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Epstein-Barr virus (EBV) escapes host immunity by the reversible and epigenetic silencing of immunogenic
viral genes. We previously presented evidence that a dynamic chromatin domain, which we have referred to as
the latency control region (LCR), contributes to the reversible repression of EBNA2 and LMP1 gene tran-
scription. We now explore the protein-DNA interaction profiles for a few known regulatory factors and histone
modifications that regulate LCR structure and activity. A chromatin immunoprecipitation assay combined
with real-time PCR analysis was used to analyze protein-DNA interactions at �500-bp intervals across the first
60,000 bp of the EBV genome. We compared the binding patterns of EBNA1 with those of the origin recognition
complex protein ORC2, the chromatin boundary factor CTCF, the linker histone H1, and several histone
modifications. We analyzed three EBV-positive cell lines (MutuI, Raji, and LCL3459) with distinct transcrip-
tion patterns reflecting different latency types. Our findings suggest that histone modification patterns within
the LCR are complex but reflect differences in each latency type. The most striking finding was the identifi-
cation of CTCF sites immediately upstream of the Qp, Cp, and EBER transcription initiation regions in all
three cell types. In transient assays, CTCF facilitated EBNA1-dependent transcription activation of Cp,
suggesting that CTCF coordinates interactions between different chromatin domains. We also found that
histone H3 methyl K4 clustered with CTCF and EBNA1 at sites of active transcription or DNA replication
initiation. Our findings support a model where CTCF delineates multiple domains within the LCR and
regulates interactions between these domains that correlate with changes in gene expression.

Epstein-Barr virus (EBV) is a human gammaherpesvirus
that has been linked causally to several human malignancies,
including Burkitt’s lymphoma, Hodgkin’s disease, nasopharyn-
geal carcinoma, and lymphoproliferative disorders in the im-
munosuppressed (32, 53). Cell lines derived from EBV-asso-
ciated tumors or EBV-immortalized primary B lymphocytes
typically carry genomes as chromatin-associated, multicopy
episomes that rarely produce viral particles but do express
several viral genes essential for viral genome persistence and
cell survival in the infected host. The different patterns of viral
gene expression found during latency are referred to as latency
types, and these latency types correlate with cellular context
and tumor classification (63, 72). Latency type switching pro-
vides the virus with a strategy to stimulate B-cell proliferation
and subsequently avoid host immune detection and elimina-
tion of infected cells (62). Latency type selection is known to be
influenced by cell-specific transcription factors as well as by
epigenetic events, including DNA methylation, histone modi-
fications, and chromatin organization (3, 12, 17, 27, 43).

Upon primary infection of B lymphocytes, EBV latency tran-
scription initiates at one or more of the multiple Wp promoters
found within the long internal W repeat (70). Wp drives the
expression of the multicistronic message encoding EBNA1,
EBNA2, and EBNA3A-C (7, 57). Once EBNA1 and EBNA2
are sufficiently expressed, transcription initiation switches to
the Cp, and Wp expression is extinguished (56, 69, 70). Stable
expression of EBNA2 is sufficient to maintain a type III latency

in which the full set of latency gene products (EBNA1,
EBNA2, EBNA3A, EBNA3B, EBNA3C, EBNA-LP, LMP1,
LMP2, EBERs, BARTs, and microRNAs) is expressed. La-
tency type III is observed in EBV-immortalized lymphoblas-
toid cell lines and in EBV-associated non-Hodgkin’s lympho-
mas found in immunosuppressed individuals (71). In healthy
adult carriers, type III latency stimulates a potent immune
response, and cells expressing these viral antigens are elimi-
nated by the immune system. Through an incompletely under-
stood mechanism, Cp gene expression can be silenced and Qp
expression activated to establish a type I latent infection, in
which only EBNA1 is expressed (45, 55). This latency type
persists in memory B cells but can also be found in Burkitt’s
lymphoma tissue and derived cell lines (5). Type I latency is
thought to be essential for EBV survival in hosts with healthy
immune systems (62). DNA methylation of key regulatory el-
ements within the Cp correlates with transcription repression
during type I latency (47). However, the kinetics of DNA
methylation revealed that this event occurs subsequent to tran-
scriptional repression, suggesting that DNA methylation main-
tains but does not initiate the switch from type III to type I
gene expression (27).

Transcription of the Cp and LMP1 promoters is also regu-
lated by the EBNA1-dependent enhancer activity of OriP (2,
44, 49, 52, 60). EBNA1 is a virus-encoded DNA binding pro-
tein that supports plasmid maintenance and stimulates DNA
replication from OriP (31, 38). OriP consists of a family repeat
element (FR) and a dyad symmetry element (DS), both of
which contain EBNA1 binding sites (59, 66). In addition to the
binding sites at OriP, EBNA1 also binds to a region near the
transcription initiation site of Qp as well as to an alternative
replication initiation site at Rep* (51, 65). Genetic evidence

* Corresponding author. Mailing address: The Wistar Institute, 3601
Spruce St., Philadelphia, PA 19104. Phone: (215) 898-9491. Fax: (215)
898-0663. E-mail: Lieberman@wistar.org.

� Published ahead of print on 4 April 2007.

6389



suggests that the FR of OriP, upon binding by EBNA1, can
function as an enhancer to regulate DNA methylation and
transcription activity of the EBNA2 and LMP1 genes (21, 44,
49, 52, 60). It has been proposed that OriP and EBNA1 can
influence the DNA methylation patterns at the EBNA2 pro-
moter region by a DNA replication-independent mechanism
(26). EBNA1 can also repress Qp transcription in type III cells
(61). EBNA1-dependent activation of Cp is essential for es-
tablishment of type III gene expression and the immortaliza-
tion of primary B lymphocytes (2). The precise mechanism
governing EBNA1 transcription activation of Cp in type III
latency and the activation of Qp in type I latency is not com-
pletely understood.

Histone tail modifications and higher-order chromatin struc-
ture may be one mechanism that regulates transcription pat-
terns associated with different latency types (11, 67). The EBV
genome is known to be generally associated with regularly
spaced nucleosomes during latency, similar to bulk cellular
DNA (16, 68). Both cellular and viral chromatin can be orga-
nized into domains characterized by distinct histone modifica-
tions (29). Chromatin domains with active transcription are
typically characterized by high acetylation of histones H3 and
H4 and high methylation of lysine 4 on histone H3 (29, 58).
Chromatin domains which are nonpermissive for transcription
are typically characterized by little acetylation of histones H3
and H4 and high methylation of histone H3 K9 (but not his-
tone H3 K4). However, more complex patterns of overlapping
repressive and active modifications have been observed for
several transcribed genes in higher eukaryotes (64). Our pre-
vious studies have indicated that the EBV latency control re-
gion (LCR) is enriched in histone H3 methyl K4 and that the
expansion of this modification to the Cp from OriP correlates
with Cp activation in type III latency (12, 13).

Dynamic changes in chromatin organization may be medi-
ated by insulator elements and chromatin boundary factors
(22). The cellular factor CTCF, or CCCTC-binding factor, has
been implicated as a central regulator of chromatin boundary
elements (46). CTCF was originally found as a repressor of the
c-myc oncogene but was later characterized to be involved in
enhancer blocking, chromatin insulation, and imprinting on
diverse genes, such as the �-globin, c-Myc, and Igf2-H19 genes
(19, 74). CTCF is a DNA binding protein containing 11 zinc
fingers that can recognize a variety of dissimilar target sites
spanning approximately 50 bp (30). Our previous studies found
that a CTCF site was located between OriP and Cp and that
CTCF bound more efficiently in type I latency, where Cp tran-
scription was inactive (13). This led us to propose the model
that CTCF is a key regulator of type I latency. However, these
earlier studies were limited by an examination of only a small
subset of sites on the EBV genome and therefore were not a
comprehensive examination of CTCF binding sites on the
EBV genome.

In this study, we looked for histone modification and pro-
tein-DNA binding patterns throughout the EBV LCR for dif-
ferent latency types. We present evidence that histone modi-
fication patterns reflect functional differences of the latency
types and that chromatin boundary factors, such as CTCF and
EBNA1, may orchestrate these different modification patterns.
Our findings support a role for CTCF and EBNA1 as chroma-
tin organizing elements and suggest that histone modification

patterns may be a useful tool for characterizing latency pro-
grams and host cell identity.

MATERIALS AND METHODS

Cell lines and antibodies. MutuI is a type I latency B-cell line derived from a
Burkitt’s lymphoma. Raji (ATCC) is an atypical type III latency B-cell line,
derived from a Burkitt’s lymphoma, that expresses EBNA2 but lacks EBNA3C
and is defective for lytic cycle replication. LCL3456-EBV is a type III latency
B-cell line derived from primary lymphoblasts transformed with EBV strain
B95-8. These cell lines were maintained in RPMI supplemented with 10% fetal
bovine serum, glutamine, penicillin, and streptomycin sulfate.

All antibodies were obtained from commercial sources, except for polyclonal
rabbit anti-EBNA1, which was raised against recombinant full-length EBNA1.
Commercial rabbit polyclonal antibodies used in this study were as follows:
anti-CTCF, anti-acetyl H3 (AcH3), anti-acetyl H4 (AcH4), and anti-H3 methyl
K4 (H3mK4) were purchased from Upstate Biotechnology; anti-H3 dimethyl
K27 (H3mK27), anti-H3 trimethyl K36 (H3 mK36), and anti-H3 trimethyl K9
(H3mK9) were purchased from Abcam; anti-Orc2 was purchased from Pharmin-
gen; and control rabbit and mouse immunoglobulin G (IgG) was purchased from
Santa Cruz Biotechnology. Mouse monoclonal anti-EBNA1 was obtained from
DakoCytomation.

Plasmids and luciferase assays. The pGL3-Basic luciferase reporter plasmid
(Promega) was modified by inserting the EBV BamHI C minimal promoter (Cp)
(positions 11165 to 11412) into the HincII-to-HindIII site and the OriP FR
(positions 7315 to 8190) into the KpnI site. This plasmid (J988C) was a generous
gift from Cecilia Borestrom and Lars Rymo and is referred to as N1328 in this
study. The CTCF binding site from EBV positions 6001 to 6590 (CTCF_L) was
inserted into the NotI site of N1328 to generate N1341. The CTCF binding site
from positions 49712 to 50250 (CTCF_R) was inserted into the NotI site of
N1328 to generate N1351. CTCF_R was inserted into the BamHI site of N1341
to generate N1357. The EBNA1 expression plasmid pFLAG-EBNA1 contains
the EBNA1 gene (lacking the region encoding the glycine-alanine repeats) in-
serted into the HindIII-EcoRI site of p3xFLAG-CMV2. Plasmids were trans-
fected in triplicate samples into 293 cells, using Lipofectamine (Invitrogen), and
assayed using a luciferase assay system (Promega) according to the manufactur-
er’s instructions.

ChIP assay. The chromatin immunoprecipitation (ChIP) assay was a modifi-
cation of the protocol provided by Upstate Biotechnology, Inc., with minor
modifications as previously described (15). DNAs were sonicated to between
200- and 350-bp DNA fragments on a Diagenode Bioruptor according to the
manufacturer’s protocol, and real-time PCR was performed with an ABI Prism
7000 system, using SYBR green detection according to the manufacturer’s spec-
ified parameters.

EBV primer array and assay. Primer pairs were designed using AB Primer
Express 3.0. Primer sequences are available upon request and were designed to
cover the first one-third of the EBV genome (coordinates 35 to 66128 according
to NCBI accession number AJ507799). In addition, the array contained a neg-
ative control lacking any primer pairs and five primers specific for the cellular
actin, tubulin, MTA1, and CD30 genes and a unique subtelomeric marker.
Primer pairs were resuspended in 250 �l TE (10 mM Tris [pH 8.0]–1 mM
EDTA) to generate a stock concentration of 20 pmol/�l. New 96-well plates were
then filled with the primers at a final concentration of 0.3125 pmol/�l. A Biomek
2000 instrument was then used to transfer 2 �l (0.625 pmol) to the real-time PCR
plates. These plates were stored at �20°C until use. Before use, 5.5 �l of 2�
Power SYBR green real-time PCR master mix (Applied Biosystems, Inc.) and 5
�l of ChIP DNA (resuspended in 500 �l of water per immunoprecipitation
reaction with 105 cells) were added to each well for a final volume of 12 �l.

Real-time PCR analysis. A standard curve was generated with control EBV-
positive cellular DNA to determine the efficiency of each primer (data not
shown). Quantitation for ChIP assays was done using a version of the �CT

method, where the cycle threshold (CT) value for each immunoprecipitation was
compared to that for an IgG control immunoprecipitation for each primer pair.
At least 10 sets of CT values for IgG DNA and 5 sets for the other antibodies
were averaged. CT values that fell outside 10% of the mean were excluded. At
least five CT values for IgG and three CT values for all other antibodies were used
in the final calculations. Samples with fewer than three values falling within 10%
of the mean were excluded. The data are shown in several formats, based on
calculations by the �CT method, using the equation 2�(CT sample � CT IgG). Each value
was calculated and then divided by the average for the whole array in order to
normalize each antibody.

Electrophoretic mobility shift assays (EMSAs). DNA probes covering differ-
ent regions of the EBV genome were generated by PCR incorporation of
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[�-32P]dATP (3,000 Ci/mmol; Perkin-Elmer). Each PCR mixture consisted of 30
�Ci of [�-32P]dATP, 0.1 mM dCTP, 0.1 mM dGTP, 0.1 mM dTTP, 0.01 mM
dATP, a 1 �M concentration of each primer, and 1 U of Taq polymerase (Roche)
and was run for 25 cycles. Unincorporated nucleotides were removed with a
Microspin G50 column (Amersham Biosciences). In a 20-�l reaction mixture,
purified baculoviral His6-tagged CTCF (	1 �g) was added to phosphate-buff-
ered saline containing 0.5 �g poly(dI-dC), 5% glycerol, 0.1 mM ZnSO4, and
10,000 cpm of 32P-labeled DNA probe. Reaction mixtures were incubated for 30
min at 25°C, electrophoresed in a 5% nondenaturing, polyacrylamide gel at 110
V, and visualized with a PhosphorImager.

Hierarchical clustering analysis. For clustering analysis of the complete data
set (see Fig. 6), values were generated by sample-wise z-score normalization
(done independently within each sample by subtracting the mean over all chro-
mosomal locations and dividing by the corresponding standard deviation).
Hierarchical clustering analysis was performed using a Pearson correlation-based
distance metric and Ward linkage, as implemented in the bioinformatics toolbox
of Matlab v 7.0.4.

For clustering analysis of bound regions only (see Fig. 7), the numerical data
were log10 transformed, and all probes with a value below 0.5 were eliminated.
Clustering heat maps were then generated by a euclidean distance metric with
Ward linkage.

RESULTS

Design and validation of array for ChIP analysis of EBV
genome. To analyze the histone modification patterns and pro-
tein-DNA interactions across the LCR of the EBV genome, we
prepared a 96-well microtiter dish containing primer pairs for
90 positions on the EBV genome and 5 positions on the cel-
lular genome, with one negative control lacking primer pairs.
The EBV primers were designed to cover the first 66,000 bp of
the EBV genome at a density of �500 bp. Since the large
internal repeats (W repeats) consist of �11 copies of a
3,072-bp unit spanning EBV coordinates 12,000 to 36,398 (based
on the wild-type EBV genome [accession no. gi:23893576]), we
included only one complete repeat unit, thus reducing the
duplication of primers throughout this repetitive region (Fig.
1A). Primers were designed using the AB Primer Express 3.1
program for real-time PCR amplification. Primer specificity for
the EBV genome sequence was first validated by comparing
the amplification curves for EBV-positive cells and EBV-neg-
ative BCBL1 lymphoma cells (data not shown). All but two
primer pairs passed this test, and the defective primers were
eliminated from subsequent analysis. We then determined a
standard curve for each primer pair, using DNA derived from
EBV-positive MutuI cells (data not shown). We found that the
slope of the linear portion of each amplification curve was
between �2.5 and �4.6, with the average being �3.184. Based
on these data, we concluded that the array was specific and
sufficiently quantitative to analyze DNA samples derived from
ChIP experiments.

Since EBNA1 is a well-characterized, high-affinity DNA
binding protein with three specific binding sites in the EBV
genome, we used EBNA1 ChIP to further validate the speci-
ficity and applicability of the array for ChIP analysis (Fig. 1B).
An antibody to EBNA1 was used in ChIP assays with the
EBV-positive MutuI, Raji, and LCL3456 cell lines. Quantita-
tion of each well was done by determining the x-fold change
relative to the IgG value for each primer pair and each cell
type. Control IgG reactions were performed at least eight
times, with a standard deviation of 
5% of the mean value
(data not shown). EBNA1 ChIP values were obtained at least
three times for each cell type, with a standard deviation of

10% of the mean value. Using this criterion, we found that

EBNA1 bound to the known EBNA1 binding sites at OriP (6-
to 20-fold more than IgG) and Qp (3.5- to 17-fold more than
IgG). A dual peak occurred at OriP, reflecting the separate
binding at the FR and DS, with some additional binding at
other regions, including Rep* (positions 9498 to 9538), espe-
cially in Raji and MutuI cells. These results indicate that EBV
genome ChIP was sufficiently sensitive for detecting specific
binding sites of EBNA1 on three different viral genomes.

As a first approach to understanding the chromatin structure
and gene regulatory mechanisms governing different types of
EBV latency, we set out to investigate the localization of pro-
teins associated with DNA replication initiation (ORC2), chro-
matin boundaries (CTCF), histone compaction (H1), and a
variety of histone H3 and H4 modifications (AcH3, AcH4,
H3AcK9, H3mK4, H3mK9, H3mK27, and H3mK36). To en-
sure that our antibodies were specific for each of these
epitopes and that each target protein was expressed to nearly
equal levels in each of the three cell types, we compared the
panel of antibodies by Western blotting of protein extracts
derived from MutuI, Raji, and LCL3456 cells (data not
shown). With the exception of the EBNA1 antibody, all of the
above antibodies were found to have specific target proteins
expressed at nearly equal levels in each cell type. Interestingly,
EBNA1 antibody revealed a slight heterogeneity among cell
types, with Raji cells producing a protein of slightly higher
mobility, perhaps as a result of the loss of glycine-alanine
repeats (data not shown). The heterogeneity of EBNA1 in Raji
cells has been reported previously (20, 23).

Profiling the EBV chromosome. To better understand the
regulation of EBV latency control, we compared the binding
patterns of several chromatin organizing proteins and histone
modifications. For all of these studies, we compared the bind-
ing patterns across the EBV LCR and surrounding regions,
using the array of real-time PCR primers. We compared bind-
ing in three different cell lines representing different latency
types. The data are presented as a line graph for each ChIP
antibody (Fig. 2) or as a color grid composite (Fig. 3). The line
graphs compare all three cell types in the same plot and pro-
vide a direct comparison of the x-fold enrichment relative to
the IgG control for each data point (Fig. 2). The values used
for the color grid were calculated as x-fold changes over the
mean value for each antibody (Fig. 3).

As mentioned above, we observed that EBNA1 bound most
efficiently to the OriP and Qp regions of all three genomes.
However, the binding was considerably lower in LCL cells,
perhaps reflecting the lower copy number in these cells. We
also observed that the DS peak for Raji cells was shifted
significantly to the right and overlapped the Rep* sequences to
a greater extent than the DS. However, the resolution of our
ChIP assay cannot exclude that some of this binding also oc-
curs at the DS. These observations are interesting insofar as
the major sites of replication initiation in Raji cells may occur
at several locations outside the DS (41). To further explore the
potential sites of DNA replication, we next analyzed the bind-
ing pattern of ORC2. ORC is known to be essential for the
formation of the chromosomal prereplication complex but may
also contribute to higher-order chromatin structures, especially
those associated with heterochromatin formation (6, 37). We
found that ORC2 bound most detectably at the DS and Rep*
regions of the Raji genome and overlapped significantly with
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EBNA1 binding in Raji cells. Similarly, ORC2 bound to the
DS region in MutuI cells, with significant overlap with EBNA1.
ORC2 binding was not significantly detected in LCL cells at
OriP but had multiple low peaks throughout the LCR, sug-
gesting that this LCL cell line does not have a dedicated origin
at OriP. Importantly, ORC2 was not enriched at Qp and there-

fore does not bind to all EBNA1 binding sites within the EBV
genome, consistent with several previous studies (4, 14, 54).

CTCF is a chromatin boundary factor that can also function
as a transcriptional repressor and modulate enhancer-pro-
moter interactions (34, 46). We previously implicated CTCF in
the regulation of the Cp in latency type I and type III (12, 13).

FIG. 1. (A) Schematic of salient features of the latent EBV genome, with focus on the first 66 kb, which was used for ChIP array studies. (B) Bar
graph representation of ChIP array data for EBNA1 binding sites in the genomes of MutuI (top), Raji (middle), and LCL (bottom) cells. The
positions of OriP, the W repeat, and Qp in the bar graph are aligned with the line drawing of the EBV genome below.
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We next examined CTCF binding by using the EBV array. As
previously observed, we found CTCF binding sites positioned
between Cp and OriP at position 10504 in MutuI cells, but to
a lesser extent in Raji and LCL cells. These findings support
our model that CTCF regulates OriP enhancer activation of
Cp in type III latency. We also observed a major enrichment of
CTCF at the Qp region, overlapping precisely with the EBNA1
binding sites in this region. CTCF bound Qp in all three cell
types, with binding in Raji cells being slightly greater than that
in LCL or MutuI cells. Another potentially significant peak of
CTCF occurred at position 6289, which lies immediately up-
stream of the EBER I promoter. This CTCF site was equally
enriched in all three cell types and may function to block
EBER I and OriP open chromatin structure from encroaching
the terminal repeats or the adjacent BNRF1 lytic cycle pro-
moter.

Our previous studies of EBV chromatin organization fo-
cused on the histone H3 modification of methylation on K4
(H3mK4). Using the array analysis, we found that H3mK4 was
highly enriched in all three cell types at the regions encom-
passing the EBERs and OriP. We also found elevated H3mK4
at Qp in MutuI and Raji cells but not in LCL cells. H3mK4 at
Qp overlapped or was adjacent to the CTCF and EBNA1

binding sites. A strong H3mK4 peak was also observed in Raji
cells at position 47693, which lies rightward of the EBV-en-
coded microRNA at the BHRF1 locus. H3mK4 was enriched
at the Cp and W regions in LCL cells but not in MutuI or Raji
cells, consistent with our earlier observations. However, in
contrast to our earlier studies, we did not find a homogeneous
expansion of H3mK4 from OriP to Cp in type III latency.
Rather, we found several H3mK4 peaks and valleys, suggesting
that H3mK4 is not homogeneous throughout the region be-
tween OriP and Cp.

Histone H3mK9 has been implicated in heterochromatin
formation and transcription repression, but exceptions to this
rule have been observed (36, 48). We assayed H3mK9 for its
binding on the EBV genome. We found relatively weak bind-
ing of H3mK9 at all positions of the EBV genome, with the
highest peaks being �5.5-fold higher than those of IgG con-
trols. For most positions, H3mK9 was inversely associated with
H3mK4 at the regions between OriP and Cp. The highest
levels of H3mK9 were observed in Raji cells in the region at
positions 60642 to 62306, which is between the divergent pro-
moters of the BPLF1 and BORF1 genes involved in lytic cycle
capsid assembly. We also found that H3mK9 was elevated at
the 3� end of the W repeats and at the EBNA2 open reading

FIG. 2. Line graphs representing average distances from the mean (y axis) for each antibody indicated to the left. Mutu I (red), Raji (blue),
and LCL (green) cell data are shown by overlapping lines across the positions of the EBV genome array, indicated by the x axis.
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frame (ORF) in MutuI and Raji cells, while LCL cells showed
sporadic H3mK9 throughout the Cp and OriP regions of the
LCR (positions 8860, 12230, and 13925). H3mK9 was excluded
from OriP in MutuI and Raji cells. In LCL cells, H3mK9 was
excluded from the EBNA2 ORF and downstream microRNA
region.

Acetylated histones typically correlate with actively tran-
scribed regions of chromatin (29). We first examined AcH3
and found this modification pattern to be highly enriched at

the EBERs and the OriP region of Raji cells. This region was
not particular elevated in AcH3 in MutuI and LCL cells. In
contrast, several other peaks of AcH3 were observed in MutuI
cells, most notably for a region at positions 60642 and 55198.
Both MutuI and LCL cells were enriched for AcH3 at posi-
tions 44017 to 44642, perhaps reflecting some background lytic
cycle gene expression in these cell populations. Raji cells,
which are replication defective, did not show this pattern of
AcH3.

FIG. 3. Color chart analysis of ChIP data. EBV genome positions are indicated in the vertical axis to the left. Antibodies are indicated above
for each set of three columns. Each column of each antibody set represents the analysis for a particular cell type (MutuI, Raji, or LCL cells). The
values were normalized as distances from the mean for each column. Values of �10-fold above the mean (red), 5-fold above the mean (yellow),
2.5-fold above the mean (green), or 1.0-fold above the mean (cyan) were considered significant binding. Values of 
1.0-fold above the mean are
presented in light blue, and values deemed statistically insignificant or indeterminant are presented in dark blue.
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Acetylation of histone H3 on K9 is more closely associated
with open chromatin that prevents methylation of K9 and
heterochromatin formation. We found that H3acK9 was highly
enriched in Raji cells at the 5� end of OriP and was high in both
MutuI and Raji cells at the EBER promoter and transcript.
H3acK9 was also highly enriched at the Cp of LCL cells, where
it is most active, but was not detectable at the Cp region of
MutuI cells, where it is inactive.

AcH4 has also been linked to sites of active transcription.
We found that AcH4 was significantly enriched at the Cp and
Wp regions of Raji and LCL cells, as might be expected for
type III latency patterns. However, we also found AcH4 en-
riched at Cp in MutuI cells, where Cp transcription is re-
pressed. Additionally, we observed AcH4 enrichment within
the W repeats (14764) of the type III latency cell lines Raji and
LCL and at the 3� end of the W repeats (35390) in Mutu I cells.
AcH4 was also enriched near the transcription initiation sites
for Qp (50786) in MutuI and Raji cells but was not detectable
in LCL cells.

The H3mK27 modification has been linked to transcrip-
tion repression through polycomb-associated proteins (10).
We found relatively low levels of H3mK27, with a small peak
for Raji cells between OriP and Cp. H3mK36 has been
associated with RNA polymerase II activity and transcrip-
tion elongation (33). We found H3mK36 to be highly ele-
vated in the cellular genes for actin, MTA1, and CD30 that
were also included in the array. However, relatively low
levels of H3mK36 were detected in the EBV genomes, with
the exception of a peak in Raji cells at position 9672, close
to the DS and Rep*, as well as at position 39931, which is
within the EBNA2 transcript.

The linker histone H1 has been implicated in the organiza-
tion of higher-order chromatin structure, but the precise role
and localization of H1 are not completely understood (9). We
examined the binding of H1 and found a relatively weak asso-
ciation with EBV genomes. The most detectable binding oc-
curred at the Cp and the 5� ends of the W repeats in LCL cells
as well as at the EBNA2 transcript (position 35555) in LCL
cells. The significance of this H1 binding pattern is not clear
but may reflect a conformational plasticity of the LCR between
OriP and the W repeats.

Identification of a novel CTCF binding site upstream of Qp.
Our ChIP data revealed a highly enriched interaction between
CTCF and the region upstream of the Qp promoter for all
three cell types. To further validate the ChIP data and to
further characterize the precise position of this CTCF site, we
used in vitro DNA binding assays with recombinant CTCF
protein (Fig. 4). A series of �200-bp DNA fragments spanning
positions 49712 to 50250 or a negative control DNA from
positions 100041 to 10228 was radiolabeled and assayed for
binding to highly purified baculovirus-expressed CTCF by
EMSA, as described previously (13) (Fig. 4A). We found that
purified CTCF bound to the region from positions 49901 to
50110 with the highest affinity but did not bind significantly to
the other four regions tested (Fig. 4B). This result supports the
findings of the ChIP array, where CTCF binding was mapped
to the region spanning positions 49867 to 50002. This binding
site is immediately upstream of the EBNA1 Qp binding sites at
positions 50142 to 50189, suggesting that it may contribute to
Qp regulation during latency type switching or prevent latent

promoters from activating neighboring lytic gene promoters.
The binding of CTCF to the Qp regions was further validated
with a second set of primers, using real-time PCR with a
standard curve method (Fig. 4C). This alternative method ver-
ified our array analysis, since CTCF was enriched �50-fold at
Qp for three cell types tested.

CTCF sites facilitate EBNA1 transcription activation of Cp.
Several functions have been attributed to CTCF, including
enhancer blocking, insulator binding, and interchromosome
interactions. To determine if the strong CTCF binding sites at
positions 6001 to 6590 (CTCF_L) and 49712 to 50250
(CTCF_R) had enhancer-modulating activity, we inserted
these sites into a luciferase reporter plasmid containing a min-
imal BamHI C promoter (Cp) and an upstream EBNA1-de-
pendent enhancer from the FR within OriP (Fig. 5A). To our
surprise, we found that CTCF_L and CTCF_R did not block
EBNA1 activation of Cp (Fig. 5B). In contrast, we found that

FIG. 4. EMSA analysis of CTCF binding to the Qp region. (A) De-
piction of EBV genome regions used to generate probes for EMSA.
The EBV coordinates are indicated for each probe used in panel B.
(B) CTCF protein, expressed and purified from baculovirus, was tested
at increasing concentrations for its ability to bind probe A (positions
10041 to 10228), probe B (positions 49712 to 49920), probe C (posi-
tions 49901 to 50110), or probe D (positions 50101 to 50250). Free
probe and CTCF-bound fractions are indicated by arrows. (C) ChIP
assay using real-time PCR and standard curve analysis with primer
pairs specific for actin (white) or Qp (black). ChIP was performed with
MutuI, Raji, and LCL cells, and data are presented as x-fold changes
in CTCF binding relative to that of an IgG control.
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CTCF sites inserted between FR and Cp enhanced EBNA1
activation levels. In the absence of CTCF sites (N1328), Cp was
activated 15.3-fold by EBNA1. Insertion of CTCF_L between
FR and Cp (N1341) resulted in a 23.7-fold activation, while
insertion of CTCF_R produced a 21.3-fold activation by
EBNA1. Insertion of CTCF_L at the 5� end of FR and of
CTCF_R at the 3� end of FR yielded a 32.4-fold activation by
EBNA1. Part of the increase in activation resulted from a
suppression of basal promoter activity. These findings suggest
that in 293 cells, CTCF sites facilitate EBNA1 interactions with
the minimal Cp to enhance transcription activity.

Hierarchical clustering analysis of EBV protein and cell
types. To determine whether the ChIP array data could pro-

vide additional information regarding the functional relation-
ship of proteins or histone modifications associated with the
EBV genome, we applied an unsupervised hierarchical clus-
tering analysis of the antibodies and cell types (Fig. 6A). Using
this approach, we found that CTCF and EBNA1 clustered in
one group for all three cell types, suggesting that these proteins
share a related function which may be invariant relative to the
EBV binding sites in all latency types. H3mK4 clustered close
to EBNA1 in MutuI cells but drifted from this linkage in Raji
and LCL cells. This is consistent with our model that type I
latency restricts the pattern of H3mK4 to regions adjacent to
EBNA1 binding sites. ORC2 in Raji and MutuI cells clustered
with H3mK4 and EBNA1, but this was not the case in LCL

FIG. 5. CTCF binding sites facilitate EBNA1-dependent activation of Cp. (A) CTCF sites from positions 6001 to 6590 (CTCF_L) or positions
49712 to 50250 (CTCF_R) were inserted between the FR and the minimal BamHI Cp or downstream of the luciferase gene in plasmid N1328,
as indicated. (B) Luciferase constructs were assayed in 293 cells transfected with control vector or an EBNA1 expression plasmid (FLAG-EBNA1).
The x-fold activation by EBNA1 is indicated above each bar in the graph.
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FIG. 6. Hierarchical clustering of complete ChIP data set. (A) Clustering was performed on cells and antibodies, with the genome position
fixed. (B) Clustering was performed on both cells and antibodies (x axis) as well as on genome positions (y axis).
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cells. H3mK36 clustered in all three cell types, while AcH3 and
AcH4 were not closely linked.

Hierarchical analysis of DNA binding sites. To determine if
DNA elements share common protein elements, we applied
unsupervised hierarchical clustering analysis to the DNA bind-
ing sites as well as the protein and cell types (Fig. 6B). Using
this approach, we found that Qp and DS clustered as a result
of the common interaction with EBNA1, CTCF, and H3mK4.
The region around the EBERs also clustered close to DS and
Qp as a result of the H3mK4, AcH3, and H3AcK9 modifica-
tions that they share. The cellular actin, CD30, and MTA1
genes clustered as a result of their enrichment in H3mK36.
The Cp regions also clustered, partly as a result of AcH3 and
AcH4 in this region, but also due to complex patterns of other
histone modifications.

Hierarchical analysis of bound sites only. To eliminate the
concern that the hierarchical analysis was based mostly on the
extensive regions where no binding was detected, we per-
formed a more limited clustering analysis with only those val-
ues where protein binding was detected (Fig. 7). Using this
approach, we found a slightly different pattern of clustering
which reflected the cell type more strongly than the protein
identity. For example, the MutuI cells were clustered according
to histone H1, H3mK27, CTCF, AcH3, EBNA1, H3mK4,
AcH4, and AcK9 (Fig. 7A). Similarly, Raji and LCL cells were
clustered according to both histone modifications and protein

binding. This suggests that each cell type has a specific signa-
ture that can be recognized by this analysis. When the cluster-
ing algorithm was applied to the DNA sites, we again found
clustering of the Qp region with the DS and Rep* regions (Fig.
7B). Several other groupings, such as the Cp region and
EBERs, may reflect underlying patterns of protein-DNA in-
teraction or histone modifications. In summary, this method
provides an opportunity to explore the relationships between
different regions of the genome based on their patterns of
chromatin structure and protein-DNA interactions.

DISCUSSION

The plasticity of gene expression during the EBV latent
cycle provides a mechanism for viral persistence and immune
evasion (63, 72). Promoter selection plays a key role in deter-
mining latency type, and this selection depends on the inter-
play of host-cell-specific transcription factors and poorly de-
fined epigenetic events that reinforce gene expression patterns
over multiple generations (39, 47, 70). The Cp can be silenced
epigenetically by cytosine methylation during the transition
from type III to type I latency (3, 27, 47). However, factors that
determine the sites of CpG methylation and the effectors of
cytosine methylation-directed transcription repression are not
completely understood (27). The EBNA1-dependent enhancer
at OriP can regulate Cp transcription, along with the autoac-

FIG. 7. Hierarchical clustering of significant binding sites only. (A) Clustering analysis of cells and antibodies, with the genome position fixed.
(B) Clustering analysis of cells and antibodies (y axis) as well as genome positions (x axis).
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tivation of EBNA2 and the automodulation by EBNA3A and
EBNA3C (2, 42, 49, 50). Cellular transcription factors that
bind Cp, including CSL (C8F1, RBPJK) and associated cofac-
tors, are also known to contribute to the promoter activity that
determines latency type (8, 18, 25). Chromatin structure and
histone modifications at Cp are less well understood but are
also thought to contribute to latency type gene expression (1).

In this study, we used a ChIP assay to examine the histone
modification and chromatin regulatory protein binding pat-
terns at Cp and the EBV LCR in three different cell types. In
a previous study, we used ChIP assays with a relatively small
number of primer pairs to examine a few selected regions of
the EBV genome (12). Based on these studies, we proposed
that the chromatin boundary and enhancer-blocking factor
CTCF binds to a region between Cp and OriP and blocks
enhancer activation of Cp in type I latency, where Cp is re-
pressed. We observed that histone H3mK4 was elevated at the
region surrounding OriP and that this modification extended
to the Cp and W repeat region in type III latency but was
limited to the OriP region in type I latently infected cells (12).
In the studies presented here with higher-density and more
extensive ChIP arrays, we now extend and revise this model in
several respects. Importantly, our new data corroborate previ-
ous findings that H3mK4 is enriched at the OriP region in type
I and type III latency. However, our new findings raise the
possibilities that H3mK4 may be most highly enriched at the
EBERs and that RNA polymerase III transcription may be
the generating event for this histone modification. H3mK4
extends through the OriP region in all cell types and is gener-
ally spread over a larger domain in type III latency. However,
H3mK4 modification may not be distributed uniformly
throughout the regions between OriP and Cp in type III la-
tency, since we observed that some regions were deficient in
H3mK4 and elevated in H3mK9. In LCL cells, H3mK4 and
H3mK9 appear to oscillate, with some partial overlap in the
regions between the EBERs and Qp. Others have found that
H3mK4 and H3mK9 can be present simultaneously at tran-
scriptionally active genes (64). Our data suggest that these
histone modifications form a complex pattern across this active
region of the viral genome. It is also possible that some of the
heterogeneity in signal may reflect the heterogeneity of viral
genomes, since latently infected B cells carry multiple copies of
the viral genome. It is also possible that some background lytic
gene expression may complicate the analysis. Therefore, the

complex patterns of H3mK4 and H3mK9 may reflect the com-
plex behavior of the cell type analyzed.

In our previous study, we also observed that the CTCF
binding site between Cp and OriP was differentially regulated
between type I and type III cells (13). In the present study, we
noted that CTCF bound to this region with a high affinity in
MutuI and Raji cells and to a much lesser extent in LCL cells.
However, detectable levels of CTCF binding in LCL cells sug-
gest that additional factors must also contribute to Cp regula-
tion. Others have found that CpG methylation strongly influ-
ences the binding properties of CTCF, especially at the H19
and Igf2 imprinted loci (35). It has also been reported that
poly(ADP) ribosylation of CTCF at the Igf2 locus regulates its
activity as an enhancer-blocking factor (73). Thus, it is possible
that the enhancer-blocking activity of CTCF is further regu-
lated by CpG methylation patterns and protein poly(ADP)
ribosylation in these different cell types.

A major new finding from this study is the discovery of
several additional high-affinity CTCF sites in the LCR of EBV.
The most highly enriched binding for CTCF was found at the
Qp locus, immediately upstream of the EBNA1 binding sites.
CTCF bound to the Qp locus in all three cell types. In addition
to CTCF binding at Qp, we also found significant enrichment
of CTCF at position 6239, immediately 5� of the EBER I
promoter. Interestingly, these two major CTCF sites delineate
predicted boundaries of the latency control region. One pos-
sible function of these CTCF sites is to prevent active latent
cycle promoters from stimulating transcription of lytic cycle
genes. In this respect, CTCF may help to maintain the latent
state. Additionally, CTCF may facilitate interactions between
distal regulatory elements. We found that insertion of CTCF
sites between Cp and FR in a reporter-based assay augmented
EBNA1-dependent activation (Fig. 5). Consistent with this
hypothesis is the finding that CTCF mediates long-range in-
teractions between regulatory loci on different chromosomes
(40). It is possible that CTCF can both limit the spreading of
histone modifications to adjoining DNA and facilitate long-
distance interactions between regulatory elements through
looping or tethering mechanisms. The higher-resolution anal-
ysis used in this study suggests that the LCR consists of a
collection of smaller subdomains punctuated by CTCF sites
(Fig. 8). Histone modification patterns within each subdomain
were not homogeneous, as originally proposed. However,
modifications associated with active transcription, including

FIG. 8. Schematic of chromatin organization based on genome ChIP analysis of different EBV latency types. Type I is based on MutuI cells,
and type III is based on LCL cells. CTCF is depicted in purple, EBNA1 is in red, the permissive chromatin H3mK4 is in green.
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H3mK4, AcH3, and AcH4, were clustered within the bound-
aries set by various CTCF sites. Although the CTCF function
at each site is not clear at this point, the positions of CTCF
binding sites suggest that they provide a structural element that
organizes the viral chromosome and coordinates interactions
between enhancers and promoters important for latency type
determination.

In summary, we have combined a ChIP assay with an array
of primer pairs to measure protein-DNA interaction and his-
tone modification patterns at a density of �500-bp intervals for
the first 66 kb of the EBV genome. Our data support the
general model that this region consists of a dynamic chromatin
structure that regulates aspects of promoter switching ob-
served in the different latency types of EBV (Fig. 8). Addition-
ally, hierarchical clustering of these data was capable of sorting
patterns according to viral latency type and cellular identity,
suggesting that this approach may provide a chromatin bar
code, linking epigenetic information to cellular identity (24,
28). The histone modification patterns were complex and dis-
tinct for each latency type associated with the three different
cell lines examined. The histone modifications did not form a
homogeneous domain, as originally envisioned, but rather ap-
peared as numerous peaks and valleys of specific modifica-
tions. This may reflect the heterogeneity of the population of
viral genomes or the natural complexity of chromatin structure
in each cell type. Despite this, our studies definitively show that
CTCF binding sites are located between key regulatory ele-
ments of the latency control region and are ideally situated for
coordinating changes in promoter-enhancer interactions that
may regulate latency type patterns of gene expression.
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