JOURNAL OF VIROLOGY, Apr. 1998, p. 2969-2974
0022-538X/98/$04.00+0
Copyright © 1998, American Society for Microbiology

Vol. 72, No. 4

Specific Methylation Patterns in Two Control Regions of
Epstein-Barr Virus Latency: the LMP-1-Coding Upstream
Regulatory Region and an Origin of DNA Replication (oriP)

KERSTIN I. FALK,* LASZLO SZEKELY, ANNA ALEMAN, anp INGEMAR ERNBERG
Microbiology and Tumorbiology Center, Karolinska Institute, S-171 77 Stockholm, Sweden

Received 22 October 1997/Accepted 5 January 1998

The Epstein-Barr virus (EBV) can establish at least four different forms of latent infection. Previously, we
have shown that the level of methylation of the EBV genome varies, depending on the form of latency. The
methylation status of CpGs was analyzed by the bisulfite genomic sequencing technique in four different cell
types representing different forms of latency. The dyad symmetry element of the origin of replication (oriP)
region and the latent membrane protein 1 (LMP-1) regulatory sequence (LRS) were studied. The dyad
symmetry element has four binding sites for EBNA-1. In a cell with type I latency, a region upstream of the
dyad symmetry element was highly methylated, whereas the dyad symmetry element was unmethylated in the
EBNA-1-binding region. The LRS was extensively methylated in the LMP-1-negative cell line Rael, in contrast
to a LMP-1-expressing nasopharyngeal carcinoma tumor (NPC C15), which was almost completely unmeth-
ylated. The methylation pattern of LRS in type I and type III Burkitt lymphoma cells of similar parental origins

confirmed that demethylation of some regions takes place upon phenotypic drift.

Methylcytosine (5-meC) may be considered a fifth base, but
with a different flexibility in its utility than the other four bases
(20). It offers unique possibilities of regulation of a genome at
an epigenetic level, in particular by modifying the interactions
of DNA with proteins. It may also act as a temporary mutation.
In the study of cancer progression, much concern has been
focused on the theory that methylation may act similarly to
truncation or deletion mutations in silencing gene expression
(4). Methylation seems to be involved in the control of viral
genomes, e.g., latent Epstein-Barr virus (EBV) infection (21,
24, 25).

EBV is carried by 95% of human adults in a latent form (23).
EBV is associated with several human malignancies. In healthy
carriers and in tumor cells, at least four different latency forms
have been detected. In latency I, only the EBV nuclear antigen
1 (EBNA-1) is expressed; in latency II, EBNA-1 and latent
membrane proteins 1 and 2 (LMP-1 and LMP-2, respectively)
are expressed; and in latency III, EBNA-1 to EBNA-6 are
expressed together with LMP-1, LMP-2A, and LMP-2B (23).
Recently, a fourth form was described in which only EBNA-1
together with LMP-2A is expressed (10), with or without
EBER-I (36). LMP-2A expression without EBNA-1 has also
been described (26, 27). Burkitt lymphoma (BL) tumors in vivo
resemble the latency I program. When these tumor cells are
explanted in vitro, they tend to drift to a more lymphoblastoid
phenotype expressing all of the EBNAs and LMPs (18). In
nasopharyngeal carcinoma (NPC) biopsies, EBNA-1 is always
expressed and in 65% of the tumors LMP-1 is also expressed
(13). EBNA-1 is essential for maintenance of the viral epi-
somes and for virus DNA replication in latency (39). EBNA-1
binds in multiple copies to two regions within the origin of
replication (oriP): the family of repeats (FR) and the dyad
symmetry (DS) region (2, 28, 38). The DS region is the site of
initiation of replication of the episome (18).
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The LMP-1 protein is transcribed in a leftward direction
from the EDL1 promoter that is controlled by the LMP reg-
ulatory sequence (LRS). The promoter is located in the
BamHI Nhet fragment (3, 15). Previously, we have shown that
the EBV genome is almost unmethylated in lymphoblastoid
cell lines. Conversely, the virus genome in BL and NPC cells is
highly methylated except for three regions: oriP, LRS, and the
Qp promoter (1, 21, 24, 25). It is well known that specific
methylation patterns are established in different cell types in
vertebrates during development and that methylation of CpGs
is involved in promoter control (9, 12). In the case of EBV, it
has been shown that the Cp promoter is silent when a partic-
ular CpG site is methylated (29).

We have shown that a 4.5-kb region centered on oriP is
unmethylated in all EBV-derived cell lines, including those
derived from EBV-carrying tumors, by using methylation-sen-
sitive enzymes (14). However, by this method it was possible to
analyze only about 10% of all CpG sites. We have now applied
a genomic sequencing technique that allows determination of
the methylation status of all of the cytosines in either DNA
strand. We have mapped in detail the locations of methylated
CpGs in and around the EBNA-1-binding sites in the DS
element of the oriP. As expected, the methylation pattern was
much more varied than that detected by the restriction en-
zyme-based method. In one cell line, Rael, in which EBV
genomes are highly methylated, CpGs in the EBNA-1-binding
sites and two additional CpGs were unmethylated while sur-
rounding CpGs were partially methylated. The methylation
status of LRS correlates strongly with LMP-1 expression, as
judged by restriction enzyme analysis (21). This pattern was
confirmed by analyzing the LMP-1-negative cell line Rael and
the LMP-1-positive NPC tumor C15. In the cell line Mutu,
with two in vitro phenotypes corresponding to type I and type
IIT latencies, the overall methylation pattern also correlated
with phenotype, although this was less pronounced.

MATERIALS AND METHODS

Cell lines. Rael is a BL cell line with a stable type I phenotype, expressing only
EBNA-1 (22). Mutu BL I clone 148 is a BL-derived cell line with a type I
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TABLE 1. EBV protein expression patterns in cell lines and tumors
used for this study

Expression with:

Cell line Type of
or tumor EBNA-2 to LMP-2A and latency
EBNA-1 EBNA-6 LMP-1 LMP-2B

Rael + - - - I
NPC C15 + - + + 11
Mutu I + = - - I
Mutu IIT + + + + 111

phenotype. To exclude the possibility that the cells used in this study had drifted
to a type III phenotype, the cells were analyzed by immunofluorescence and their
type I phenotype was confirmed. Mutu BL III clone 99 was obtained by in vitro
culturing, and the cells have a type IIT phenotype (18). NPC CI15 is a nude
mouse-passaged, EBV DNA-positive African NPC tumor expressing EBNA-1,
LMP-1, LMP-2A, and LMP-2B (7, 8, 10). The levels of EBNA and LMP expres-
sion in the cell lines and tumors used in this study are summarized in Table 1.

Preparation of DNA and treatment with sodium bisulfite. High-molecular-
weight DNA was prepared by standard methods (30). The bisulfite conversion
reaction was adopted according to the method described by Clark et al. (11).
DNA was digested with the restriction enzyme BamHI and then precipitated
with EtOH. DNA was denatured in 0.3 M NaOH for 15 min at 37°C. Denatured
DNA was incubated in a solution containing 3.1 M sodium bisulfite (pH 5.0) and
0.5 mM hydroquinone. The mixture was then overlaid with mineral oil and
incubated for 20 h at 55°C. The bisulfite was removed, and the DNA was purified
with a desalting column (Wizard DNA Clean-Up system; Promega, Madison,
Wis.) according to the manufacturer’s instructions. The DNA was desulfonated
by alkali treatment by adding 3 M NaOH to a final concentration of 0.3 M, and
the mixture was incubated for 15 min at 37°C. The DNA was precipitated in 3 M
ammonium acetate and ethanol and was amplified by PCR (see below).

PCR amplification. (i) The oriP region. The following primers were used for
amplification within the oriP region: 5'-ACCTCACATACACCTTACTG-3’
(EBV-6), 5'-CTGACTGTAGTTGACATCCT-3" (EBV-7), 5'-GAGTATTTTA
TATATATTTTA-3' (EBV-8), and 5'-AAATTCTCTAACTATAATTAA-3'
(EBV-9), corresponding to coordinates 8789 to 8808, 9399 to 9418, 8785 to 8805,
and 9405 to 9425 in the B95-8 genome, respectively. The bisulfite-treated
genomic DNA was amplified with the strand (sense)-specific primer pair EBV-8
and EBV-9. DNA primers EBV-6 and EBV-7 were used to amplify the untreated
genomic DNA. Amplifications were performed in a 50-ul reaction mixture con-
taining 5 pl of untreated or, alternatively, bisulfite-treated DNA, 300 pM de-
oxynucleoside triphosphates (ANTPs), 20 pmol of primers, 1.5 mM MgCl,, 50
mM KCI, 10 mM Tris-HCI (pH 8.3), 0.001% gelatin, and 1 U of Ampli Tag
(Perkin-Elmer Cetus) in a Perkin-Elmer PCR machine. Twenty-five cycles of
amplification were performed under the following conditions: denaturation
(95°C for 3 min in the first cycle; 94°C for 1 min in cycles 2 to 25), annealing (53°C
for EBV-6 and EBV-7; 43°C for EBV-8 and EBV-9), and extension (72°C for 1
min; at the end, 72°C for 7 min). Five microliters from the first round of PCR was
amplified a second time with the same primers and under the same conditions.
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(ii) LMP regulatory region. The following primers were used for amplification
of the LRS region: 5'-ATTCCAGAGAGCGATGAGCAG-3' (LRS-1), 5'-AGC
CCACACCCTTTTCGCCT-3' (LRS-2), 5'-TTGAAGATAAAGATGATTAAA
ATT-3' (LRS-3), and 5'-ACCTCATTCTAAAATTCCCAT-3" (LRS-4), corre-
sponding to coordinates 169100 to 169120, 170030 to 170049, 169257 to 169280,
and 170000 to 170020 in the B95-8 genome, respectively. For untreated genomic
DNA primers, LRS-1 and LRS-2 were used in both rounds of PCR. The bisul-
fite-treated genomic DNA was first amplified with the primer pair LRS-1 and
LRS-2 and was then reamplified with a strand (sense)-specific primer pair
(LRS-3 and LRS-4). Amplifications were performed in a 50-ul reaction mixture
containing 5 pl of untreated or, alternatively, bisulfite-treated DNA, 0.3 mM
dNTPs, 20 pmol of primers, 1.5 mM MgCl,, 10X reaction buffer supplied by the
manufacturer, and 1 U of Red Hot DNA polymerase (Advanced Biotechnolo-
gies, Ltd., Learthead Surrey, United Kingdom) in a Perkin-Elmer PCR machine.
Thirty-one cycles of amplification were performed under the following condi-
tions: denaturation (95°C for 5 min in the first cycle; 95°C for 30 s in cycles 2 to
31), annealing (40°C for 1 min), and extension (72°C for 2 min; at the end, 72°C
for 7 min). Two to five microliters from the first round of PCR was amplified a
second time.

Cloning and sequencing. Amplified DNA was ligated into a Smal-linearized
pUCI18 vector (Pharmacia) and transformed into competent Escherichia coli (JM
109; SDS Promega). Plasmid DNA was recovered from individual clones by PCR
with primers (RIT 28 and RIT 29; Pharmacia) within the M13 region of the
vector. The individual clones were sequenced by using the AutoReadTm se-
quencing kit (Pharmacia) or, alternatively, a thermo Sequenase fluorescence-
labelled primer cycle sequencing kit (Amersham), and the samples were analyzed
on an ALF sequencer (Pharmacia). Alternatively, an ABI DNA sequencing kit
(Perkin-Elmer) was used, and the samples were analyzed on a 373 A automated
DNA sequencer (Applied Biosystems).

RESULTS

Methylation status of the DS region in a type I BL cell line.
A total of 16 CpG sites in Rael were analyzed for methylation
in the oriP region. Untreated DNA from the Rael cell line was
also sequenced. The positions of the CpG sites were identical
when the B95-8 genome was compared to the Rael genome,
with two exceptions. The Rael genome had two additional
sites, one at coordinate 8926 (site 4A) and one at coordinate
9166 (site 11A; Fig. 1). Of the eight sites upstream of the
EBNA-1 binding, sites 1 to 4 were completely methylated,
whereas site 4A and site 7 were methylated only in two of seven
clones. Five of seven clones were methylated at site 6, while
site 5 was unmethylated. We found that three (sites 9, 10, and
11) of four CpGs present in the region where EBNA-1 binds
were unmethylated in all of the clones studied, in contrast to
site 8, in which four of seven clones were methylated (Fig. 1).
The four CpG sites downstream of the EBNA-1-binding region

1N/
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EBNA1 dyad symmetry element

9150 9250

FIG. 1. The percentage of CpG methylation in the DS region and surrounding regions in the cell line Rael. A schematic drawing of the oriP region is shown. The
positions of the following four EBNA-1-binding sites in the DS region are indicated: site 1, coordinates 9104 to 9129 in the B95-8 genome; site 2, coordinates 9083 to
9108; site 3, coordinates 9049 to 9074; and site 4, coordinates 9029 to 9055. CpG sites 4A and site 11A are not present in the B95-8 genome. The y axis shows the
percentage of methylation in all clones analyzed at this CpG site. The x axis shows the individual CpG sites analyzed. Three to seven clones at each site were analyzed.

Open circles, unmethylated sites.
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FIG. 2. Schematic drawing of the LRS of the EBV genome, with the coordinates referring to the B95-8 map analyzed by the bisulfite genomic sequencing method.
Forty-eight individual CpG sites are indicated. CpG sites 9A, 21A, 27A, and 33A are not present in the B95-8 genome. The LMP-1 promoter and the LMP-1 and

LMP-2B exons are indicated. The coordinates in the B95-8 genome are given.

were found to be almost unmethylated; one clone of seven was
methylated at three of these sites.

Methylation status of the LRS region in LMP-1-positive and
LMP-1-negative cells. We analyzed three different cell lines
and one NPC tumor for the presence of CpG methylation in a
part of the LMP-1 exon and the LRS region. The positions and
numbers of CpG sites in the four isolates varied compared to
those of the prototype B95-8 (Fig. 2). The sequence from the
Rael genome differed from that for B95-8 at eight positions:
sites 1, 8, 24, and 38 were not present, while four other sites
were present instead, i.e., sites 9A, 21A, 27A, and 33A (for
details, see Fig. 2 and 3). When the sequence obtained from
NPC C15 was compared with that for B95-8, they were iden-
tical. The sequences from Mutu I and Mutu III were identical
with that for B95-8, except for one additional CpG site (site
27A; Fig. 2 and 3).

The LMP-1-negative cell line Rael contains 44 CpG sites,
like B95-8, in the region analyzed, and all of the sites showed
some degree of methylation. Twenty-six of these sites were
completely methylated in all clones tested.

A total of five clones were sequenced from the LMP-1-
positive NPC C15 tumor, and 44 CpG sites were analyzed for
methylation. Of the eight sites localized in the LMP-1 exon,
sites 3 to 7 were unmethylated. Site 1 was methylated in all
clones. Sites 2 and 8 showed methylation in four of five and in
three of five clones, respectively. Sites 9 to 44, all of which are
in the LRS region, showed a complete lack of methylation. A
total of 45 CpG sites were included in the sequence from the
LMP-1-negative cell line Mutu I; 12 of these sites were com-
pletely unmethylated, while the remaining sites showed a vari-
able degree of methylation (Fig. 3). The LMP-1-positive cell
line Mutu IIT showed a mixed methylation pattern (Fig. 3).
Eighteen sites were completely unmethylated, while the per-
centage of methylation varied at the other sites by between 20
and 80% (Fig. 3 and 4).

DISCUSSION

In latent EBV infections, there are examples of expression-
related methylation of promoters. We have also described hy-
pomethylation in another type of regulatory region, the origin
of DNA replication (14).

In conjunction with earlier observations on the importance
of methylation of the EBV genome in different forms of latent
infection, we have studied methylation of two regulatory re-
gions in DNA from different types of EBV-infected cells. The
analysis of the LRS region extended over 600 bp, including the
LMP-1 promoter, the first LMP-2B exon 1, and the first exon
of LMP-1. In the LMP-1-negative cell line Rael and the LMP-
1-positive NPC C15 tumor, we confirmed our earlier observa-
tion of a negative correlation between methylation and expres-
sion. The analysis could be extended from four CpG sites with
the earlier enzyme method to 44 CpG sites. A total of 35 of the

44 CpG sites in Rael showed =80% methylation. No CpG sites
in Rael were completely unmethylated in the clones analyzed.
In the NPC-derived C15 cells, the pattern was reversed, with 41
of 44 CpG sites being unmethylated. Interestingly, the three
sites which were methylated (=60%) in C15 cells were among
those least methylated in Rael cells (30 to 50%), suggesting
some regulatory role for these sites. This is puzzling, since the
sites are located within the first exon of LMP-1 more than 100
bp downstream of the EDL1 promoter and outside the up-
stream regulatory region of the promoter. Methylation of ex-
ons is not known to affect transcriptional or replicative func-
tions (5), in contrast to the modulation of promoter activity.
Two sites (sites 20 and 21) are located in a region of LRS which
is regulated by EBNA-2 in B cells (bp —136 to —176 relative to
the promoter) (32). This region contains several transcription
factor binding sites: a POU-binding site (distinct from oct-1 or
oct-2) and a Pu.1-binding site. This region is modified by meth-
ylation in Rael, which may contribute to the LMP-1 downregu-
lation in conjunction with the lack of EBNA-2 in this cell line.
However, LRS must be regulated differently in epithelial cells
compared to B cells, in that EBNA-2 is not expressed and the
accessible pools of transcription factors differ. Further up-
stream of the promoter (bp —201 to —260), another regulatory
region which contains an RBP-Jk-binding site is located. It
includes two CpGs (sites 23 and 24), which are located in
protein-DNA interacting domains (33). Site 23 is completely
methylated in Rael cells, while site 24 is not present. Both sites
are unmethylated in C15 cells.

The LRS region in the Mutu I and III cell lines, which have
opposite LMP-1 expression patterns, was also analyzed. The
methylation pattern was less distinct when Mutu I and III were
compared. At this high level of resolution in the analysis, it is
unavoidable that both cell lines to some extent are mixtures of
type I and III latencies, i.e., they are contaminated by a few
cells with the other phenotype. Mutu I cells are constantly
drifting to the group-type III phenotype (18). To illustrate this
problem, we show the sequence data obtained from four indi-
vidual DNA clones derived from Mutu III. Only one of these
shows a high level of methylation and may represent a genome
from a type I cell among the type III cells. Although the overall
patterns of methylation in Mutu I and III are similar, the
demethylation is extensive in Mutu III all the way from the
POU-binding region and upstream to CpG site 44. This is far
upstream in the LRS and beyond the LMP-2B exon, close to
the terminal repeats. Altogether, another 12 sites were un-
methylated in Mutu III versus Mutu I, while 4 sites were more
methylated. If the single highly methylated cloned sequence in
Mutu III is omitted, the level of methylation is very low and
would be restricted to 8 sites, of which half are outside the
LRS. Methylation of site 9 in Mutu III looks specific in that it
is localized precisely at the EDLI promoter in LMP-1-express-
ing cells. In the oriP region, two specific EBNA-1-binding
regions with different functions have been identified, i.e., the
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FIG. 3. A summary of the bisulfite genomic sequencing of the LRS region. The y axis shows the percentage of methylation in all clones analyzed at this CpG site.
The x axis shows the individual CpG sites in the LMP-1 promoter region and the 5’ region of the exon analyzed. Each bar represents one CpG site. A small bar below
the zero level indicates that the CpG site is present and unmethylated. A CpG site with no bar on top shows that the site is not present in the isolate. A, additional
CpG sites (for details, see the legend to Fig. 2). Three to six individual clones for each CpG site in bisulfite-treated Rael DNA were analyzed. Five NPC C15 clones
were analyzed at each individual CpG site. Two to six clones from the Mutu I and III cell lines were analyzed.

FR and the DS regions, which are separated by approximately
960 bp (19, 28). It has been shown that the DS region is
involved both in replication and in control of the downstream
Cp and Wp promoters (17, 35). It contains two opposed pairs
of EBNA-1-binding sites that can loop and interact with the
FR through EBNA-1 protein-protein interaction (16, 34). Lit-
tle is known about the binding of proteins other than EBNA-1
to this region. We have shown that while EBNA-1 is bound, it
interacts with oct-1 and oct-2 and other unidentified proteins
by electrophoretic mobility shift assays (1a). In the type I latent

Rael cell line, which has, on average, a high level of methyl-
ation, we found a low level of methylation in and around the
DS region. In 2 of 12 sites (sites 4A to 14), the methylation
level was greater than 40%. However, the three CpGs within
the EBNA-1 core binding region were not methylated. One of
these sites (site 10) was previously shown to be completely
unmethylated by Mspl/Hpall restriction enzyme analysis (14).
In this region of oriP, only 1 of 16 CpG sites could be analyzed
by the previous method. The region closer to the FR was 100%
methylated in four of four sites. The previously described
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FIG. 4. CpG methylation of the LMP-1 regulatory region in five individual DNA clones from Mutu III. +, the CpG site was methylated; —, the CpG site was

unmethylated.

4.5-kb unmethylated island covering the oriP (14) thus seems
to be a mixture of unmethylated and methylated regions when
analyzed in detail. Since multiple copies of the EBV genome
are present within a single cell, methylation may vary between
copies in one cell.

By this sequencing method, it is necessary to sequence sev-
eral clones to establish the level of partial methylation in some
sites. Partial methylation must reflect that the degree of meth-
ylation in such CpG sites varies between the EBV genome
copies and may reflect that the genomes are differentially ac-
tive within the cell. Each copy may serve two functions in a
latently infected cell, i.e., as template for replication and for
transcription. As each episome undergoes one round of repli-
cation during S phase, they must all be able to use the oriP for
DNA replication to maintain the copy number. The variation
in methylation levels in some sites may reflect different activ-
ities in the role of the DS region and the surrounding region as
a promoter regulatory region. However, in Rael cells it has
been shown that the Cp promoter adjacent to oriP is silent in
favor of EBNA-1 expression from the Qp promoter (31).

Toth et al. (37) have shown in experimental systems with the
adenovirus major late promoter that DNA methylation may
spread horizontally over the genome from CpG sites which are
initially methylated. The varying degrees of methylation may
reflect an ongoing process of this kind. Methylation patterns
are usually conserved in the cells by maintenance methylases
that act following the synthesis of the new DNA strand (6). It
is most likely that this mechanism also operates on the EBV
episomes, since they replicate during S phase by the cellular
replication machinery. EBV episomes with methylation in the
oriP region will give rise to episomal copies with the same
methylation patterns. If the efficiency of replication varies with
the degree of methylation, DNA episome imbalances may oc-
cur over time in the cell. This may affect the fate of the cell
unless the copy number is corrected by some mechanism that
allows several copies to be made during S phase from a single
master episome. A trivial explanation of sites with partial
methylation, i.e., variation between clones, could be that the
chemical method to convert the DNA from the cells by bisul-
fite varies in efficiency in different DNA regions. However, this
can be controlled by the conversion of Cs in nonmethylatable
sites, and it was shown to be more than 98% in this study.

It is an open question as to whether the unmethylated sites
can be caused by an enzyme-specific mechanism or whether
their methylation is blocked by constant protection from de
novo methylation by binding of proteins, e.g., EBNA-1. This
issue can be addressed only by functional studies. The low level
of methylation in sites 11A to 14 and site 5 (Fig. 1) may reflect
blocking by DNA-binding proteins other than EBNA-1. These
sites may be helpful in the identification of cofactor proteins
that bind together with EBNA-1 to this control region.

Latent EBV infection with its natural methylation spectrum
lends itself to studies of the impact of methylation on viral gene
expression as well as to studies of more general aspects of the
role of methylation. The role of methylation in functional stud-

ies of oriP and LRS will be easier to address now as detailed
information on methylation patterns becomes available.
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