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Lytic replication of Herpes Simplex Virus type 1 can proceed in many different 

tissues. Latency of this virus, however, can only occur in a very specialized subset of 

sensory neurons. During both lytic replication and latency, the HSV-1 genome subverts 

and appropriates cellular processes to associate with chromatin proteins such as 

histones. To keep differentially regulated regions of chromatin separate during latency, 

HSV-1 encodes a number of DNA sequences which bind the cellular protein CTCF. One 

such sequence, known as B2, possesses the ability to perform enhancer blocking 

function. CTCF is known to coordinate gene expression during development and 

regulate genes in somatic cells, and also known to be involved in KSHV and EBV 

latency and in reactivation, and this interaction has been shown to be remodeled during 

reactivation. 

During lytic replication of HSV-1, the binding of host chromatin proteins is less 

organized. Histone proteins are associated with the HSV-1 genome, so it stands to 

reason that other chromatin factors may assemble on the HSV-1 genome even if the 

genome is not destined for latency. This, taken with what is known from the 

gammaherpesviruses studied, suggest CTCF may act in coordinating herpesviral gene 
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expression. In this study we strove to determine if CTCF is a factor in coordinating 

temporal gene expression during HSV-1 lytic infection. 

This study showed that CTCF binds not only to CTCF binding sequences during 

lytic replication, but CTCF binding decreases dramatically as DNA replication occurs. 

Enrichment of CTCF on the HSV-1 genome correlates with transcription from the 

genome as a mutant lacking a critical transcriptional activator, KD6, has a static binding 

pattern of CTCF. Finally, if CTCF is depleted from the cells prior to infection, amounts of 

HSV-1 DNA increase and viral gene expression is altered as a result. 

These studies suggest that CTCF association with the genome is mutually 

exclusive to lytic replication and gives CTCF a potential role for transcriptional control 

during lytic infection. 
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CHAPTER 1 
INTRODUCTION 

The Paradigm of Herpesviruses 

Herpesviruses (order Herpesviralis) are a family of viruses with large double 

stranded DNA genomes. This clade of viruses includes pathogens of a diverse breadth 

of species, ranging from invertebrates to reptiles, birds, primates, and humans (for 

review see (1)). The Herpesviridae family contains the members of this family which 

infect mammals, and is further divided into three subfamilies delineated by the cell type 

required for the establishment of latent infection. Alphaherpesviruses establish latent 

infections in neurons, betaherpesviruses in T-cells, and gammaherpesvirus in B-cells 

(2). The herpesvirus paradigm involves a biphasic life cycle. One phase of this life cycle 

is a lytic replication cycle. During lytic replication, viral genes are expressed in a 

temporal cascade: the Immediate Early (IE) genes expressed very quickly (catalyzed by 

proteins within the virus particle) and then catalyze the expression of the Early (E) class 

of genes which includes the viral DNA replication machinery, and lastly the Late (L) 

gene class is expressed robustly after DNA replication and these genes encode the 

proteins needed to assemble infectious progeny virus. The second phase is the 

hallmark of the herpesviruses, which is known as latency. Transcriptionally distinct from 

lytic replication, gene expression from the viral genome is tremendously limited and the 

genome is largely transcriptionally quiescent. Latency, as mentioned previously, is also 

only established in a specific type of host cell. During latency, the genome of the latent 

virus exists as extrachromosomal episomes using similar mechanisms of transcriptional 

repression and activation as used on our cellular chromosomes. Latency is punctuated 

by the ability to reactivate: to respond to cellular stimuli and return to lytic replication in 
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order to periodically produce new virus, affording the virus an opportunity to spread to a 

new host.  

Herpes Simplex Virus Type 1 

Infection and Disease 

Herpes simplex virus type 1 is a prototypical member the alphaherpesvirus family 

and is a pathogen of humans. The infectious particle is made up of a number of 

structures: the nucleocapsid which contains the double-stranded DNA genome, 

surrounded by an amorphous layer known as the tegument, rich in viral effector 

molecules, and lastly the envelope which is derived from the host cell and contains viral 

proteins for cell adhesion and entry. HSV-1 packages a genome of approximately 152 

kilobases which encodes for ~80 genes (3). The structure of the HSV-1 genome can be 

described as two regions, designated Long and Short each with respective unique 

segments flanked by inverted terminal repeats designated Repeat Long and Repeat 

Short regions (Figure 1-1). These regions are joined by a small intervening sequence.  

Primary infection (lytic infection) with HSV-1 in humans occurs typically at the 

orolabial mucosal epithelium or in the mucosal epithelium of the eye. In orolabial 

infection, a cold sore or fever blister can form as a consequence of infection, but the 

majority of infections are sub-clinical (4). Virus produced in the periphery then infects 

nerve termini enervating the site of infection, where the viral nucleocapsid is transported 

down the axon to the cell body of the trigeminal ganglion via fast axonal retrograde 

transport. Upon reaching the cell body of the infected neuron, the genome is injected 

into the nucleus. Here, the virus is capable of taking two paths: lytic replication can 

ensue to produce additional infectious virus, or viral lytic gene transcription can be 

quelled and the viral genome can become latent. The factors involved in directing this 
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crossroads in viral biology are as of yet incompletely understood. Upon stimulus, 

reactivation occurs and results in the production of infectious virus which is then 

trafficked anterograde down the axon. At the surface of the lips and mouth, the progeny 

virus is shed and can result in a cold sore or a fever blister, though the large majority of 

reactivations are subclinical (5). In the eye, repeated reactivation events and the 

immune response thereto can result in scaring of the cornea, described as Herpes 

Stromal Keratitis (HSK). This can lead to blindness, necessitating corneal 

transplantation to recover sight; however, this does not address viral genomes harbored 

within the trigeminal ganglia, and does not preclude further reactivation events and 

recurrence of disease in the donor tissue. HSK and the difficulties treating it make HSV-

1 the leading cause of infectious blindness in the United States (6). Indeed, treatment 

for HSV-1 disease centers on nucleoside analogues to interrupt lytic replication post-

reactivation, and do not effect clearance of latent HSV-1 genome within the infected 

individual.   

Prevalence of HSV-1 

 Within the populous of the United States, the overwhelming majority will likely be 

exposed and infected by HSV-1 during the course of their life. Studies comparing 

seropositivity and age have demonstrated that by the time the sample population 

reaches age 70 or greater, 90% of the individuals surveyed have evidence of infection 

with HSV-1. Age of incidence was determined to be fairly young in the interval studied, 

as almost 45% of the individuals between 12-19 years of age were seropositive, and 

total, in persons older than the age of 12, 67.6% were seropositive for HSV-1 (7). 

Despite the majority of populous being latently infected, only 1-6% of infected 

individuals present clinical symptoms (4). The relatively low prevalence of disease with 
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the high prevalence of infection indicates then that infection does not always correlate 

with disease, reflecting a mechanism for spread that does not rely on clinical disease; 

indeed the overwhelming majority (98%) of individuals studied shed viral DNA in tears 

and saliva in the absence of clinical disease (8). 

HSV-1 Lytic Infection 

 Lytic replication of HSV-1 begins with a membrane binding event between the 

host cell and viral particle. Virally encoded glycoproteins embedded on the surface on 

the virion bind complementary receptors on the surface of the cell. The players in this 

interaction, from the viral side, are glycoproteins gD, gB, gH, and gL, and they bind to 

cellular receptors HVEM (Herpes Viral Entry Molecule) and nectin-1, coordinated by gC 

binding to heparin sulfate (9, 10).  

Subsequent to binding to the host cell, the viral membrane and the cellular 

membrane fuse, spilling the viral tegument proteins and the nucleocapsid into the 

cytoplasm of the cell. The tegument proteins serve to establish an intracellular 

environment conducive to infection immediately upon entry without the need for 

transcription. The nucleocapsid is transported to the nucleus of the cell via microtubule-

mediated trafficking, where the genome of the virus is then inserted into the nucleus. In 

the nucleus, the execution of the viral transcriptional program can ensue (11, 12). 

Carried into the cell with the tegument is a tegument protein known as VP16, which 

recruits two host cell proteins HCF (Host Cell Factor) and Oct-1, a transcription factor. 

This VP16 complex then transactivates transcription from the viral IE promoters, 

directed by Oct-1 which binds to a TAATGARAT motif in the promoter sequence, VP16 

which possesses a potent transactivation domain, and HCF which recruits 

transcriptionally activating chromatin modifiers (13). The immediate early genes ICP0, 
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ICP4, ICP22, ICP27, and ICP47 are subsequently expressed. The IE proteins function 

to control the host cell by inhibiting the intracellular factors required for the immune 

response, regulate RNA trafficking and splicing as well as to catalyze the further 

transcription of both IE and E classes of genes (14–21). Critical for the furthering of viral 

transcription is protein ICP4, as viruses mutated for ICP4 are incapable of replicating as 

a result in the defect in IE gene and subsequent classes of gene expression (22). ICP0, 

as well as contributing to viral transcription, is an E3 ubiquitin ligase known to disrupt 

subnuclear structures known as ND10 bodies (23, 24). ND10 bodies have been shown 

to be involved in interferon inhibition of viral transcription (25). ND10 bodies are 

disrupted by ICP0-mediated ubiquitination of the ND10 protein PML, resulting in its 

degradation (23). ICP0 has also been shown to catalyze the ubiquitination of RNF8 and 

RNF168 to suppress the DNA damage response to the incoming viral DNA (26). 

Viruses with mutations in ICP0 display decreased replication at a low multiplicity, 

however this can be overcome by performing infection at a high multiplicity (27–30). 

ICP4 as well as ICP0, 22, and 27 further the transcriptional program into the expression 

of E class genes. E genes are largely comprised of the machinery required to replicate 

the viral genome (e.g. thymidine kinase (tk), and the HSV-1 DNA polymerase [pol]). 

Post-DNA replication, the L class of genes are expressed robustly, and encode the 

proteins required to assemble new infectious particles which are assembled in the 

nucleus of the cell, then bud from the nuclear membrane through the Golgi and 

subsequently from the cell surface at membrane structures enriched for viral proteins 

(31). 
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Viral Latency and Latent Transcription 

 Latency is a diametrically opposed state to that of lytic replication. Historically, 

the hallmark of latently infected neurons is the accumulation of a single transcript in 

great abundance: the Latency Associated Transcript (LAT). The LAT is a ~8.5 kilobase 

non-coding RNA transcript, which is then spliced into a 2.0 kb stable intron (32). This 

2.0-kb intron accumulates in sensory neurons, and has been demonstrated to have a 

half-life of up to 24 hours in cell culture (33). This 2.0-kb intron can be further processed 

into a 1.5kb-intron, which is also detectable during latency. Despite intensive 

investigation, the function of the LAT 2.0-kb and 1.5-kb intron are unknown. 

Transcription from the LAT region of the genome has also been found to produce some 

other RNA products. Eight microRNAs have been found to be encoded within the LAT 

promoter and transcriptional region, 6 of which are co-linear with the LAT primary 

transcript in the 3’ exon region (34, 35). These microRNAs have been demonstrated in 

cell culture to regulate viral genes (36). During latency, lytic gene transcription can be 

detected with very sensitive RT-PCR methods, indicating that perhaps abortive lytic 

transcription occurs without disrupting the latency program (37, 38). A comparison of 

the viral lytic gene expression and latent gene expression patterns are presented in 

Figure 1-2.  

Regulation of Viral Gene Expression through Epigenetics 

Gene expression is regulated by several mechanisms that change the 

expression of the genetic information without changing the genetic sequence. One such 

method of controlling gene expression is to methylate the DNA itself at CpG bases 

within the DNA sequence. This covalent modification to the 5 position of the ring of 

cytosine physically blocks the DNA binding proteins such as transcriptional machinery 
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which regulate the target sequence, resulting in silencing of the methylated locus (39–

43).  

The organization of the genetic information of eukaryotes is done in a manifold 

process involving both physical and functional organization. The first level of this is the 

histone protein complex, around which DNA is wound (44). This serves to compact that 

relatively large chromosomes into the small space of the nucleus of the cell. The histone 

not only serves as a spool around which the DNA can be physically compressed but as 

a template for regulation access to the encoded genetic information. Fully assembled 

canonical histones, octamers containing two copies each of histone proteins H2A, H2B, 

H3, and H4 contain core domains which are buried within the core of the 

macromolecule (44). However, histone proteins themselves are subjected to specific 

post-translational modifications (PTMs) on their C- and N- termini, which exist free from 

the DNA interaction domain of the histone macromolecule and exposed in space. These 

modifications correlate to the function of the given region of DNA associated with those 

histones; thus genomic regions which are associated with histones bearing the same 

post-translational mark can be said to be functionally analogous, hence the so-called 

“histone code” (45). The histone code is generalized into two subclasses, euchromatin 

and heterochromatin. Euchromatic regions represent regions of chromatin that are 

transcriptionally accessible or capable, and are associated with histone PTMs that are 

mutually exclusive to those of heterochromatic regions. Heterochromatin is repressed or 

transcriptionally inactive regions or silent regions. In order to change the functional 

status of a region of DNA, its histone code must also be changed to reflect the new 

function.  This can be done by directly changing the modification of the histone.  
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HSV-1 Latency and Chromatin 

HSV-1 is a champion of subverting, subduing, or appropriating cellular processes 

for infection. Regulation of HSV-1 DNA during latency is organized onto histone proteins 

and these histones bear PTMs which indicate they are regulated like host chromatin 

(46). During latency, the genes required for lytic infection are enriched in 

heterochromatic post-translational modifications thought to repress lytic gene 

expression (47–49). The LAT promoter and enhancer region (Figure 1-3), however are 

the only regions in the genome enriched for euchromatic marks, consistent with the 

known transcriptional activity the LAT locus (38, 50). These regions of differentially 

regulated HSV-1 chromatin are immediately proximal, as ICP0, a lytic gene, is 

immediately downstream and antisense to the 3’ end of the LAT. In cellular systems, 

maintaining regions of differentially regulated chromatin is done by insulator elements, 

and so too are they in HSV-1: HSV-1 contains several sequences with in the viral 

genome that are capable of binding to CTCF (51). Within the viral genome, there have 

been seven CTCF binding sequences described and are delineated B1-B7 (Figure 1-5). 

During latency, CTCF was detected by Chromatin Immunoprecipitation (ChIP) at B1 

and B2, which flank the LAT promoter and enhancer region, B5 and B6, which flank lytic 

immediate early gene ICP4, and B7, present within the unique short region of the 

genome downstream of lytic gene ICP47. The B2 binding site was also vetted in 

classical luciferase assays to possess enhancer blocking activity, making it a true 

insulator. The reigning hypothesis is that CTCF enrichment at the sequences is required 

for the appropriate maintenance of latent viral chromatin and subsequently the control of 

lytic gene expression. 
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Organization of Transcriptional Domains by the Insulator Protein CTCF 

Within the confines of the nucleus of the cell, making optimal usage of three 

dimensional space is paramount. One major consequence of a genome exhibiting 

complex regulation is the need to distinguish physically proximal regions of genetic 

information that may be functionally disparate. In order to maximize the efficiency of 

these processes, being able to organize and concentrate loci which will be regulated in 

parallel would be ideal. To achieve this end, eukaryotes have a protein known as CTCF, 

which stands for CCCTC-Binding factor, so named for the initial pentameric sequence it 

was discovered to bind (52). CTCF was originally identified as being crucial for the 

regulation of the proto-oncogene c-Myc, where it was initially purported to function as a 

transcriptional repressor by mutational analysis (52). CTCF, as a protein, contains 

eleven separate zinc-finger domains capable of binding to DNA. As a result, the binding 

sequences capable of being bound by CTCF are highly polymorphic allowing this 

singular protein to regulate a wide variety of loci (53). 

Sequences of DNA which bind CTCF have been found to be highly divergent 

(53). CTCF binding sites are classified as being insulators (54). Insulator elements exist 

to functionally delineate genes which are regulated differentially in a number of different 

capacities (Figure 1-4). One of the traditional canonical functions of an insulator is to 

block the long distance influence of an enhancer sequence in a position dependent 

manner; an insulator will protect a promoter from an enhancer on the other side of it 

(Figure 1-4 A) (55). This had classically been defined by utilizing plasmids encoding 

luciferase downstream of a promoter element and monitoring the luciferase expression 

of the same construct with and without an enhancer and an insulator element interjected 

between the promoter and enhancer (56). Should the introduction of the putative 
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insulator between the enhancer and promoter cause a decrease in luciferase 

expression, the sequence is said to perform as an enhancer blocker. A related function 

of insulators is to provide a boundary element to regions of chromatin. This functions to 

keep heterochromatin from spreading into regions of active transcription and allow for 

regions that are euchromatic and heterochromatic to be juxtaposed on the same strand 

of DNA (Figure 1-4 B). Ultimately, all of these functions are carried out through the 

formation of chromatin loops: regions of chromatin which need to be separated are 

physically displaced from one another to form so called chromatin hubs (Figure 1-4 C) 

(57). These hubs allow for a complex regulation of chromatin regions on the same or 

even different chromosomes in the same physical space in the nucleus. 

Regulation of CTCF binding to the target sequence can be altered in a number of 

ways. One such way is, as previously mentioned, to methylate the target binding 

sequences, which tend to be G-C rich, which prevents CTCF from binding. CTCF can 

itself be regulated by post-translational modifications. Phosphorylation of CTCF by 

protein kinase CK2 at serine residues in its c-terminal can modulate how CTCF binding 

affects transcription of the regulated locus (58, 59). Modification of CTCF by poly(ADP-

ribosyl)ation is thought to assist in CTCF binding and segregation to imprinted loci, and 

has also been demonstrated to regulate CTCF mediated insulator function (60). CTCF 

is also subjected to post-translation modification by the Small Ubiquitin-like Modifier 

(SUMO) which seems to play a role in regulating the suppression of genes, and 

SUMOylation of CTCF at its N- and C-termini by polycomb protein Pc2 controls its role 

in suppression of the c-Myc P2 promoter region (61). 
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CTCF and Gammaherpesviruses 

CTCF has repeatedly been demonstrated to be important for herpesvirus biology 

specifically within the venue of the tumorigenic gammaherpesviruses. Kaposi’s-

Sarcoma associated Herpesvirus (KSHV), the etiological agent of Kaposi’s-Sarcoma 

and Primary Effusion Lymphoma, contains three CTCF binding sites upstream of Orf73, 

which encodes for the KSHV latency protein LANA (Latency-Associated Nuclear 

Antigen) (62). During KSHV Latency and episomal maintenance in quiescent cell culture 

models, CTCF binds to these binding sites to form a chromatin loop between the 

promoter of Orf 73 and Orf 50 which encodes RTA, which is the major lytic switch 

protein in KSHV (63). In this same study, it was also determined that disrupting the 

binding of CTCF to these motifs by mutation binding sites caused a defect in 

reactivation by chemical stimulus but not when reactivation induction was performed by 

transducing with RTA, indicating that CTCF has a role in potentiating signaling based 

KSHV reactivation by coordinating RTA expression. CTCF has also been shown to be 

important for KSHV transcription, This was corroborated by single molecule analysis 

which suggests that in cells harboring the KSHV genome, nearly every genome is 

associated with CTCF at all three CTCF binding sites (64). 

Epstein-Barr virus, another gammaherpesvirus which causes Hodkin’s 

lymphoma, Burkitt’s lymphoma, and nasopharyngeal carcinoma, similarly has a 

relationship with CTCF. CTCF binds to a regions proximal to a promoter known as Cp, 

where it plays a role in regulating the polycistronic transcript encoding one of the EBV 

latency antigens, EBNA2 (65, 66). Subsequent genome wide studies of EBV latency 

revealed other loci of CTCF binding. This study focused on the Q promoter of EBV, and 

demonstrated that mutational deletion of the CTCF binding site results in a loss of 
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transcription as a result of CpG methylation and the deposition of the heterochromatic 

mark H3K9 trimethylation (67). A recent report describes CTCF function in forming a 

chromatin loop between the viral origin of replication, OriP (near the Cp binding site), 

and a region overlapped by both the LMP1 and LMP2 transcripts, which encode 

membrane proteins detectible during EBV latency. Mutational analysis showed a loss of 

this chromatin loop, deregulation of LMP1 and 2 transcription, and again, H3K9 

trimethylation deposition (68). These studies, combined with the studies in KSHV, 

describe CTCF as a factor critical for organization of herpesviral genomes and 

coordination of transcription.  

Lytic Replication and Host Chromatin Factors 

Chromatin during HSV-1 productive infection in cultured cells has similarly been 

studied to investigate the potential for chromatin control of lytic gene expression. 

Previous work has established that very early in lytic infection in vitro, histone proteins 

are associated with the HSV-1 genome and the DNA is organized into nucleosomes 

(69, 70), though the spacing of these nucleosomes is irregular. Analysis of the post-

translational modifications of the histones associated with the HSV-1 genome during 

lytic replication indicates that the bulk of these are consistent with euchromatin, which 

stands to reason since the viral genome is tremendously transcriptionally active during 

lytic replication. However, there has been a consistent observation in these studies in 

that during viral DNA replication, the enrichment of histones on the HSV-1 genome 

appears to be greatly reduced, and as infection proceeds into late time points where vial 

assembly is taking place, remains low (70). It remains unclear as to whether the 

euchromatic histone modifications that are associated with the lytic genes early in 
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infection are required for efficient IE gene expression, though studies interrupting 

chromatin modifiers that associate with HCF suggest this is likely the case (71). 

ICP0 has been shown to interact with histone modifying proteins. During infection 

ICP0 causes the disruption of the suppressor REST/CoREST complex by displacing the 

histone modifying subunit, Histone Deacetylase 1. This causes a partial change in both 

CoREST and HDAC1 localization from nuclear to cytoplasmic. This process appears to 

be dependent on phosphorylation of HDAC1 and CoREST by the viral phosphatase 

US3. Lysine Specific Demethylase-1, a histone demethylase enzyme, is also a part of 

the REST/CoREST repressor complex, and infection with HSV-1 has been shown to 

disrupt LSD-1 association with the complex, as well as to localize with ICP8, the viral 

single stranded DNA binding protein (72–77). HCF-1, previously mentioned to be part of 

the VP16 transcriptional complex, is also a member of a host protein complex called 

MLL which is responsible for the deposition the euchromatic histone mark of 

trimethylation of lysine residue 4 on histone protein H3 (H3k4 3me). Though HCF-1 is 

not directly a chromatin modifying protein, these studies suggest that appropriation and 

disruption of chromatin binding and chromatin modifying proteins is critical for regulating 

the host nuclear response to the incoming viral DNA in order to carry out infection. 

Previous work investigating the occupancy and functionality of the CTCF binding 

motifs present in the HSV-1 genome have been carried out in systems outside of lytic 

replication. Amelio et al. (51) utilized ChIP and traditional transient insulator assays to 

confirm enrichment of CTCF in latency and the functionality of the insulator dubbed B2 

respectively. Chen et al. (78) utilized a heterologous system in Drosophila melanogaster 

model to test B2’s functionality. These tests thoroughly vetted B2 as an insulator, which 
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is of specific interest for latent biology due to its positioning in the intron of the LAT, 

between the LAT enhancer and downstream lytic transcript ICP0. Both of these tests 

though remain outside of the requirements of replicaiton of the viral genome. However, 

the reiterated elements in the genome which can potentially bind to CTCF remain 

present in during lytic replication, which is a nuclear phenomenon. As it has been 

established in previous studies that other chromatin proteins associate with the genome 

during lytic replication, it stands to reason CTCF may associate with the HSV-1 genome 

during lytic replication as well. The experiments presented in this dissertation were 

performed in order to establish CTCF’s role in lytic replication of HSV-1 in cell culture 

models. 
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Figure 1-1.  Diagram of the HSV-1 Genome. RL: Repeat Long, UL: Unique Long, RS 
Repeat Short, US: Unique Short. 

 

 

 

 

 

 

 

 

 

 

Figure 1-2. Comparison of the transcriptional program of Lytic Replication versus 
Latency. During Lytic replication the genome is linear and ~80 genes are 
expressed in a temporal cascade, whereas during latency, the genome is 
circularized and only one major gene product can be detected, the LAT. 
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Figure 1-3. Diagram of chromatin on the HSV-1 genome during latency. 
Heterochromatin (red) is present across the entire genome, whereas 
euchromatin (green) can only be found on the LAT promoter (L. Pro) and 
the LAT enhancer (L. Enh). 
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Figure 1-4. Insulator function and CTCF binding. A) Enhancer blocking: CTCF 
prevents enhancer function (green arrows) across insulator elements (blue 
boxes) with CTCF binding sequences (red boxes). B) Barrier Elements: 
heterochromatin spread (red circles) into euchromatin (green circles) is 
blocked by insulator elements. C) Chromatin hub formation: CTCF 
organizes chromatin into loops in order to coordinate gene expression in 
proximal regions which are differentially expressed. Enh.: Enhancer. CBS: 
CTCF binding sequences. 
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Figure 1-5. Diagram of the CTCF binding motifs in the HSV-1 genome. The top 
section shows position of the CTCF binding sites in the genome, and 
bottom focuses on the internal repeat structure of the genome showing 
placement of CTCF binding sites and select transcripts in the region. All 
but one such motif are in the repeat regions of the genome and thus exist 
in two copies each per unit length genome.  
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CHAPTER 2 
METHODS 

Cells and Viruses 

HSV-1 strains 17syn+ and KOS were obtained from J. Stevens.  ICP4-knockout 

virus KD6 was obtained from L. Feldman. Virus stocks of 17syn+ and KOS were grown 

and titrated on rabbit skin cells (RSC) cells grown in Eagle’s minimum essential media 

(Life Technologies) supplemented with 5% calf serum and 100 units/ml streptomycin, 

100 µg/ml penicillin and 292 ng/ml L-glutamine. Virus stocks of KD6 were grown on 

Vero cells which express ICP4 (E5 cells) grown in Eagle’s minimum essential media 

(Life Technologies) supplemented with 10% fetal bovine serum and 100 units/ml 

streptomycin, 100 µg/ml penicillin and 292 ng/ml L-glutamine.  

Neuro2A cells were obtained from ATCC. RSCs were obtained from J. Stevens. 

E5 cells were obtained from L. Feldman. 293T-BAC16 cells and 293T cells were a 

generous gift from R. Renne. Cells were counted prior to seeding using trypan blue 

exclusion and a hemocytometer. Neuro2A cells (N2A) were cultured in minimal 

essential media supplemented with 10% Fetal Bovine serum and 100 units/ml 

streptomycin, 100 µg/ml penicillin and 292 ng/ml L-glutamine. 293T cells were cultured 

in 293T cells were grown in Dulbecco’s modified Eagle’s medium (Hyclone) 

supplemented with 10% fetal bovine serum, 100 units/ml streptomycin, 100 µg/ml 

penicillin, 292 ng/ml L-glutamine. For experiments in 293T-BAC16 cells 293T cells 

stably transfected with BAC16 (293T-BAC16 which contains the KSHV genome) were 

grown in Dulbecco’s modified Eagle’s medium (Hyclone) supplemented with 10% fetal 

bovine serum, 100 units/ml streptomycin, 100 µg/ml penicillin, 292 ng/ml L-glutamine, 

and 200µm/l Hygromycin B (Cellgro) to maintain selection of the BAC.  
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In Vitro Infection with HSV-1  

 2x106 cells were used for ChIP experiments, whereas between 1.48x105 and 

1.58x105 cells were used for siRNA experiments. Growth media was decanted and 

replaced with the appropriate dilution of virus in order to yield either a multiplicity of 

infection of 3 pfu/cell or 0.2 pfu/cell, in an inoculum volume of 500 µl. After a one hour 

incubation at 37°C, the infection inoculum was removed and the cells were either 

harvested as the 0 hour time point, or complete growth media was replaced and cells 

were returned to the incubator until time of harvest for ChIP processing. 

Chromatin Immunoprecipitation 

ChIP was performed as previously reported with the following alterations (50). 

Media was decanted from the cells at the appropriate time and the monolayers were 

washed with phosphate buffered saline (PBS) supplemented with HALT protease 

inhibitor cocktail (Thermo). 500µl of PBS was then added to the dish and the cells were 

harvested and transferred to a 1.5ml microcentrifuge tube. Samples were then 

formaldehyde cross-linked as previously reported. Prior to chromatin shearing by 

sonication, samples were lysed in ChIP Lysis buffer for 45-60 minutes at 4°C. Shearing 

was performed via sonication either by probe sonication as described previously or 

using a Bioruptor Twin (Diagenode) instrument. DNA fragment size was analyzed by 

agarose gel electrophoresis and was determined to be between 500 bp and 1,000 bp. 

For experiments where 293T-BAC16 chromatin was added to HSV-1 infected 293T cell 

chromatin, sheared chromatin from 293T-BAC16 cells was added to sheared chromatin 

from HSV-1 infected 293T cell at a concentration of 1% (vol/vol). Chromatin was then 

diluted in ChIP Dilution Buffer and pre-cleared using salmon sperm DNA Protein A-

agarose beads (Millipore) at 4°C. Rabbit anti-CTCF (Millipore) antibody was added to 
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the sheared, pre-cleared chromatin at a dilution of 1.85µl of antibody per ml of pre-

cleared chromatin and incubated overnight with shaking at 4°C. Immunochromatin 

complexes were then captured by adding fresh salmon sperm DNA protein A-agarose 

beads and incubating with shaking for 2h at 4°C. The immunochromatin-protein A-

agarose bead complexes (“bound” fraction) were pelleted by centrifugation and the 

supernatant was collected as “unbound” fraction.  Bead-bound Immunochromatin 

complexes were washed and eluted from the beads, and chromatin from both bound 

and unbound fractions was treated with RNase A and Proteinase K. DNA was then 

isolated using a Qiaquick nucleotide removal kit. 

Real-time PCR of ChIP 

All real-time PCR analysis described herein was performed using Taq-Man® 

Universal Fast Mix, No Amp erase UNG (Applied Biosystems) on a Step-One Plus real 

time PCR instrument (Applied Biosystems). All primer-probe sets were either obtained 

ready-made from or designed and synthesized by Applied Biosystems and were used 

according to manufacturer specifications. Primer and probe sequences can be found in 

Table 1. PCR cycle conditions are as follows: cycle 1: 95°C 20s, cycles 2-40: 95°C 1s, 

60°C 20s. Fluorescence thresholds were set in linear range of amplification for standard 

curve dilutions of cellular or viral DNA.  For relative quantification, PCR of samples was 

performed in triplicate and compared to a 10-fold dilution series of either cellular or viral 

DNA. Relative quantities for bound and unbound fractions for each sample were then 

calculated from the standard curve generated from these dilutions of DNA. 

Calculation of Enrichment of CTCF 

ChIP validation was performed by analyzing the calculated relative quantity of 

two cellular DNA loci; comparing the MINE region upstream of c-Myc (79), which is 
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known to bind CTCF, to a negative control region (upstream Hox gene A5 in Neuro2A 

cells, or the 18s rRNA gene in 293T and 293T-BAC16 cells). Samples with positive over 

negative fold enrichment greater than or equal to 2 were said to have valid precipitation 

and were further analyzed for viral targets.  For HSV and BAC16 targets, enrichment is 

calculated as the ratio of the bound fraction divided by bound plus unbound or B/B+U, 

divided by the B/B+U for negative cellular control. 

siRNA Knockdown of CTCF 

Cells were transfected with ON-TARGET plus SMARTpool anti-CTCF siRNAs 

(Thermo Scientific) according to manufacturer protocols. Briefly, either equimolar 

amounts of each of the 4 siRNAs comprising the SMARTpool or ON-TARGET plus Non-

Targeting Control pool siRNAs (Thermo Scientific) were added to serum-free, antibiotic-

free MEM supplemented with non-essential amino acid and mixed gently. Dharmafect 1 

transfection reagent (Thermo Scientific) was added to serum-free, antibiotic-free MEM 

supplemented with non-essential amino acids and mixed gently. After a 5 minute 

incubation at room temperature, media containing the siRNA mixture was added to the 

media containing Dharmafect 1, mixed gently, and incubated at room temperature for 

20 minutes. Antibiotic-free complete growth media was then added to this mixture 

yielding a final concentration of 25nM total siRNA (6.25nM of each respective siRNA 

construct). Growth media was decanted from Neuro2A cells cultured in 24 well dishes 

and the transfection media was added to the cells. 6 hours post transfection, the 

transfection media was removed and complete growth medium supplemented with 

antibiotics was added to the cells. Knockdown was confirmed by western blot. Infections 

were performed 48 hours post-transfection. 



 

36 

In Vitro Infection for siRNA Experiments 

 48 hours post transfection with siRNAs, growth media was decanted and 

replaced with the appropriate dilution of virus in order to yield either a multiplicity of 

infection of 3 pfu/cell or 0.2 pfu/cell, in an inoculum volume of 500 µl. After a one hour 

incubation at 37°C, the infection inoculum was removed and the cells were either 

harvested as the 0 hour time point, or complete growth media was replaced and cells 

were returned to the incubator until time of harvest. 

Isolation of DNA from Infected Cells for Real-time PCR Analysis 

DNA was isolated from HSV-1 infected cells as described previously (80). Briefly, 

at the appropriate time post infection, growth media was removed and cells were 

harvested. Cells we pelleted by centrifugation at 16,000 x g at 4°C for 40 min. Cells 

were resuspended in 200µl of PCR Lysis buffer containing 10mM Tris-HCl, 1mM EDTA, 

0.001% Triton x-100 (vol/vol), 0.001% SDS (weight/vol) and 50 mg/ml proteinase K 

(Fisher), then incubated at 50°C overnight. Proteinase K was inactivated by incubation 

at 94°C for 20 minutes. Samples were then PCR ready. 

RNA Isolation for RT-PCR and Real-time PCR Analysis 

RNA from infected Neuro2A cells was isolated Trizol LS reagent followed by 

DirectZol RNA Miniprep kit (Zymo Research) according to manufacturer instructions. 

Briefly, growth media was removed from infected cells and 200 µl of Trizol LS was 

added directly to each well of the culture dish. Cells were then scraped off the dish and 

lysate was mixed by pipetting before being transferred into a 1.5ml microcentrifuge 

tube. Samples were then processed with the DirectZol RNA Miniprep kit according to 

manufacturer’s instructions. Briefly, 200µl of 100% ethanol was added to samples in 

Trizol LS and mixed by vortexing. Samples were then added to manufacturer supplied 
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microcolumns and centrifuged at 16,000xg for 1 minute, and the flow through discarded. 

Columns were then washed twice with manufacturer supplied RNA PreWash buffer, and 

once with RNA Wash Buffer by adding buffer to the column and centrifuging as before. 

Elution of RNA from miniprep column was performed using 25 µl nuclease-free water 

supplemented with SUPERase-IN (Ambion) at a concentration of 1 U/µl to prevent 

degradation of RNA. Isolated RNA was DNase treated utilizing TURBO DNA-free 

(Ambion). Measurement of RNA concentration was performed on NanoDrop 2000 

(Thermo) instrument. 

Reverse Transcription 

Reverse transcription was performed using random decamer priming (Ambion) 

and utilizing Omniscript reverse transcriptase (Qiagen) according to manufacturer’s 

instruction. Briefly, 100ng of DNase treated RNA was added to reverse transcription 

reactions containing 10µM random decamers, dNTP mixture and buffer supplied by the 

manufacturer, 1U/µl SUPERase-IN and Omniscript reverse transcriptase. Reactions 

were incubated at 37°C for one hour. Tandem reactions were performed lacking 

Omniscript enzyme as no-RT controls. Synthesized cDNA was analyzed directly by 

real-time PCR. 

Calculation of Quantity of DNA and mRNA 

For assessing the increase in DNA as infection progressed, relative quantities 

generated from real-time PCR for HSV-1 pol (UL30) at each time point were recorded. 

Mean relative quantity for each time point was calculated, then mean relative quantity at 

each time point was normalize the relative quantity of pol detectible at 0 hours post 

infection. Thus, the data are presented as fold over input at the given time points. Each 

time point for each condition was repeated in replicates of 4 to 6. 
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Calculation of mRNA expression was performed as follows. Relative quantity 

reported from real time PCR analysis for cellular 18s rRNA and viral gene targets were 

collected for both reverse transcription reactions containing Omniscript and those 

without. Relative quantity of no–RT control reactions was subtracted from relative 

quantity of RT reactions to obtain adjusted quantity, and viral targets are presented as 

adjusted quantity of viral gene targets divided by adjusted quantity of the cellular 

control. 

Table 2-1. Real-time PCR Primer and Probe Sequences 
Primer Forward Primer Probe Reverse Primer 

B1 CCCCGGCGGATTTTGTTG  CATGCGTCGCCCAACC GCATGTGATCGTTGGGAATGAC 

B2 TGTGGTGCCCGTGTCTTTC ACTTTTCCCCTCCCCGACACG GCCCACTACACCAGCCAAT 

B5 TTTATTGCGTCTTCGGGTCTCA AAGCGCCCCGCCCC GCGGCGCGTTCGA 

B6 GCGGGAGTCGCAGAGG CCGACGCCGTCCGCT CGATGCGATCCCGATCCC 

B7 TGGCTGCTCCGCTAAAAGAC ACACGCGCGTCCTT AAGGCTGGGTGCAAATTGC 

UL20 CCATCGTCGGCTACTACGTTAC CCCGCACCGCCCAC CGATCCCTCTTGATGTTAACGTACA 

ICP0 CCGTGTGCACGGATGAGAT CTGCGCTGCGACACC CATGCACGGGATGCAGAAG 

ICP4 CACGGGCCGCTTCAC CCGACGCGACCTCC GCGATAGCGCGCGTAGA 

Tk CACGCTACTGCGGGTTTATATAGAC CACCACGCAACTGC CGTGGGACACCTTCAGCTT 

Pol AGAGGGACATCCAGGACTTTGT ACCGCCGAACTGAGCA CAGGCGCTTGTTGGTGTAC 

BSNEG CCTGAACAGCTTCCTCTTGGTTT CAACGTGATGCCCGAGGTC CAGGCCACTGCAGATTGG 

BS1 TCGGGAAATCTGGTCTGACAAC ACTGCCACCGCCTCC GTCACTACGGGTATTGCATAATGTG 

Mouse MINE GACCTCCGCCCTCGTT AACGCTGTGGTCTCTG TGAAAGTAAAGTAAGTGTGCCCTCTAC 

Human MINE CAAAATCCAGCATAGCGATTGGTT CTCCCCGCGTTTGC TGCCTCCAGGCCTTTGC 

UPHOXA5 AGCAGCAGGGCCAATTCT CCCGCGATGCACCC GCTGCCCAAGCCAGCTT 
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CHAPTER 3 
RESULTS 

CTCF Binds to the HSV-1 Genome Early During Lytic Replication in Neuro2A 
Cells 

CTCF has been previously demonstrated to bind to the HSV-1 genome during 

latency (51). As interplay with CTCF has been demonstrated for other herpesviruses 

(reviewed in Chapter 1), the following experiments were designed to determine if CTCF 

binds to the HSV-1 genome during lytic replication using ChIP. To address the 

biological significance of any observed binding to viral gene regulation, two approaches 

were applied. The first, a genetic approach, examined CTCF binding in a virus mutated 

in ICP4, which has an abrogated transcriptional program that does not progress past IE 

expression (81). Secondly, CTCF was depleted from the host cell by siRNA, and viral 

DNA and mRNA were analyzed using real time PCR. 

In the first set of experiments, a mouse neuroblastoma cell line, Neuro2A, was 

infected at an MOI of 3 with HSV strain 17syn+ and the infected cells harvested at 0, 3, 

6, and 9 hours post infection and chromatin extracted. The isolated chromatin was 

analyzed by ChIP for CTCF enrichment at five CTCF binding sites on the HSV-1 

genome dubbed B1, B2, B5, B6, and B7 (Figure 1-4) (51), and one viral negative 

control, UL20 (Figure 3-1). At 0 hpi, all of the CTCF binding sites assayed showed 

modest levels of enrichment of CTCF, ranging from ~2.84 fold to ~5.07 fold over 

UpHoxA5. Of the five CTCF binding sites, B1 appeared to have slightly higher 

enrichment. However, strikingly, the viral “negative” control UL20 is also enriched at 

roughly equivalent levels to the CTCF binding sites, despite being thousands of base 

pairs away from the nearest characterized CTCF binding site. By 3 hpi, after immediate 

early gene expression is well underway and when early gene expression is beginning, 
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enrichment at B1 decreases to ~61.5% (~1.62 fold decrease) of the levels at 0 hpi, and 

enrichment at B2 also decreased by a smaller margin to ~87.6% (~1.14 fold decrease). 

The other HSV-1 loci assay, however, increased slightly in enrichment; the increases 

ranged from ~7.4% increase at B7 to ~31.4% increase at B6. At 6 hpi, enrichment at the 

loci assayed has decreased, to between ~29.6% at B1 (~3.78 fold decrease) and 

~57.1% at B7 (~1.75 fold decrease) of the enrichment seen at 0h.  A similar degree of 

enrichment is observed by 9 hpi, with the ratios being essentially identical to those 

observed at 6 hpi. By 9 hpi, enrichment at all sites assayed is further decreased, with 

observed decreases in enrichment compared to 0 hpi ranging from 4.75 fold at B1 to as 

much as 9.22 fold at B6, with enrichment of all but the B1 site being either at or below 

that of the cellular negative control. These data indicate that there is an overall 

decrease in enrichment of CTCF at the previously characterized CTCF insulator sites 

on the HSV-1 genome over the course of the lytic infection.  

When infection was carried out in Neuro2A cells at a lower multiplicity, an MOI of 

0.2, an interesting result came forth (Figure 3-2). At 0 hpi, the mean enrichment, 

compared to the higher multiplicity experiment (Figure 3-1), was greatly increased, with 

the mean enrichment ranging from 12.0 to as high as 30.3 fold compared to UpHoxA5. 

As in the case of the high multiplicity experiment though, B1 remained the most 

enriched viral target examined, and enrichment at the UL20 site was observed at levels 

comparable to most of the viral CTCF binding sites analyzed. As infection progressed to 

3 hpi, the overall enrichment of CTCF on the HSV-1 genome decreased, much like in 

the high multiplicity study. The enrichment at the B1 site remains higher than other 

targets analyzed. The enrichment at 3 hpi, compared to 0 hpi, ranges from ~54% (~1.85 



 

41 

fold decrease) at B5 to ~75% at UL20 (~1.33 fold decrease). At 6 hpi, the overwhelming 

majority of enrichment is no longer observed. Unlike the high multiplicity experiment, 

enrichment above the level of cellular control can be measured here. Compared to 0 

hpi, enrichment at 6 hpi ranges from ~10.3% (~9.70 fold) at B5 to ~19.5% (~5.13 fold) at 

UL20. By 9 hpi, as was seen in the MOI 3 samples, the majority of regions assayed for 

enrichment showed less enrichment than the cellular negative UpHoxa5 (B2, B5, B6, 

B7). The B1 and UL20 regions remained slightly more enriched than the cellular 

negative control at 2.6 and 1.4 fold over UpHoxa5, respectively. In the low multiplicity 

infections, after 9 hpi, enrichment reached between 4.4% (~22.6 fold decrease) and 

8.6% (~11.6 fold decrease) at B6 and B1 respectively. As was observed in the MOI 3 

experiment, enrichment at UL20 remained comparable to that at the CTCF binding sites 

investigated.  

In comparison, low multiplicity infection yielded an enrichment of CTCF on the 

genome greater than high multiplicity infection which ranged from ~7.6 fold greater at 

B2 up to ~17.1 fold greater at B6. Low multiplicity infection also differed from high in 

which regions underwent the greatest reduction in CTCF enrichment over time, as B2 

and B6 both decreased to just ~4.9% of their initial enrichment, whereas the greatest 

change in a high multiplicity infection occurred at B1, which dropped to ~27.6% of the 

enrichment observed at 0 hpi. 

Two conclusions can be wrought from the data presented in these experiments: 

first, CTCF associates with the genome very quickly after infection in an apparent 

nonspecific fashion, and second, this enrichment decreases markedly over time. 

Potentially, the cell is organizing the incoming genetic material. The apparent non-



 

42 

specificity of this association, as demonstrated by the precipitation of UL20 from these 

samples, could be explained in a number of ways. The UL20 signal could represent 

background for the assay; that it is truly nonspecific and the ChIP is very low efficiency. 

This is argued against by the cellular controls, and that UL20 is detected as being 

enriched compared to the cellular negative region UPHOXA5 and by the ChIP validation 

as well. It is also possible that CTCF, which has a high polymorphic binding sequence, 

is binding to an unidentified DNA element near to the UL20 primer probe binding site, 

indicating a specific precipitation at the UL20 locus. Thirdly, CTCF could be binding the 

genome and orienting it into a complicated three-dimensional structure, which brings the 

UL20 region in close proximity to CTCF enriched areas din three-dimensional space. 

This could mean during crosslinking, this region may be linked to areas of CTCF 

enrichment, and thus precipitated during ChIP. This possibility will be further elaborated 

on in the discussion chapter. 

In summary, CTCF is enriched on the HSV-1 genome very early in the infection 

process, but to a much greater degree in a low multiplicity infection as compared to a 

high multiplicity infection. In general, CTCF enrichment on the HSV-1 genome 

decreases over time, but not equally: some of the binding sites in each multiplicity 

infection showed a greater decrease than others. This suggests that CTCF mediated 

regulation of some of these loci is specific in a multiplicity dependent fashion. However, 

the ChIP experiments lack the ability to discern biological function, and assessing the 

specificity of the precipitation would lend validity to this hypothesis. 
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CHIP of CTCF is Capable of Detecting Established Differences of Enrichment in 
an Analogous System 

 It became clear that the HSV-1 viral internal negative control region was either 

precipitating with CTCF or represented a very high background for the assay. In order to 

assess the validity of the immunoprecipitation, an experiment was devised in a 

heterologous but related system. The gammaherpesvirus Kaposi’s Sarcoma- 

associated Herpesvirus (KSHV) can be maintained as a Bacterial Artificial Chromosome 

or BAC in 293T cells (82). KSHV, like HSV-1, has CTCF binding sites within its genome; 

indeed this appears to be a hallmark of herpesviruses (62, 83–85). This system is highly 

advantageous as the cells are very simple to culture to large volume, all cells contain 

comparable numbers of the KSHV genomes, and there is a large and thorough 

literature base characterizing the binding of CTCF to these KSHV BACs. Upstream of 

the gene Orf 73, which encodes the Latency Associate Nuclear Antigen (LANA), there 

are three CTCF binding sites known to be occupied during both KSHV latency and 

quiescence in BACs. Additionally, in the experiments characterizing these binding sites, 

a region of very low CTCF enrichment was discovered (62, 63). BAC16 is a KSHV BAC 

constructed in response to the discovery that the widely used BAC36 contained a large 

gene duplication in the terminal repeat region (86). The design of this experiment was 

as follows: ChIP was performed for CTCF in 293T cells stably transfected with BAC16, 

and assess the ability to recapitulate the known findings.  ChIP and real-time PCR 

analysis of these sites were performed to determine the specificity and resolution of the 

CTCF precipitation. 
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Differences in CTCF Enrichment are Readily Detectable on BAC16 DNA in 293T 
Cells 

Previous experiments demonstrated that enrichment of CTCF on the HSV-1 

genome during lytic infection in cell culture, even though several of the HSV CTCF sites 

were more abundantly enriched in CTCF than others, the viral negative control UL20 

was enriched despite being thousands of bases away from a CTCF binding motif. In this 

set of experiments, we sought to confirm the specificity of the CTCF precipitation 

utilizing the heterologous BAC16 system described above. Thus, determining regions 

where purported high and low enrichment of CTCF was relatively straightforward. The 

293T-BAC16 ChIPs were validated by comparing the MINE upstream of c-Myc to that of 

the 18s rRNA gene, an average fold enrichment of 3.2 of MINE/c-Myc enrichment; 

these ChIPs validated (Figure 3-3 A). 

The validated ChIPs from 6 independent experiments were then analyzed using 

two primer probe sets designed against BAC16. The first primer set BS1, lies upstream 

of ORF73 and is known to be enriched for CTCF in this system. The second primer set, 

called BSNEG, amplifies a region within KSHV gene ORF34, and has been established 

to be barren of CTCF (Figure 3-3 B).  Real-time PCR analysis of precipitated chromatin 

from 293T-BAC16 cells shows a marked enrichment as measured with the BS1 primers, 

17.55 fold over 18s. Enrichment as measured by BSNEG, however, shows enrichment 

barely over that of the cellular negative control, just 1.42 fold over 18s. Comparison 

between BS1 and BSNEG shows that a difference of more than 10-fold enrichment can 

be readily detected using this CTCF ChIP. This ChIP is in accordance with the 

previously established high levels of enrichment at the CTCF sites in the Orf 73 

promoter region on BACs maintained in cell culture compared to the negative control 
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region, though these reports have shown a much larger difference, nearly ~100-fold 

(63). Enrichment in this prior work was calculated as fold over IgG-isotype control, so 

the differences between these experiments and previously published data may be 

explained by differences in the methodology.   

CTCF is Enriched on the HSV-1 Genome at Low Levels in 293T Cells 

Chromatin from 293T-BAC16 cells could then be used as a powerful tool while 

investigating CTCF enrichment on the HSV-1 genome. By infecting normal 293T cells in 

a manner parallel to previous experiments and then supplementing in a small 

percentage of chromatin from 239T-BAC16 cells prior to immunoprecipitation, the 

BAC16 targets could be analyzed in tandem with the HSV-1 targets. By performing this 

“chromatin spike” experiment, it would add another layer of confidence to the HSV-1 

data yielded and provide us another system in which we could study CTCF binding 

events to the HSV-1 genome during lytic infection. In order to confirm the ability to 

specifically precipitate HSV-1 DNA from infected cells in culture, 293T cells were 

infected with HSV-1 at a multiplicity of 0.2. This multiplicity was chosen as in previous 

experiments, enrichment of CTCF on HSV-1 was highest at lower multiplicity. Samples 

were harvested at 0, 3, 6, and 9 hpi, as before, and analyzed by real-time PCR (Figure 

3-4). Strikingly, when compared with enrichment of CTCF in Neuro2A cells (Figure 3-1), 

enrichment on the HSV-1 genome is quite low, even at time 0. Indeed even at 0 hpi, 

when enrichment was highest in Neuro2A cells, the majority of CTCF binding sites in 

the HSV-1 genome are enriched at levels comparable to both the cellular negative 

control and the KSHV negative control region. The B1 and B5 regions both appear to be 

somewhat enriched for CTCF at 0 hpi, whereas enrichment at B6 is actually below that 

of the cellular negative control. The B6 and B7 regions also show low levels of 
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enrichment, both roughly two-fold over cellular negative control. Consistent with 

previous results, UL20 is comparably enriched to the CTCF binding sites in the HSV-1 

genome. An additional observation can be made that the KSHV negative site, BSNEG, 

is also similarly enriched to the majority of HSV-1 genome targets, while BS1 shows 

marked enrichment. By 3 hours post infection in 293T cells, a slight increase in 

enrichment can be observed at the B1 and B5 regions, despite the remainder of the 

HSV-1 targets changing very little. The B5 remains more enriched than other HSV-1 

targets analyzed. At 6 hpi, we observed a familiar phenomenon: enrichment of CTCF on 

the HSV-1 genome plummeted. In stark contrast to work in Neuro2A cells, however, 

HSV-1 site B5 remained enriched at this time point, at 2.59 fold enriched compared to 

18s. The B7 region, as well, showed some modest enrichment at this time point. By 9 

hpi, enrichment at all HSV-1 targets except B5 is at or below the level of the cellular 

negative control. The external controls in this experiment, the BAC16 targets BS1 and 

BSNEG, demonstrated that the precipitations were effective in demonstrating known 

enrichment patterns both from the previous experiment and published data. 

This experiment successfully validated the ChIP assay in determining CTCF 

enrichment both on the KSHV-BAC and on the HSV-1 genome. It also demonstrated 

that there may be a difference in the amount of CTCF that can be assembled during a 

lytic infection as compared to a quiescent or latent infection. From this it could be 

extrapolated that the levels of CTCF enrichment on the HSV-1 genome during lytic 

infection would be lower than that of latent infection, and indeed recent reports suggest 

that enrichment during latency in sensory neurons can approach ~100 fold greater than 

cellular negative controls (87). Thus, CTCF is enriched on the HSV-1 genome during 
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lytic replication at a lower level than that observed during latency, but the experiments 

thus far have yet to establish regulatory significance for the levels of enrichment 

discovered at the CTCF binding sites on the HSV-1 genome. 

A Viral Mutant with an Abrogated Transcriptional Program Exhibits Altered CTCF 
Enrichment 

 The experiments so far have demonstrated that CTCF is indeed enriched on the 

HSV-1 genome, and the enrichment wanes to barely discernable levels as infection 

progresses. This decreasing enrichment begins early in infection, by 3 hpi, when IE 

class genes are robustly expressed at E class of genes can be detected. It was unclear 

at this point what the mechanism for evacuation of CTCF from the HSV-1 genome 

during infection may be. 

 At cellular loci, control of CTCF occupancy of binding elements is executed in 

many different ways. One such way is through transcription, in some instances, can be 

intimately involved in the process of flux in CTCF occupancy, both as a consequence 

and as a driving force behind eviction. For example, the lysozyme locus in the chicken 

contains a CTCF binding element that is nearly constitutively bound, unless the cell is 

stimulated with lipopolysaccharide (88). Stimulation induces a massive chromatin 

remodeling event in which nucleosomes are repositioned into the CTCF binding site, 

and CTCF is evicted. Moreover, it was shown that this eviction process required to 

stimulate gene expression from this locus is dependent directly on transcriptional 

elongation. 

The HSV-1 transcriptional program is well characterized. Catalysis of viral 

transcription is mediated by a protein carried into the infected cell in the tegument of the 

virion known as VP16, which, upon entering the cell, translocates to the nucleus, binds 
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to cell transcription factors Oct-1 and HCF-1, and binds to the promoter elements of 

HSV-1 immediate early genes (see for more details see Chapter 1)(89). These 

immediate early genes include ICP4, which is a critical transactivator for downstream 

gene expression of viral genes in the early class which contain the machinery 

necessary for DNA replication. ICP4 deletions are lethal and viruses containing 

inactivating mutations of ICP4 must be propagated on complementing cell lines (22).  

The following experiments were performed in order to establish a role for viral 

transcription in the perceived eviction of CTCF on the HSV-1 genome.  A genetic 

approach was utilized by analyzing an ICP4 null virus known as KD6 in tandem with its 

parent wild-type strain KOS (81). KD6 contains a large deletion in ICP4, rendering it 

functionless: the viral transcriptional program is greatly abrogated and the virus is 

unable to replicate. With these tools we investigated events seen early in infection, 

between 0 and 3 hours post infection of the cells, in order to focus on the potential role 

for viral transcription mediated by ICP4 expression rather than the effect of DNA 

replication on the enrichment of CTCF on the viral DNA. In this experiment, early 

infection was the focus since in previous work, CTCF enrichment in Neuro2A cells had 

been highest at 0 and 3 hpi. Additionally, the transcriptional defect in KD6 resulting from 

the ICP4 deletion occurs in this window as well. A low multiplicity was used in this 

experiment since in previous work in Neuro2A cells, a low multiplicity gave the greatest 

possibility for resolution between positive and negative enrichment. 

The experiment was performed as follows. Neuro2A cells were infected either 

with the ICP4-deletion virus KD6 or with the parental strain KOS at an MOI of 0.2. ChIP 

of CTCF was performed at 0 and 3 hours post infection and enrichment on the HSV-1 
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genome was performed as before. It should be noted that since the ICP4- mutant used 

in this study’s parent is HSV-1 strain KOS, which varies significantly from HSV strain 

17+ used in the previous CTCF ChIP experiments, an analysis of CTCF binding was 

also performed using this wild-type HSV-1 strain. 

ChIP from both KOS and KD6 infected Neuro2A cells validated readily (Figure 3-

5 A and 3-6 A). KOS cells at 0 hpi displayed an enrichment pattern for CTCF that was 

distinct from that seen in previous experiments using HSV-1 strain 17+ (Figure 3-6 B). 

Most prominent is the robust enrichment of CTCF at B5, downstream of ICP4, 

especially when taken into account that the next most enriched target is less than half 

as enriched (B5 versus B1, 24.4 fold versus 10.35 fold, respectively). The next most 

enriched viral target is UL20, at 8.5 fold more enriched that UpHoxA5, and B2 and B6 

have similar mean enrichments at 4.78 and 4.5 fold, respectively.  

At 3 hpi, enrichment on the KOS genome changed drastically compared to 0 hpi. 

Shown in Figure 3-5A, one of the most striking observations is that from sample to 

sample, the variability increases dramatically. Additionally, enrichment at all loci except 

for B1 increased as infection progressed. The pattern of mean enrichment has also 

changed: B7 now displays the highest level of enrichment at 19.16 fold over negative 

control which represents a 4.26-fold increase in enrichment. Enrichment of CTCF has 

dropped at B5 to enrichment of 17.77-fold above the cellular negative control. 

Enrichment increased at B2 and B6, enrichment at B6 more than doubled. B1, formerly 

second most enriched at 0 hpi, has comparatively little enrichment for CTCF, with a 

mean of just 3.38 fold over the cellular negative control. This represents a 3.1-fold 

decrease in the enrichment at 3 hpi compared to 0 hpi at B1. Lastly, enrichment at UL20 
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increased as well from 0 to 3 hpi by roughly half again as much. This demonstrates a 

markedly different interaction with CTCF for strain KOS than for strain 17+. Most 

enriched at 0 hpi for 17 was region B1, which was the least enriched at the same time 

point in KOS. B5, which exhibited the greatest enrichment at 0 hpi in strain KOS 

displayed only modest enrichment in infection in strain 17+ when compared with other 

loci assayed. This is highly suggestive that perhaps different strains of HSV-1 have 

different relationships with CTCF during the lytic infection.  

Enrichment of CTCF as measured by ChIP on the KD6 genome at 0 hpi displays 

a similar pattern to that of its parent strain (Figure 3-6B). B5, which is proximal to but 

outside of the lesion in ICP4, remains the most enriched viral target assayed at 0 hpi, at 

27.58 fold over UpHoxA5. B6 is the least enriched again at 8.27 fold over UpHoxA5, 

nearly identical to the enrichment at UL20 in this assay. B7 and B1 exhibit very similar 

enrichment as well, at 10.93- and 10.65-fold over UpHoxa5, respectively. B2, 

interestingly, in the absence of ICP4, appears to accumulate CTCF at a levels higher 

than that of B1, in stark contrast to what was observed for the parent strain (Figure 3-5).  

KD6, at 3 hpi, bears much more resemblance to its respective 0 hpi enrichment 

than does strain KOS. Enrichment at the B1, B6, and B7 sites changed very little, 

decreasing slightly at B1 and B7, and increasing slightly at B6. Enrichment at B5 is also 

slightly decreased despite remaining the most enriched target of analysis on the viral 

genome, at 20.97 fold over upHoxA5. The most striking increase, however, occurs at 

B2, which nearly doubled in enrichment from 13.52-fold over UphoxA5 to 21.71-fold. 

UL20 shows the least enrichment for CTCF at 3 hpi, dropping to just 5.45-fold over 

UphoxA5. This experiment highlights that there is an interplay between CTCF 
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enrichment on the HSV-1 genome and viral transcription as a transcriptional defect 

resulted in a markedly different enrichment pattern of CTCF, and that transcription may 

play a role in the remodeling of CTCF binding. 

Strain KOS exhibits a distinct enrichment pattern of CTCF at 0 hpi compared to 

strain 17+. In this experiment, the CTCF binding element immediately downstream of 

ICP4 displays robust enrichment compared to any other target measured, ranging from 

2.35-fold greater enrichment than the next highest B1 to 14.8-fold greater enrichment 

than B6 which is barely more enriched for CTCF than the cellular negative control. It is 

an attractive hypothesis that perhaps this strain of HSV-1 has a specific recruitment 

pattern of CTCF during lytic replication, but this would be argued by the enrichment 

pattern at 3 hours post infection, where enrichment is wildly variable and the majority of 

the CTCF binding sites assayed have comparable enrichment to that of UL20. In strain 

KOS, at 3 hours post infection, the least enriched viral targets are those which reside 

within the repeat long region of the genome, and encompass the LAT locus.  

In the absence of the major viral immediate-early transactivator protein ICP4, 

however, CTCF enrichment on the viral genome appears more static over time. The 0 

hpi enrichment pattern that in KD6 shows that B5, immediately downstream of ICP4 is 

greatly enriched for CTCF, a levels that are comparable to those seen in for both wild-

type strains KOS and 17+.  This shows that even in the presence of a large deletion in 

the proximal ICP4 region, CTCF enrichment is unperturbed. Enrichment at B6, however, 

which is on the opposite flanking side of ICP4 demonstrates enrichment comparable to 

that of UL20 but is greater than that observed at B6 in strain KOS. However, with the 

terminal abrogation of the viral transcriptional program, enrichment of CTCF changes 
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very little by 3 hpi. Interestingly, B2, downstream of the LAT locus, is increased in 

enrichment at 3 hpi, and B5 decreases to where the two are enriched at nearly the 

same level. What is markedly absent in KD6 is the drastic changes in enrichment seen 

in the parent strain KOS. B1, and B7 are nearly unchanged, decreasing in mean 

enrichment, where B6 increases to the point where the three regions are enriched 

almost equivalently. This suggests that in the absence of ICP4, the changes in CTCF 

enrichment seen in wild-type KOS which takes place by 3 hours post infection cannot or 

does not occur.  

There are several potential explanations for the differences observed in the flux 

of CTCF enrichment on KOS versus that of KD6. First, there may be an HSV-1 gene 

product downstream of ICP4 transactivation which is responsible for orchestrating how 

CTCF interacts with the HSV-1 genome.  CTCF is known to be post-translationally 

modified (59, 60) and perhaps part of the DNA metabolism machinery which remains 

unexpressed in KD6 infection has a role in modifying and removing CTCF from the 

genome. Another possible explanation is that the restructuring of CTCF from the HSV-1 

genome in this case is more intrinsically tied to the transcriptional machinery itself, 

much like in the case of the chicken lysozyme locus (88). However, this argument is 

complicated by the observation that in the wild type virus KOS CTCF enrichment at the 

majority of loci assayed increased, as opposed to the observed decrease in previous 

experiments. Surveying strain KOS for CTCF enrichment at later time points, and 

correlating these changes with transcription in each strain, would be crucial for 

understand how this particular strain of virus copes with CTCF binding to the genome 

during replication. 
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Taken in concert, these data suggest that CTCF binding early in infection seems 

to be temporally linked to transcription and that by altering the transcriptional program of 

HSV-1, the pattern of CTCF binding to the genome can be subsequently altered during 

lytic infection in culture.  

Depletion of CTCF by siRNA Knockdown Alters HSV-1 Replication and Gene 
Expression 

 The experiments presented thus far in this document have demonstrated that in 

neuronal like cells, CTCF is enriched on the HSV-1 genome early in infection, this 

enrichment wanes as infection progresses, and by altering the transcriptional program 

of HSV-1 utilizing a genetic approach, the decrease in enrichment can be arrested. This 

suggests that viral transcription and CTCF binding to the HSV-1 genome may be 

interconnected. The progressive decrease of CTCF enrichment from the genome 

through HSV DNA replication would also suggest that perhaps CTCF occupancy on the 

HSV-1 genome is mutually exclusive to DNA replication. 

CTCF binding to herpesviral genomes has also been extensively studied in 

gammaherpesviruses in cell culture. For example, during latency of Kaposi’s Sarcoma-

associated herpesvirus (KSHV), CTCF is known to bind to the KSHV genome at three 

binding sites directly upstream of Orf73 which encodes that Latency Associated Nuclear 

Antigen. This binding site was shown to form a chromatin loop which isolated the region 

of the KSHV genome which is transcriptionally active during latency (63). Moreover, the 

LANA promoter is also brought into space proximal the Orf 50, which encodes the major 

switch protein RTA, hypothesized to poise the RTA promoter or expression 

(subsequently driving reactivation). Indeed, when reactivation is induced either by 

ectopic expression of RTA or by stimulating with sodium butyrate, CTCF binding to 
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these sites in the latency region nearly completely disrupted, and consequently the 

chromatin loops formed are also lost as lytic gene expression progresses. Though the 

process of reactivation from latency is not perfectly identical to a de novo infection, it 

appears that for herpesviral replication and lytic gene expression, CTCF must be 

removed from the genome. 

In order to determine whether the relatively low levels of CTCF binding to the 

HSV-1 genome during the early phases of the lytic infection plays a biological role, an 

siRNA approach was used to deplete CTCF from host cells prior to infection with HSV-1 

strain 17syn+, at both a low and high multiplicities of infection. By measuring the 

amount of viral DNA by real-time PCR analysis and the expression of viral genes at the 

mRNA level, we proposed that the biological contribution of CTCF to HSV-1 

transcription and replication could be discerned. 

Viral DNA Accumulates to Higher levels in Cells Depleted for CTCF 

To determine the biological consequence of CTCF binding to the HSV-1 genome 

during lytic infection, Neuro2A cells were treated with a pool of siRNAs directed against 

CTCF for 48 hours prior to infection. Knockdown was confirmed with western blot 

analysis of cellular lysates, and confirmed nearly total ablation of CTCF in the cell by 

western blot (data not shown). Cells were then infected with HSV-1 strain 17syn+ at a 

multiplicity of either 3 or 0.2. For cells infected at MOI of 3, lysates were collected at 0, 

3, 6 and 9 hpi, in order to encompass a single round of replication. For the low 

multiplicity experiment, lysates were collected at 1, 6, 12 and 24 hpi, encompassing 2-3 

rounds of replication. To assay increases in viral DNA, lysates were analyzed by real-

time PCR to detect the viral pol gene, UL30. 
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In Neuro2A cells treated with non-targeting siRNAs and infected at a high 

multiplicity (MOI = 3), viral increases in DNA are detected at 6 hours post infection 

(Figure 3-7). There appears to be no increase by 3 hours post infection, as would be 

expected since early gene expression would have only just begun by this time. By 6 hpi, 

the amount of viral DNA pol signal is almost 3 times that of the input displayed at 0 hpi. 

By the latest time point measured in this assay, the quantity of HSV-1 DNA as measure 

by PCR is nearly 7.97 fold greater than that of the input levels as determined by 0 hpi.  

Cells infected at a multiplicity of 3 treated with siRNAs against CTCF, however, 

display a different magnitude to the increasing viral DNA over time (Figure 3-8). Again 

at 3 hpi, little increase in viral DNA is detected. However, by 6 hpi, a dramatic increase 

in viral DNA can be observed, reaching levels 5.2 fold over input. By 9 hours, the 

difference between cells treated with non-targeting siRNA and those treated with 

siRNAs targeting CTCF becomes the most pointed. By 9 hpi, viral DNA reached levels 

14.1 fold greater than that of input DNA, indicating that over a 9 hour replicative cycle at 

this multiplicity, knock down of CTCF yields a nearly two-fold increase in the amount of 

viral DNA produced. 

The low MOI study provided similar results. Cells transfected with non-targeting 

siRNAs showed an increase at of viral DNA to about 2 fold compared to input. By 12 

hours post infection, samples displayed 8.5 times as much viral DNA. At 24 hours post 

infection, after several rounds of viral replication, non-targeting siRNA treated cells 

exhibited a 39.4 fold increase in viral DNA over 0 hpi. In cells with depleted CTCF, at 6 

hpi we see an increase of 2.54 fold over input. Viral DNA in these samples continues to 

increase by 12 hpi, by which point levels have reached 14.1 fold over input levels at 0 
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hpi. By 24 hours post infection, however, the amount of DNA pol signal has reached a 

level 76.7 time that of 0 hpi, indicating a massive increase in the amount of viral DNA in 

the sample. 

 At a high multiplicity, depletion of cells of CTCF appears to increase replication in 

a 9 hour infection period by nearly 2 fold compared to cells treated with non-targeting 

siRNAs. The anti-CTCF siRNA treatment seemed to begin to accelerate the 

accumulation of HSV-1 DNA by 6 hours post infection, reaching 1.7 fold more DNA in 

CTCF-depleted cells versus non-targeting treated cells. By the end of a single round of 

replication, this difference remains nearly consistent, which suggests that perhaps 

overcoming the early binding of CTCF moves the time table for accumulation of viral 

DNA forward. 

Low multiplicity infection coupled with depletion of CTCF by siRNA corroborates 

this finding. In the lower multiplicity infection, the difference in non-targeting siRNA 

treated cells and cells depleted for CTCF is less pronounced at 6 hpi, treated cells 

exhibiting just 1.36 fold more DNA than non-targeting treated cells. By 12 hpi, the 

difference is much more pronounced. Cells treated with siRNA displayed a 14.1 fold 

increase in DNA compared to 0 hpi, whereas non-targeting siRNA treated cells showed 

just an 8.5 fold increase in DNA. The difference of siCTCF treated cells compared to 

non-targeting at this point is again about 1.7 fold. By 24 hpi, the difference in viral DNA 

present between treatments increases further still. Compared to non-targeting siRNA 

treated cells, cells treated with CTCF siRNA showed nearly 2 fold more HSV-1 viral 

DNA at the latest time point. In summary, depletion of CTCF by siRNA treatment 

yielded an increase in viral DNA indicating perhaps that CTCF is inhibitory to infection. 
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As demonstrated in previous experiments, altering the transcriptional program of HSV-1 

altered the CTCF enrichment on the genome, then depletion of CTCF may 

consequently effect viral transcription. 

Viral Gene Expression after Depletion of CTCF by siRNA 

Analysis of HSV-1 mRNA levels was performed using RT-qPCR for genes from 

each temporal class of expression: ICP0 and ICP4 from the IE class, thymidine kinase 

from the E class, and UL20 from the L class of genes. Viral gene targets were 

normalized to the cellular 18s rRNA. (Figures 3-8 and 3-9)  

At MOI of 3 as show in in Figure 3-8, ICP0 expression can be detected at very 

low levels at 0 hpi in Neuro2A cells treated with both non-targeting and anti-CTCF 

siRNAs, indicating that transcription of ICP0 is initiated quickly after the HSV-1 genome 

reaches the nucleus of the infected cell.  Even at this early time point, there is a 

difference between the amounts of ICP0 between treatments: cells depleted for CTCF 

have accumulated roughly 60% as much ICP0 mRNA as cells treated with non-targeting 

siRNA. This deficit of ICP0 mRNA remains consistent throughout the course of the 

infection, CTCF-depleted cells displaying between 50-65% the amount of ICP0 as non-

targeting treated cells. ICP4 transcription also shows a differential pattern when CTCF 

is knocked down prior to infection. ICP4 is undetectable at 0 hpi, but by 3 hpi ICP4 is 

expressed in both treatments, at which point ICP4 mRNA has accumulated to only 78% 

of the level of non-targeting siRNA treated cells. By 6 hpi, the ICP4 level in siRNA 

treated cells is just 68% of that than in cells transfected with non-targeting siRNAs. By 9 

hpi, ICP4 transcript detectible in siRNA treated cells has dropped to just 50% of that of 

non-targeting siRNA treated cells. Expression of thymidine kinase can be detected in 

Neuro2A cells as early as 3 hpi. Knockdown of CTCF in infected cells prior to infection 
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had little effect on the thymidine kinase mRNA levels at 0, 3, and 6 hpi. However, by 9 

hpi, post replication, the levels of tk mRNA detectible in cells treated with anti-CTCF 

siRNA are again decreased compared to non-targeting siRNA treated cells. UL20 

expression in siRNA treated cells shows a different trend than any of the previous 

transcripts analyzed. Detectible by 3 hpi, cells depleted for CTCF have roughly 25% 

more UL20 mRNA than non-targeting siRNA treated cells, and this relative increase 

persists over the course of the infection and reaches a difference of more than 30% by 

9 hpi. 

In cells depleted for CTCF infected at a low multiplicity, we see a slightly different 

pattern off change in mRNA detectible post infection (Figure 3-9). In this experiment, the 

effect on ICP0 transcription in siRNA treated cells was opposite of that in high 

multiplicity infection. At 0 hpi, ICP0 transcript was undetectable in either treatment, 

however by 6 hpi a difference could be discerned, as siCTCF treated cells showed 4.7-

fold more ICP0 transcript. At 12 and 24 hpi, ICP0 levels in siRNA treated cells remained 

higher than those in non-targeting treated cells, at 2.1- and 2.0-fold higher, respectively. 

ICP4 transcript levels, however, displayed a much different trend, as cells treated with 

siRNA against CTCF generally accumulated less ICP4. In this experiment, ICP4 

transcript levels were beyond the limit of detection for RT-qPCR until 12 hpi, at which 

point non-targeting siRNA treated cells exhibited ~3-fold more ICP4 mRNA than cells 

treated with siRNAs against CTCF. This 3-fold increase was carried through to the 24 

hpi time point, despite both treatment groups displaying an increase in ICP4 

transcription. Transcript levels for tk between treatment groups display a difference at 6 

hpi, where anti-CTCF siRNA treated cells show a 2.4-fold increase in tk transcript. The 
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difference between the two treatment groups, though, decreases as time post-infection 

progresses, dropping to just 1.15 increase compared to non-targeting treated cells at 12 

hpi, and by 24hpi, amounts of tk transcripts detectible between treatment groups is 

equal. UL20 transcript in either treatment group at this MOI was not detectible until 

12hpi, at which point non-targeting siRNA treated cells show robust expression, were as 

siCTCF treated cells did not. However, by 24 hours, cells treated with siRNA against 

CTCF have recovered UL20 transcript levels comparable to those in non-targeting 

siRNA treated cells. Taken in concert, these data suggest that CTCF does indeed play 

a role in regulating HSV-1 transcription, and this role may be different depending on 

multiplicity of infection. 
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Figure 3-1. CTCF Chromatin Immunoprecipitation in Neuro2A cells infected at MOI 3. 

A) Relative quantities of immunoprecipitated DNA as measured by real-
rime PCR for cellular positive (MINE) and negative (UPHOXA5) controls. 
Means are presented as black bars. B) Enrichment of CTCF as 
determined by ChIP at targets on the HSV-1 genome at 0, 3, 6 and 9 
hours post infection. Means are presented as height of bars and error bars 
represent standard deviation. 
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Figure 3-2. CTCF Chromatin Immunoprecipitation in Neuro2A cells infected at MOI 

0.2. A) Relative quantities of immunoprecipitated DNA as measured by 
real-rime PCR for cellular positive (MINE) and negative (UPHOXA5) 
controls. Means are presented as black bars. B) Enrichment of CTCF as 
determined by ChIP at targets on the HSV-1 genome at 0, 3, 6 and 9 
hours post infection. Means are presented as height of bars and error bars 
show standard deviation.  
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Figure 3-3. CTCF Chromatin immunoprecipitation in 2932T cells harboring KSHV 

DNA maintained as BAC16. A) Relative quantities of immunoprecipitated 
DNA as measured by real-rime PCR for cellular positive (MINE) and 
negative (18s) controls. Means are presented as black bars. B) 
Enrichment of CTCF as determined by ChIP at targets on BAC16 DNA. 
Means are presented as height of bars and error bars show standard 
deviation. 
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Figure 3-4. CTCF Chromatin Immunoprecipitation in 293T cells. A) Relative quantities 
of immunoprecipitated DNA as measured by real-rime PCR for cellular 
positive (MINE) and negative (18S) controls. Means are presented as 
black bars. B) Enrichment of CTCF as determined by ChIP at targets on 
the HSV-1 genome at 0, 3, 6 and 9 hours post infection. Sheared 
chromatin from 293T-BAC16 cells was added prior to immunoprecipitation 
and analyzed at BS1 and BSNEG as an external control. Means are 
presented as height of bars and error bars represent standard deviation. 
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Figure 3-5. CTCF Chromatin Immunoprecipitation in Neuro2A cells infected with HSV-
1 strain KOS. A) Relative quantities of immunoprecipitated DNA as 
measured by real-rime PCR for cellular positive (MINE) and negative 
(UPHOXA5) controls. Means are presented as black bars. B) Enrichment 
of CTCF as determined by ChIP at targets on the HSV-1 genome at 0 and 
3 post infection. Means are presented as height of bars, and error bars 
show standard deviation. 
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Figure 3-6. CTCF Chromatin Immunoprecipitation in Neuro2A cells infected with HSV-
1 ICP4 deletion virus KD6. A) Relative quantities of immunoprecipitated 
DNA as measured by real-rime PCR for cellular positive (MINE) and 
negative (UPHOXA5) controls. Means are presented as black bars. B) 
Enrichment of CTCF as determined by ChIP at targets on the HSV-1 
genome at 0 and 3 post infection. Means are presented as height of bars, 
and error bars show standard deviation. 
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Figure 3-7. Viral DNA in cells treated with siRNA against CTCF and infected at MOI 3. 
Neuro2A cells were either transfected with a non-targeting control pool of 
siRNA (NT) or ON-TARGET SMARTpool siRNA against CTCF (siCTCF) 
and then infected with HSV-1 at a MOI of 3. At 0, 3, 6 and 9 hours post 
transfection, DNA was harvested and viral DNA was quantified by real–
time PCR for the viral pol gene UL30. Quantity of viral DNA detected was 
normalized to 0 hpi which is considered representative of input. Error bars 
show standard deviation. 
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Figure 3-8. Viral DNA in cells treated with siRNA against CTCF and infected at MOI 

0.2. Neuro2A cells were either transfected with a non-targeting control 
pool of siRNA (NT) or ON-TARGET SMARTpool siRNA against CTCF 
(siCTCF) and then infected with HSV-1 at a MOI of 3. At 0, 6, 12 and 24 
hours post transfection, DNA was harvested and viral DNA was quantified 
by real –time PCR for the viral pol gene UL30. Quantity of viral DNA 
detected was normalized to 0 hpi which is considered representative of 
input. Error bars show standard deviation. 
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Figure 3-9. Viral transcript levels in Neuro2A cells infected at MOI of 3 after treatment 

with either non-targeting (NT) or anti-CTCF siRNA. Viral mRNA amounts 
were normalized to 18s rRNA. Mean is shown as height of bars, and error 
bars show standard deviation. 
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Figure 3-10. Viral transcript levels in Neuro2A cells infected at MOI of 0.2 after 

treatment with either non-targeting (NT) or anti-CTCF siRNA. Viral mRNA 
amounts were normalized to 18s rRNA. Mean is shown as height of bars, 
and error bars show standard deviation  
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CHAPTER 4 

DISCUSSION AND CONCLUSIONS 

The experiments described in this dissertation set out to determine if the insulator 

binding protein CTCF, which binds to the HSV-1 genome during latency as discussed in 

Chapter 1, plays a role in the lytic replication of the virus. This was assessed first by 

determining if CTCF was enriched on the HSV-1 strain 17syn+ genome during lytic 

infection utilizing ChIP.  CTCF was found to bind to the CTCF binding elements as well 

as to distal regions of the genome very early in the infection process, and this 

enrichment was greater in a lower multiplicity infection than in a higher multiplicity. The 

validity of the precipitation was confirmed with the cellular controls as well as the 

utilization of an external control utilizing KSHV BAC16 chromatin and infection in 293T 

cells, which also suggested that 293T cells were unable to assemble CTCF onto the 

genome as efficiently as Neuro2A cells. Subsequently, in order to assess the biological 

relevance of this binding, a viral mutant defective for transcription was discovered to 

have altered CTCF binding compared to its widl-type parent strain KOS. This 

experiment also showed that strain KOS and strain 17syn+ show differential patterns of 

CTCF enrichment. Lastly, utilizing siRNA to deplete CTCF from the cell prior to infection 

yielded greater amounts of viral DNA during replication and altered the transcription in 

ways that were dependent on MOI. 

The Effect of Multiplicity of Infection on CTCF Association with the HSV-1 
Genome 

Chromatin immunoprecipitation of CTCF on the HSV-1 genome shows that 

CTCF binds to the HSV genomes early in infection. The kinetics of this enrichment 

appear to be independent of the amount of incoming HSV-1 genetic material, as in both 
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high and low multiplicity infections, CTCF enrichment on the HSV-1 genome is highest 

at the 0 hour time point. The method of defining 0 hpi in this case is after a 1 hour 

adsorption incubation with the infection inoculum, is enough time for the initial portion of 

infection to take place: most of the input genomes are already in the nucleus by the time 

the 0 h time point is collected. In these experiments, at the 0 hour time, CTCF 

enrichment was highest, and then enrichment waned as time passed. By 6 hours, when 

DNA replication would be progressing, enrichment of CTCF plummeted in both low and 

high multiplicity infections (Figure 4-1). By the time progeny virus would be produced, 

enrichment was at very low levels. The low enrichment on the HSV-1 genome during a 

high MOI infection as compared to a low MOI infection could potentially be explained by 

the cell maintaining a limited pool of CTCF available to associate with the HSV-1 

genome, resulting in a titration free CTCF and lower enrichment with the increase in 

incoming viral genomes. These data agree with data measuring histone association with 

the HSV-1 genome during lytic infection, where early association followed by waning 

enrichment was also observed (69, 70). There are two possible explanations for the 

transient association of CTCF with the HSV-1 genomes early in infection and its loss 

after replication, which are not mutually exclusive. In the first scenario, the initial 

enrichment of CTCF on the HSV-1 genome titrates all of the available or unbound 

CTCF inside the infected nucleus. This would explain the dramatic drop in CTCF 

enrichment at 6 hours, when the nucleus is flooded with newly synthesized HSV-1 

genomes, and the cell is unable to synthesize CTCF protein due to viral shut down of 

the host transcription and translation machinery. This explanation could not, however, 

explain the reduction of CTCF enrichment by 3 hours post infection, as DNA replication 
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is not yet underway. A second possibility is that CTCF binding to the HSV-1 genome 

interferes with efficient replication of viral genomes and must then be removed prior to 

replication. This, evacuation of CTCF occurs on the HSV-1 genome in a mechanism 

either coupled with the transcriptional program of the virus or that there is a gene 

product responsible for eviction of CTCF. These two hypotheses, in the author’s 

opinion, work best in concert. At the initiation of infection, there is a limited available 

pool of free CTCF in the nucleus which can bind to the HSV-1 genome, and as viral 

transcription progresses more and more is evicted from the pre-replicative DNA. Then 

as DNA replication begins, the remainder of CTCF is evicted from the template 

genomes, and the amount of DNA unenriched for CTCF is greatly increased as 

replication progresses. 

Due to highly polymorphic nature of the binding sequence for CTCF, this single 

protein is uniquely capable of regulating vastly disparate regions of chromatin in 

seemingly mutually exclusive ways via the formation of loop domains. Flux in CTCF 

binding, for example can correlate with a change in physical conformation of the 

chromatin that is intrinsically tied to the change in transcriptional status; restructuring of 

chromatin loops mediated by CTCF may permit or prevent transcription at the target 

locus. Thus, in the venue of HSV-1 infection, it stands to reason that CTCF function 

would be similarly multifaceted. During latency in wild-type HSV-1 (strain 17syn+), when 

transcription is almost exclusively limited to the repeat long encoding the LAT, CTCF is 

shown to be enriched on the genome in a specific fashion, its binding correlating with 

known boundaries between regions of active transcription and the proximal lytic genes 

which are transcriptionally inactive. CTCF occupancy on the HSV-1 genome during 
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latency also appears to be specific: in all cases studied, enrichment at CTCF binding 

motifs was greater than that at lytic loci (51). During reactivation of HSV-1 in the mouse 

model, CTCF enrichment drops dramatically over the first hours post reactivation, 

considerably prior to when reactivation stimulated DNA replication could take place (87). 

With this extensive investigation into the events that can occur after HSV-1 DNA has 

established latency, the questions of the involvement of CTCF in the initial infection of 

the host cell had remained unanswered. The evidence in the studies presented here 

provides the first investigation of the initial events in HSV-1 infection that CTCF binds to 

HSV-1 DNA as it enters the nucleus prior to the activation of the viral transcriptional 

program (Figure 3-1 and 3-2). The data presented in Chapter 3 also correlates well with 

the observed eviction of CTCF following reactivation stimulus: CTCF occupancy of the 

HSV-1 genome may in fact not be compatible with efficient lytic gene expression. In 

fact, in the reactivation study, at 3 hours post stimulus, there was a depreciation of 

CTCF enrichment on the 17syn+ genome that parallels our observations during lytic 

replication in Neuro2A cells (87). CTCF is known to play roles in both potentiating and 

activating transcription as well as silencing it, so it’s multifaceted role in HSV-1 biology 

is consistent with the cellular biology (52, 79, 90). 

As CTCF can be post-translationally modified by cellular Pc2, which is an E3 

family ligase of the ubiquitin related polypeptide group SUMO, which corresponds to 

transcriptional repression (61). ICP0 has been shown to mediate proteosomal 

degradation of SUMOylated proteins in HSV-1 infection by recognizing SUMO via its C-

terminal domain and subsequent ubiquitination of the SUMO group (91). This suggests 

that if SUMOylated CTCF is bound to the HSV-1 genome, ICP0 may be involved in 
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recognizing it and orchestrating its removal from the genome. It is not known, however, 

if CTCF is degraded during HSV-1 infection. Were CTCF to be subjected to widespread 

degradation mediated by ICP0, a change in the ability to reliably validate the ChIP via 

cellular controls would be expected, and this was not observed. This could potentially 

be explained by recruitment of largely SUMOylated CTCF to the HSV-1 genome as 

compared to the cellular positive control, and thus the posited ICP0-mediated 

degradation of CTCF would effect CTCF bound to the HSV-1 genome preferentially. 

This warrants the investigation of CTCF in viruses mutated in ICP0, which can be 

overcome viral transcriptional defect as a result of mutation by infection at a high MOI 

(30). Determining the post-translational modification status of the CTCF interacting with 

the HSV-1 genome and attempting to identify players in the removal of HSV-1 from the 

genome represent a next step in the process of understanding this interaction. 

The Relationship between HSV-1 Transcription and CTCF Occupancy  

The interplay between viral transcription and enrichment of CTCF was 

underscored by the studies of the transcriptionally defunct mutant KD6. When 

compared to its parent strain KOS during the course of the study presented within this 

document, the CTCF binding pattern in Neuro2A cells was remarkably static in the 

absence of E class gene expression. This suggests that either active transcription from 

the viral genome or perhaps a gene product downstream of ICP4 is responsible for 

orchestrating the global deregulation of CTCF that appears to occur prior to and during 

replication. These hypotheses are not mutually exclusive: potentially transcription of the 

immediate early genes is responsible for eviction of CTCF from the genome prior to the 

robust expression of ICP4, which is in the process of catalyzing E gene expression by 

the 3 hpi time point. 



 

75 

By utilizing siRNA to deplete cells of CTCF, this interaction between CTCF and 

viral transcription can be assessed from the other side of the equation. In both low and 

high multiplicity, transcript levels detectible between NT and CTCF-targeted siRNA can 

be discerned. The striking difference, though, is how depletion of CTCF effected given 

transcripts between the differing multiplicities of infection. In the high multiplicity 

infection, both ICP0 and ICP4 genes studied showed a lower transcript abundance as a 

result of knockdown. Low multiplicity infection shows a different story: ICP0 

accumulates to higher levels in siRNA treated cells compared to NT, whereas ICP4 is 

lower in treated cells compared to NT. This would suggest that CTCF plays a role to 

control the levels of IE transcript in different directions depending on amount of 

incoming genetic material, and its association with the genome helps to fine tune the 

transcription of immediate early genes. Early gene transcription here was largely 

unaffected by CTCF knockdown, as tk expression only differed between treatments late 

in a high multiplicity infection. UL20 expression in cells depleted for CTCF at high 

multiplicity is consistent with L gene expression being coordinated with DNA replication, 

as it shows somewhat increased expression in knockdown conditions which also 

resulted in higher DNA replication. However during a low multiplicity infection, in which 

knockdown of CTCF also yielded more DNA than in NT treated cells, UL20 transcript 

accumulated to equivalent levels only at 24 hpi. It is a notable caveat of this set of 

experiments that the data are presented normalized to the cellular transcript 18s, rather 

than compared or normalize to the amount of HSV-1 DNA in the infection, which makes 

comparison between the multiplicities in terms of absolute quantities difficult. If gene 

expression from the HSV-1 genome is correlated with CTCF binding, this would suggest 
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that perhaps at differing MOI, the interaction differs: perhaps CTCF forms different inter- 

or intra- genomic loops in a low multiplicity infection, resulting in differing gene 

expression very early during the infection process. Since enrichment is generally much 

higher in low multiplicity infection compared to high, perhaps the accumulation of CTCF 

at these loops changes the dynamics of these loop domains, or indeed it may change 

their shape entirely.  Investigating chromatin loops formed by the HSV-1 genome during 

low and high multiplicity infection using 3C analysis could be used to investigate this 

hypothesis. 

The final experimental set presented forth in this series supports the hypothesis 

that deposition of CTCF on the genome is a process that must be overcome by the virus 

in order to replicate. By depleting the nucleus of CTCF, HSV-1 is able to achieve a 

toehold in the nuclear architecture slightly ahead of schedule. This allows viral DNA 

replication to take place to a higher level and apparently begin earlier, which stands to 

reason as a mitigating factor no long has to be removed.  

Strain Differences in CTCF Enrichment 

When comparing the two different laboratory-passaged HSV-1 wild type strains 

used in these experiments, strain KOS appears to bind CTCF with a different pattern 

than does strain 17syn+ at very early times post infection, establishing CTCF directly 

downstream of ICP4 at higher levels than other loci assayed. What is most curious 

when comparing these two strains of HSV-1 is that KOS, unlike 17syn+, displays an 

overall increase in the enrichment of CTCF from 0 hpi to 3 hpi. This suggests that 

despite these two strains both being classified as wild-type virus, they exhibit vastly 

different replication mechanics. Indeed, these two strains have long-noted differences in 

the animal models. Strain 17syn+ is highly virulent and transcribes the LAT more 
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abundantly. KOS, however, is attenuated: orders of magnitude more virus can be 

utilized in mouse infections without causing mortality, and KOS reactivates inefficiently 

from latency in animal models (92). This certainly suggests that there is basic virology 

yet to be established in truly differentiating these two strains. KOS has yet to be 

investigated in latent binding of CTCF as well, and a comprehensive investigation of the 

way in which these two strains of HSV-1 interplay with CTCF is warranted. It would be 

beneficial to again compare strain 17syn+ and KOS in their ability to remove CTCF and 

examine regions of genome differences in an attempt to identify potential viral factors 

which may take an active role in the removal of CTCF, or important cis-elements that 

may be involved which may differ between the two strains. 

Cell Type Differences in Enrichment of CTCF on HSV-1 

Employing the BAC16 system to assist in the investigation of CTCF enrichment 

on the HSV-1 genome elucidated the potential that perhaps different cell types interact 

differently with the HSV-1 genome. Latency of HSV-1 is only possible in a highly 

restricted cell type: sensory neurons. When infecting 293T cells with HSV-1, the 

enrichment was quite low compared to that of Neuro2A cells. While neither 293T cells 

nor Neuro2A cells are truly normal cells, it is conspicuous that the more neuronal like 

cell displayed higher enrichment of CTCF on the HSV-1 genome. It is also known that 

neuronal cells replicate HSV less efficiently and produce less virus than other cells, 

suggesting perhaps a slightly more repressed phenotype of HSV-1 infection (93). Thus, 

cells can be envisioned to exist on a spectrum displaying the capacity to repress the 

HSV-1 genome. Far at one end would be the ultimate site of HSV-1 repression of lytic 

genes, the sensory neuron, in which lytic gene expression is tightly controlled during 

latency. On the other end of the spectrum would be cells which support high levels of 
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HSV-1 replication, such as epithelial cells which are less equipped to stem the tide of 

HSV-1 replication. It is important to note that even on the extremes of this seemingly 

diametrical opposition that it is not an all-or-nothing situation: there are latently infected 

neurons which express lytic genes albeit at low levels, and it is possible that even in 

tissue culture some cells harbor a less successful replicative cycle that those around 

them. Thus, even similar cells can be viewed as occupying a small range within the 

hypothetical gradient.  The experiments presented in this dissertation indicate that that 

Neuro2A cells and 293T cells occupy different areas of this spectrum, with 293Ts being 

closer to the permissive side and Neuro2A being closer to the repressed side (Figure 4-

2). 

Previous studies have been limited to the usage of animal models to study the 

interplay of CTCF and HSV-1. Sensory ganglia are a milieu of a variety of cell types. In 

studying latency or reactivation, one important caveat of the system is that the vast 

majority of the cells harvested in either a trigeminal ganglia or dorsal root ganglia are 

not latently infected with HSV-1 (94). This presents difficulty in attempting to study the 

role of differential cell types in the biology of HSV-1.  However, when comparing the 

levels of enrichment observed in latently infected mouse sensory ganglia to that 

observed in replication in cell culture, despite the presence of a large number of cells 

not harboring latent HSV-1 DNA, enrichment appears to much greater compared to lytic 

replication. It is worth noting, however, that it is difficult to draw direct conclusions 

between these sets of experiments due to the utilization of different validation primer-

probe sets between investigators. In Chapter 3, the utilization of chromatin from the 

heterologous 293T-BAC16 system as an external control allowed for the verification that 



 

79 

this lower level of enrichment in lytic culture is a real result, and not artifact of the assay. 

Utilizing cell culture models to investigate enrichment of CTCF in an epithelial cell 

provides an opportunity to investigate tissues otherwise not possible, such as that from 

humans. Despite the utility of animal models, the mouse model in particular is limited in 

its reproduction of disease in the native host. For example, as the mouse undergoes 

very little detectable spontaneous reactivation comparatively. Investigation of CTCF 

enrichment in a differential tissue from neuronal cells demonstrated that perhaps part of 

the tissue specificity of HSV-1 latency may be the levels of initial deposition of CTCF. 

Model for the Function of Early Lytic CTCF Enrichment 

The experiments presented here suggest that CTCF plays a small determining 

role in the kinetics of HSV-1 replication in neuronal cells.  The nucleus of the infected 

cell detects the incoming viral nucleic acid and attempts to assemble it into chromatin in 

order to gain control of expression of the genes encoded therein. In a lytic infection, the 

cells starts this arms-race off at a disadvantage as tegument protein vhs has already 

begun to destroy host mRNA and VP16 has begun to recruit host factors to catalyze 

transcription from the viral genome. This is a race the cell will ultimately lose. This 

suggests that cells that are more permissive to harboring/enforcing latent HSV-1 DNA 

(epithelial cells as opposed to neurons) may be capable of assembling chromatin 

factors onto the genome more effectively than others. How it is that the intracellular tug-

of-war between the virus and cell plays out so differently in sensory neurons to result in 

latency? It would be worthwhile to corroborate the findings of this document by 

comparing CTCF enrichment during lytic replication in a system where latency can be 

established, such as comparing the footpad epithelial cells to the DRG neurons in the 

mouse footpad model of latency. The mouse footpad model could further be pursued by 
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utilizing mice which contain a conditional knockout of CTCF, inducible by Cre-mediated 

recombination. By co-infecting with HSV-1 and AAV containing a Cre expressing 

transgene, the effect of depletion of CTCF from the neuron on establishment of latency 

can be discerned. AAV could similarly be employed to deliver siRNA to the ganglia in 

wild-type mice. Other models to study lytic replication of HSV-1 in neurons such as the 

trigeminal ganglia neuron culture system may also be useful in investigating this 

phenomenon further (95). 

In summary, the experiments described in this dissertation provide evidence that 

CTCF robustly binds to the HSV-1 genome early during infection of neuronal cells. This 

suggest that CTCF association with the genome may be a component of the cellular 

decision between lytic replication versus latency, and provide basis for continued 

investigation into the role of CTCF in other viral processes. Elucidation of the attempts 

by the cell to enforce chromatin on the HSV-1 genome can help widen the 

understanding the complicated process of latency establishment, and perhaps a return 

to latency after reactivation has occurred, affording a greater understanding of HSV-1 

biology. 
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Figure 4-1. Model of CTCF binding in Low and High Multiplicities. In Low multiplicity 

infection, the majority of HSV-1 genomes in nuclei are bound by CTCF, 
whereas in high multiplicity, the amount of free CTCF is titrated by the 
incoming HSV-1 genomes. As DNA replication progresses, the nucleus is 
flooded with viral DNA which is unbound by CTCF. 
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Figure 4-2. Potential to assemble CTCF onto incoming HSV-1 genetic material in 

order to establish chromatin and coordinate HSV-1 gene expression. 
Different cell types are differentially capable of depositing CTCF on the 
HSV-1 genome in an attempt to organize and potentially silence the HSV-
1 genome. Sensory neurons are singularly capable of forcing HSV-1 into 
latency. More neuronal like cells such as Neuro2A have some potential, 
but are unable to stem lytic replication. 293T cells in contrast are less able 
to assemble CTCF on the genome and therefore have limited potential to 
silence HSV-1. 
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