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Distinctive Effects of the Epstein—Barr Virus Family of
Repeats on Viral Latent Gene Promoter Activity and
B-lymphocyte Transformation
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Background and Objectives

Epstein-Barr virus (EBV) is a ubiquitous human herpesvirus that is associated with various lymphoid and
epithelial cancers, such as Burkitt's lymphoma (BL), gastric carcinoma, nasopharyngeal carcinoma and
lymphomas in immunosuppressed patients. EBV infects B-lymphocytes in vitro and transforms them into
indefinitely growing cells, known as lymphoblastoid cell lines (LCLs). In the LCLs, EBV establishes latent
infection, and little progeny viruses are produced. Only a limited numbers of viral latent proteins, most of
them are essential for B-cell transformation, are expressed in the LCLs.

The EBV genomes are maintained as circular, double-stranded DNAs (designated as episomes) in latently
infected cells. Episomal maintenance is mediated by the following two viral elements: a cis-acting sequence,
oriP, and a gene encoding a trans-acting protein, EBV nuclear antigen-1 (EBNA-1). The oriP sequence
consists of two functional elements, the dyad symmetry element (DS) and the family of repeats (FR).

The FR consists of multiple copies of a 30-bp repeat unit, each unit consisting of a 16-bp palindromic
sequence that constitutes an EBNA-1 binding site. Multiple EBNA-1 molecules bind to the FR sequence and
transactivate the viral latent gene promoter, BamHI C promoter (Cp), which drives the expression of viral
transforming proteins, such as EBN-A2, EBN-A3s, and EBNA-1 itself. EBNA-1 binding to the FR sequence
also mediates the nuclear retention of EBV episomes and oriP-containing miniplasmids.

The number of 30-bp repeat units within the EBV FR varies between strains. It has been reported that the
FR of the EBV B95-8 strain, a prototype EBV, consists of 29 copies of repeats (FR29). Importantly, the FR
length is strictly maintained when the virus is maintained in cells. By contrast, the FR sequence tends to be
partially deleted when it was subcloned in E. coli-based plasmid vectors. For example, the FR of
commonly-used oriP miniplasmids (for example, pCEP4) consists of only 20 copies of repeats (FR20), and 9
copies of the repeats are missing compared to that of the original EBV B95-8 strain from which it is derived.

We got interested in investigating whether the full length FR of the EBV B95-8 strain plays a role in
specific biological functions that cannot be mediated by the deleted FR. Thus, we compared the full length
FR (FR29) and the deleted FR (FR20) by focusing on their transcriptional enhancer activities as well as their
abilities to support B-cell transformation.

Materials and Methods

The FR lengths of latently infected EBVs were verified by Southern blotting. A low-copy-number plasmid
vector was used to subclone the EBV B95-8 strain DNA fragment spanning the full length FR (FR29), which
consists of 29 copies of repeats. The deleted version of FR (FR20) was obtained from pCEP plasmid. The
luciferase reporter constructs containing either the full length FR (FR29) or the deleted FR (FR20), located
upstream of viral latent gene promoter Cp, were constructed. The reporter constructs were introduced into
various EBV-positive (Akata, B95-8, and P3HR-1 cells) and EBV-negative (BJAB) cell lines to examine the
enhancer activities of FR29 and FR20. The effect of FR lengths on the replication efficiencies of oriP
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miniplasmids were examined by transient replication assay in the EBV-positive Raji cells. The bacterial
artificial chromosome (BAC) clone containing the entire genome of the EBV (Akata strain) was genetically
engineered in E. coli to obtain two recombinant EBV genomes, one having FR29 (FR29-BAC) and the other
having FR20 (FR20-BAC). The recombinant EBVs were then produced by utilizing P3HR-1 cells as virus

producing cells, and they were subjected to B-cell transformation assay to determine their transforming titers.

Results

Southern blotting experiment revealed that the FR sizes vary between EBV strains, and that the sizes of the
FR sequences do not change during the life cycle of each EBV strain. When EBV-positive cells with
endogenous EBNA-1 expression were used for the reporter assay, we found that both the full-length FR
(FR29) and the deleted FR (FR20) enhanced the activity of viral latent gene promoter (Cp), but the reporter
construct of FR29 exhibited attenuated transactivation compared to that of the FR20 reporter. In
EBV-negative cells, exogenous expression of EBNA-1 protein transactivated both the FR29 and FR20
reporter constructs, but again the FR29 reporter construct exhibited attenuated transactivation, supporting the
results obtained from EBV-positive cells. We further dissected the FR sequence into parts and found that the
9 copies of 30-bp repeats, located at the 3’-end of the full length FR, is responsible for attenuating the
transactivation of viral latent gene promoter.

We then examined how the difference of FR sizes of the test plasmids affects their replication efficiency.
Transient replication assay using the EBV-positive Raji cells revealed no significant difference between the
replication efficiency of FR29 test plasmid and that of FR20 test plasmid.

We then investigated the importance of the full length FR in the context of the EBV genome by using a
recombinant EBV technology. The recombinant viruses of FR20-BAC and FR29-BAC were produced, and
they were subjected to B-cell transformation assay. Both viruses infected B-lymphocytes and transformed
them into LCLs. The results revealed that the recombinant virus of FR29-BAC exhibited significantly higher
B-cell transformation efficiency compared to that of FR20-BAC.

Discussion

The FR sequence is a highly repetitive sequence with more than 20 copies of EBNA-1 binding sites, and
EBNA-1 binding to the FR sequence is well known to enhance viral latent gene promoter, Cp. We found that
the inclusion of the full length FR (FR29) in a reporter construct did not result in enhanced transcriptional
regulation compared to the FR20 reporter construct. Therefore, it becomes apparent that the increased copies
of EBNA-1-binding sites do not necessarily result in stronger enhancer activity.

Our results suggest that the 9 copies of 30-bp repeats (252-bp sequence, which is subject to deletion in E.
coli-based plasmids) somehow contribute to the attenuated enhancer activity. The deleted 252-bp sequence
contains a 128-bp complete dyad symmetry, which is expected to form a hairpin-like secondary structure.
Interestingly, although primary sequences and the sizes of the FR are heterogeneous among various EBV
strains, they all share a stretch of nucleotide sequence which can form similar secondary structures. Thus, the
overall data support the idea that a putative hairpin-like structure plays a role in regulating the enhancer
activity of the viral latent gene promoter.

The enhanced B-cell transformation ability obtained by the recombinant EBV having the full length FR
highlights the importance of preserving the full length FR for the biological activities of EBV. There are at
least two explanations for the enhanced transformation efficiency. First, the full length FR (FR29) can
accommodate approximately 40% more EBNA1 molecules than the deleted FR, which results in the better
maintenance of EBV episomes in the infected B-lymphocytes. Second, as the excess expression of viral
transforming protein is known to be disadvantageous for B-cell transformation, preserving the full length FR

-is required for the appropriate expression levels of viral transforming proteins, which is likely to be critical
for efficient B-cell transformation.

Conclusion

This study has clearly demonstrated that the integrity of repetitive sequences is sometimes necessary for
viruses to function efficiently. We conclude that the presence of the full-length FR contributes to the precise
regulation of the viral latent promoter and increases the efficiency of B-cell transformation.
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