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Stability without a centromere
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Every chromosome is precious. Each one carries vital genetic
information that must not be lost. To ensure chromosome
retention and segregation when the cell divides, the spindle
apparatus attaches to the chromosomes at the centromere. In
higher eukaryotes, the centromere is a big region, often
occupying a megabase or more in mammalian chromosomes.

Dedicating large amounts of DNA to centromere function is
not a problem for mammalian cells. They carry thousands of
megabases of DNA in their genome, the great majority of
which does not code for proteins. But what about a virus?
Compactness is the viral strategy. If a virus adopts the attrac-
tions of latency, remaining in the cell until conditions are right
for lytic growth, how can it stably remain in the nucleus? A
centromere seems out of the question. A different strategy is
outlined in the paper by Lehman and Botchan in this issue of
Proceedings (1).

Once in the nucleus, a virus bound for latency must take
action to ensure its survival against loss through dissolution of
the nuclear membrane upon mitosis or through nuclear pores.
An association with the chromosomes would ensure viral
retention by taking advantage of chromosomal segregation
and stability. Some viruses, like retroviruses and adeno-
associated viruses, integrate into the chromosomes, forming
covalent bonds that ensure that the viral genome will travel
with the chromosomes. A less sure, but adequate, method to
colocate with the chromosomes is to rely on a noncovalent
association with chromosomes. This is the route of bovine
papilloma virus (BPV) (Fig. 1).

BPV infects dividing basal epithelial cells and remains latent
until the infected cells reach the skin surface as terminally
differentiated keratinocytes. At that point, lytic replication
ensues and viral particles are made (2). During latency, the
viral genome exists as a multicopy circular plasmid in the
nucleus. It replicates by using the viral origin of replication and
the viral E1 and E2 proteins, as well as the host replication
apparatus. The E1 and E2 proteins bind to the BPV genome
in the origin region. The E1 protein is a helicase required for
replication initiation and elongation, and E2 is a transcription
factor that also facilitates E1 binding to the origin (3, 4).

Plasmids having the viral origin, EI, and E2 replicate
extrachromosomally in mouse tissue culture model systems (2,
5), and it is such a system that Lehman and Botchan used for
their studies (1). In mouse cells, BPV plasmids are maintained
at a stable copy number for prolonged periods (2). Yet we
know that introduced nonviral plasmid DNA is lost rapidly
from most mammalian cells, even predominantly nondividing
cells (6). How, then, does the extrachromosomal BPV plasmid
manage to remain in the cells at a similar copy number for
generation after generation?

Lehman and Botchan (1) used a mutant form of E2 to
demonstrate that E2 mediates a physical association between
the BPV genome and the chromosomes. Fluorescence in situ
hybridization studies showed that the E2 A4 mutant produced
sectored colonies during growth in mouse cells, such that the
BPV genome was entirely lost from parts of the colony. These
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results suggested that the E2 mutant was losing viral DNA
during cell division. A replication defect was not likely because
the E2 mutant replicated well in transient assays. The segre-
gation activity of E2 appeared to be regulated by phosphor-
ylation (1, 7).

Striking fluorescence in situ hybridization photographs
showed that the E2 mutant did not associate with metaphase
chromosomes. Wild-type BPV did associate with chromo-
somes, with no specific attachment sites apparent. Further-
more, staining with a mAb that recognized wild-type and
mutant E2 equally showed that, although wild-type E2 colo-
calized with chromosomes during mitosis, the mutant E2 did
not. These results suggested a direct role for E2 in chromosome
attachment. Second site suppressors of the E2 A4 mutant were
found in both E2 and El1, suggesting that E1 also was involved
in chromosome attachment.

The fluorescence in situ hybridization images of Lehman and
Botchan (1) indicate that BPV genomes are distributed among
the chromosomes and remain closely associated with them. In
this way, when the chromosomes segregate during mitosis,
BPV genomes will be distributed to both daughter cells and
will not be lost from the nucleus. BPV thus obtains some of the
benefits of having a centromere without having to encode this
cumbersome structure. By hitchhiking along with chromo-
somes, BPV ensures its own retention and segregation.

A similar mode of viral maintenance is used by Epstein—-Barr
virus (EBV), a larger virus that also has a significant latent
existence and replicates as an extrachromosomal circle (5).
The EBV protein EBNA-1 is found associated with metaphase
chromosomes (8), and EBV viral genomes remain tightly
associated with chromosomes during flow sorting, although
the association is not covalent (9).

The EBYV latent origin of replication oriP (10) together with
the viral EBNA-1 gene needed to activate the origin define
EBV vectors that can replicate stably in human tissue culture
cells (11). OriP is bipartite, with a dyad region required for
efficient replication and a family of repeats region that also has
transcriptional enhancer activity (12, 13). EBNA-1 binds to
repeats in each oriP element (14), and both elements are
required in cis for efficient replication. Deletion of the dyad
part of the origin produces vectors that cannot replicate
efficiently but still mediate gene expression for a prolonged
time in the cell (12, 13). This effect is due to the ability of
EBNA-1 and the family of repeats to cause nuclear retention
of linked DNA (15). The retention function mediated by
EBNA-1 and the family of repeats is vital to the long term
maintenance of EBV plasmids in cells.

Thus, in both BPV and EBV, a viral protein and its binding
sites in the origin region of the viral genome seem to mediate
a close association with the chromosomes that aids in nuclear
retention and segregation of the viral genome. The identity of
the chromosomal element to which the viral protein is binding
is not known in either case. It could be a chromosomal protein,

Abbreviations: BPV, bovine papilloma virus; EBV, Epstein—Barr
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FiG. 1. Two ways in which viral genomes can take advantage of the
chromosomal centromere to maintain themselves long term in mam-
malian cells. (4) Integration is a covalent interaction with the chro-
mosomes. It is the maintenance mode of viral genomes such as
retroviruses. (B) Genomes such as BPV and EBV maintain a nonco-
valent close association with chromosomes, mediated by a viral
protein, to ensure viral maintenance and segregation. The chromo-
somal centromere and the spindle attachment are depicted schemat-
ically. Viral genomes are shown in bold and, for clarity, are exaggerated
greatly in size in relation to the chromosome. (Illustration drawn by
Julie Phillips.)

such as a transcription factor or a scaffold protein, or it may
be the chromosomal DNA itself. The EBV nuclear retention
function requires domains of EBNA-1 also required for rep-
lication and transcription, and it has been suggested that all
these functions may be mediated by an overlapping set of
cellular proteins (16).

The viral proteins involved in each case, EBNA-1 for EBV
and E1 and E2 for BPV, have important roles in viral
replication. It is possible that the chromosomal association is
involved in enhancing viral replication, as well as providing
retention. For both viruses, maintenance of the viral genome
in cells can be reinforced by conferring a selective advantage
on infected cells through oncogenic transformation. However,
replication and retention of the viral genome still are required
for its maintenance.

The cleverness of viruses often supplies us with new genetic
engineering strategies. To date, many viruses have been used
in gene therapy (17), primarily for use of the capsid as a
delivery vehicle and, in the case of retroviruses, also for use of
the integration mechanism. However, using “whole” viruses in
this way also brings many limitations. It is attractive to use only
those viral components that are beneficial in the gene therapy
scheme. In this regard, the method of nuclear retention used
by these extrachromosomal viruses might find use in stabilizing
DNA introduced in gene therapy.

A conventional plasmid vector introduced into target cells
disappears rapidly from most cells. For example, after lipid-
mediated delivery, a peak of plasmid gene expression is seen
between 4 and 24 h after transfection, followed by a rapid drop,
such that <1% of the DNA is present 4 days after transfection
(6). Retention is much better in muscle cells (18), but there are
limits on the utility of muscle cells in gene therapy. Gene
therapy vectors carrying the EBV family of repeats and
EBNA-I show prolonged retention and prolonged gene ex-
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pression of linked marker genes in tissue culture cells, sug-
gesting utility in extending the effectiveness of gene therapy
(19-21). Papilloma virus vectors carrying the origin, £/, and
E2 would be expected to show similar effects. Other DNA
viruses that maintain nuclear DNA without integration also
might possess special retention sequences and proteins that
would be useful to characterize. Whether the viral proteins
required by these retention systems will be acceptable in gene
therapy and whether these effects can be demonstrated in
animals remain to be tested (22).

However, the analogy is good between viruses and gene
therapy vectors. Both benefit from compactness, so their
options for maintenance are limited similarly. The larger the
gene therapy vector, the more difficult the manipulation,
manufacture, and delivery, so the challenge is to provide
stability with a minimal commitment of DNA. Viruses like
BPV and EBV achieve prolonged stability by using a mecha-
nism that encompasses only a few kilobases of DNA.
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