuate the increase in PARP activity, as well as mechanisms to override 

PARP1 binding’s restrictive effect at Zp. PARP activity is likely fine-tuned to 

sense immune cues in the B cell microenvironment to establish in its most 

restricted form.   

Latent

Lytic

PARP1
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the EBV life cycle by repressing lytic reactivation, and maintaining proper latent 

promoter regulation (Figure 24). The PARP1 inhibitor, olaparib, is an FDA 

approved drug for treatment of BRCA-deficient ovarian cancers, and thus could 

be easily adopted for use in EBV-associated cancers.  

PARP inhibition could be used as an oncolytic therapeutic approach. Oncolytic 

therapies utilize the cell-killing capacity of viruses in order to specifically target 

and kill cancer cells. For example, the recently FDA-approved drug talimogene 

laherparepvec (T-VEC) uses a genetically modified HSV-1 to target and kill 

melanoma cells, based on a preferential replication capacity of the virus in 

melanoma cells (137). In our system, PARP inhibition or knockdown increases 

lytic replication of the virus in Akata B cells induced with anti-IgG, and the cells 

eventually succumb to cell death. In vivo, treatment with PARP inhibitors 

potentially could increase EBV replication, eventually leading to apoptosis only in 

EBV-infected lymphoma cells. There are three potential problems with this 

approach. First, PARP inhibition-induced cell lysis could result in the release of 

viral particles, resulting in reinfection of B cells, and reestablishment of a latent 

infection. However, preliminary data from our lab show that PARP inhibition 

prevents the formation of LCLs from PBMCs, suggesting that this treatment could 

also prevent reestablishment of latent infection. An additional approach could be 

to administer the antiviral drug acyclovir in combination with or after PARP 

inhibitor treatment to prevent further viral replication after killing the tumor cells.  
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Figure 24. PARP1 function is important throughout the EBV life cycle. 

Preliminary data from our lab show that PARP1 is required either for B cell 

infection or establishment of latency. High PARP activity in type III latency is 

important to maintain the active promoter landscape at Cp, type III latent gene 

expression, and OriP chromatin loops. Type I latency has relatively low PARP 

activity, and the function of PARP here is largely unexplored. Given an 

environmental stimulus, PARP activity is increased during reactivation, and this 
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increase is attenuated by early Zta expression. PARP1 binding at Zp represses 

efficient BZLF1 expression, unless Zta is sufficiently high to displace PARP1 

from Zp.  
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Second, the mechanism of action of PARP inhibitors currently used in the 

clinic could be problematic. The PARP inhibitors olaparib, veliparib, and 

talizoparib not only inhibit the activity of PARP1, but they trap the inactive 

enzyme to DNA. We show that binding of PARP1 to the BZLF1 promoter 

prevents efficient transcription of BZLF1. Thus, the trapping mechanism of 

olaparib could inadvertently repress viral reactivation in vivo. We predict that the 

ideal approach for oncolytic therapy would be to use a drug that targets the DNA 

binding capacity of PARP1; unfortunately, no such drug has been developed. 

Since our studies show that both PARP activity and PARP1 binding to the BZLF1 

promoter contribute to the restriction of viral reactivation, combination of olaparib 

with a drug preventing PARP1 DNA binding would most efficiently induce viral 

replication and cell killing. Nevertheless, we do observe a statistically significant 

increase in EBV copy number in Akata B cells treated with olaparib despite 

PARP trapping.  

Third, our data show that PARP inhibition and knockdown only increase 

lytic reactivation under conditions of anti-IgG induction. In vivo, it is likely that 

treatment with the currently available PARP inhibitors would not drive lytic 

reactivation. However, if olaparib was administered under conditions in which the 

virus is already provided an environmental reactivation stimulus, treatment may 

increase lytic reactivation, viral production, and cancer-specific cell killing. 

Chemotherapeutic drugs, like cyclophosphamide, induce EBV lytic reactivation in 

Burkitt’s lymphoma in patients (138). Thus, it is possible that the cellular stress 

induced by chemotherapeutics would be sufficient to initiate lytic reactivation, and 
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olaparib would enhance the effect, having a profound oncolytic capacity (Figure 

25). This combined treatment could be particularly effective in cancers 

associated with type I “immunoevasive” latency, such as Burkitt’s lymphoma, in 

which tumorigenesis is not driven by a viral oncoprotein.  

We also show that PARP1 is important in maintaining proper latency 

promoter expression in type III latency. A number of EBV-associated cancers, 

including post-transplant- and AIDS-associated lymphomas, rely on type III latent 

protein expression to drive tumorigenesis. PARP inhibition deregulates 

expression of Cp, and subsequently reduces EBNA2 expression. Although 

EBNA2 is not an oncoprotein per se, it promotes a number of tumorigenic 

pathways, including activation of Notch target gene expression and deregulation 

of c-myc expression (139,140). Further, EBNA2 expression is associated with 

poor survival in diffuse large B-cell lymphoma (DLBCL) (141). Thus, the 

reduction of EBNA2 expression by olaparib could be an effective therapeutic 

approach to treat EBV type III latency-associated cancers (Figure 25). LMP1 is 

an oncoprotein, as its expression is sufficient to transform fibroblasts in culture 

that form tumors in nude mice. In LCLs treated with olaparib, we did not observe 

deregulation of LMP1 expression. Other work from our lab, however, 

demonstrates that PARP inhibition does attenuate LMP1-induced tumorigenesis 

in a colony formation assay (45). Further, EBNA2 transactivates the LMP1/2 

promoter to drive LMP1 expression (142). Our data show that PARP inhibition 

alters the epigenetic chromatin landscape of the Cp promoter; it is possible that 

72 hours of PARP inhibition sufficient to downregulate EBNA2 expression, but 
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not long enough to reduce EBNA2 transactivation of LMP1, and ultimately 

downregulate expression from the LMP1/2 promoter. Long-term exposure to 

PARP inhibitors could potentially downregulate LMP1 expression to eliminate 

expression of the potent oncoprotein driving the cancer; indeed, preliminary data 

from our lab support this notion. EBNA1 expression is also reduced by olaparib 

treatment in LCLs, which could result in a loss of viral replication efficiency and 

segregation during mitosis. Taken together, olaparib treatment of LCLs results in 

deregulation of type III latent gene and protein expression that could potentially 

decrease tumorigenesis in EBV-associated cancers exhibiting type III latent 

protein expression. 

 Although lytic EBV infection is not typically associated with EBV-

associated tumors, there is speculation that spontaneous lytic activation may 

contribute to tumorigenesis (143). One such study demonstrated that a 

“superlytic” virus expressing high levels of BZLF1 could induce lymphomas in 

humanized mice (144). It is thus possible that enhanced expression of BZLF1 

might suppress PARP activity, subjecting cells to increased DNA damage and 

tumorigenic mutations. In addition, the lymphomas in the mice exhibited abortive 

lytic infection, in which expression of the early lytic protein BMRF1 was mutually 

exclusive with that of LMP1 in cells. Previously, we identified a positive 

association between the latency protein LMP1 and PAR levels, in which LMP1 

activates PARylation through PARP1 (45). Although LMP1 is upregulated during 

lytic reactivation, paradoxically, LMP1 suppresses lytic induction and progression 
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Figure 25. EBV latency-type specific therapeutic strategies using PARP 

inhibitors. EBV-associated cancers are associated with specific latency types. 

AIDS- and transplant-associated lymphomas exhibit type III “proliferative” 

latency; these cancers are typically driven by the LMP1 oncoprotein. Treatment 

with PARP inhibitors could down-regulate EBNA2 (yellow) and subsequent LMP1 

(green) expression, to eliminate the oncoprotein and destabilize latency. Burkitt’s 

lymphoma exhibits type I “immunoevasive” latency and only expresses EBNA1 

(blue). Combined treatment with chemotherapeutics, such as 
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cyclophosophamide would initiate lytic reactivation, and would be enhanced by 

PARP inhibitor treatment, resulting in viral reactivation and production, and 

cancer-cell targeted oncolytic cell death.    
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through a number of unique mechanisms (145-147). Our data and others imply a 

mechanism by which Zta and LMP1 antagonistically manipulate PARP1, at least 

during the early stages of reactivation. This antagonistic relationship could 

involve a feedback mechanism in which LMP1 is upregulated by Rta, triggering 

PARP activity shortly after lytic induction; upon sufficient Zta expression, LMP1 is 

downregulated, effectively attenuating PARP activity for permissive viral 

production. 

In conclusion, we show that PARP activity regulates CTCF in type III EBV 

latency to maintain latency type-specific gene expression. Further, PARP1 

supports chromatin looping between the OriP enhancer and other regions 

throughout the EBV genome. Further, we show that CTCF is not involved in EBV 

lytic reactivation, although it is known to restrict reactivation in other 

herpesviruses. Both PARP activity and PARP1 binding function to restrict EBV 

lytic reactivation in response to physiological lytic induction. Overall, we show 

that PARP1 has specific functions throughout the EBV genome, and CTCF 

function is specifically regulated by PARP activity at specific loci. Taken together, 

we suggest a model in which PARP1 acts as a stress sensor to determine the 

fate of the virus in the host cell. These data provide a mechanistic understanding 

of PARP1 function throughout the EBV genome that suggest potential 

therapeutic application of PARP inhibitors in EBV-associated treatment 

strategies. We propose two distinct strategies specific to EBV latency type that 

could target EBV-infected cancer cells beyond the current chemotherapeutic 

standard-of-care.  
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