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What DNA Viral Genomic Rearrangements Tell Us about Persistence
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Understanding the life cycle and pathogenesis of animal viruses requires that we have systems in which the viruses can replicate
and cause disease. For the latter, we rely upon animal models or information that we can obtain from studying natural infections
of humans and other animals. For the former, however, we are largely dependent on the availability of cell culture systems in
which viruses can be propagated to investigate the molecular mechanisms of viral replication. For many years, it was assumed
that replication in culture provided an accurate description of the life cycle of the organism. In this Gem, we will discuss two vi-
ruses, polyomavirus and cytomegalovirus, in which cell culture systems have accidentally provided unique potential insights

into viral replication and persistence in their hosts.

Ever since the development of eukaryotic cell culture systems in
the early 1900s, virologists have taken advantage of tissue cul-
ture to isolate, identify, and characterize viruses (1). Viruses can
easily be propagated to high titers in permissive host cells, which
facilitates their isolation and purification. With rapid advances in
molecular biology and cell biology, many basic aspects of virus
infection and the interplay between viruses and their hosts have
been elucidated. These include, but are not limited to, virus recep-
tor identification, entry pathways, transcription, translation, rep-
lication mechanisms, and host innate immune responses to vari-
ous virus infections. In addition, studies of viruses in cell culture
have also greatly improved our understanding of how normal cells
operate, and researchers continue to use viruses as tools to further
our knowledge of many fundamental cellular processes.

The ability to persist for the life of the infected host is a com-
mon characteristic of many DNA viruses (2). Herpesviruses, ad-
enoviruses, and polyomaviruses, for example, all establish lifelong
persistent infections. In the persistent state, viral replication is
either low or absent, and the virus has evolved strategies to evade
the immune system, allowing it to coexist with the host. As such,
our ability to study viruses in culture has generally allowed us to
understand only a portion of viral biology, albeit an important
aspect: what happens when a virus productively infects a cell.
There are two major selective forces at play in these in vitro mod-
els. First, there is the lack of selection by the immune system.
Adaptive immunity is nonexistent, and not all aspects of innate
immunity are present. Second, there is selection for cytopathology
and production of progeny virions. Indeed, before there were mo-
lecular biology tools, we relied on cell biological and biochemical
assays to understand infection. The former force works to our
advantage as researchers: we can propagate in culture viruses
whose growth in an animal host may be otherwise inhibited by the
immune response or whose host is not experimentally tractable or
cannot be used for ethical reasons. The latter force, however,
means that we are open to the possibility that we are examining
rare variants that arose in the host prior to their addition to the
cultured cells or that there has been selection in culture for repli-
cation ability that was not present in the initial isolate.

Polyomaviruses (PyVs) are small, nonenveloped viruses that
contain an approximately 5-kb double-stranded circular DNA ge-
nome and have been isolated from a variety of species, from birds
to humans (3). In the human host, these viruses are characterized
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by the fact that they rarely cause disease in individuals with a
functional immune system. Rather, one usually sees disease in
immunocompromised individuals, such as transplant patients
being treated with immunosuppressive drugs, HIV-infected
patients, patients being treated with certain monoclonal antibod-
ies that block immune cell activities, or elderly people whose im-
mune systems are waning (4). The PyV genome can be divided
into three genetic regions: (i) the early region, which encodes the
regulatory T antigens; (ii) the late region, which encodes the cap-
sid proteins; and (iii) the noncoding control region (NCCR;
sometimes called the regulatory region), which contains the viral
origin of DNA replication and the transcriptional promoters for
the early and late genes. For the two best-studied human PyVs,
BKPyV and JCPyV, the structure of the NCCR depends upon the
natural history of the virus (5). In the so-called archetype virus,
which is the virus that circulates through the population and can
be isolated from urine due to periodic, subclinical replication,
there is a characteristic sequence that is largely invariant (Fig. 1A).
In rearranged variants, there are large deletions and duplications
within the NCCR. Interestingly, except under very artificial con-
ditions, the archetype virus cannot be propagated in culture (6). In
fact, attempts to culture archetype BKPyV result in the outgrowth
of rearranged variants (7). Moreover, rearranged variants of
BKPyV are associated with viremia in polyomavirus-associated
nephropathy in renal transplant patients, and in contrast to the
archetype virus, these variants can be propagated in culture (8).
Similarly, rearranged variants of JCPyV can be isolated and cul-
tured from patients with progressive multifocal leukoencephalop-
athy (9). Therefore, it is thought that the rearrangement of the
NCCR is associated with enhanced viral replication and subse-
quent pathogenesis. Both BKPyV and JCPyV were initially iso-
lated from patient specimens; if investigators had attempted to
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FIG 1 Examples of genome rearrangements in PyV and HCMV. (A) Archetype and rearranged PyV NCCRs. The top shows the structure of the archetype BKPyV
NCCR, which is arbitrarily divided into five blocks of DNA sequence named O (for origin of replication), P, Q, R, and S; the bottom shows a hypothetical
rearranged NCCR in which the P block is duplicated and the Q block is deleted. The blocks are not drawn to scale. (B) HCMV low-passage-number and
laboratory-adapted strain genome organization. The top shows the ORF organization of low-passage-number HCMYV strains with a unique ULb’ region that is
absent in laboratory strains (bottom). Additionally, the RL region is repeated in the laboratory strains (bottom). Block arrows depict the relative orientations of

the RL1-14, UL1-152, ULb’, IRS1, US1-36, and TRS1 gene segments.

isolate the viruses from healthy individuals, they probably would
have been unsuccessful unless they were lucky enough to get in
vitro selection for rearrangements. Interestingly, none of the more
recently isolated human PyVs have been efficiently propagated in
culture (4). We speculate that this is a reflection of the fact that
they are also archetype viruses whose natural mode of infection is
persistence.

Cytomegaloviruses belong to the betaherpesvirus family and
contain a large linear double-stranded DNA genome. The human
cytomegalovirus (HCMYV) establishes a lifelong infection in hu-
mans and, like PyVs, HCMV is an opportunistic pathogen that
causes severe disease in immunocompromised people. Its genome
includes two unique regions termed the unique long (UL) and
unique short (US) regions. These two domains are flanked by
terminal and internal repeat segments that can be recombined,
resulting in genomic isomerization. Upon entry, the linear ge-
nome is circularized via unpaired bases at each end and the DNA
is replicated by a rolling circle mechanism. The catenated DNA is
subsequently cleaved into unit length molecules and packaged
into virions. It is unclear whether during latency the viral DNA is
replicated or not, but it is believed that the genome persists as an
episome (10).

Clinical isolates of HCMV have been obtained from various
settings, and some of them have been cloned and sequenced (11).
These isolates have minimal passage history in culture and display
similar genomic organization. In contrast, laboratory strains of
HCMYV have gone through multiple passages in fibroblasts, which
resulted in selection for increased replication in fibroblasts and
decreased ability to infect other cell types that are permissive to
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the clinical strains. Interestingly, a closer look revealed that
in comparison to the clinical precursors, these cell culture-
adapted strains display extensive genomic rearrangements, in-
cluding large deletions, duplications, and inversions (11, 12)
(Fig. 1B). The rearrangements are particularly prevalent in the
two terminal regions, which are enriched in repeated se-
quences. Unlike PyVs in which genomic rearrangements are
confined to the NCCRs, the reorganization in HCMV genomes
can involve open reading frame (ORF)-containing sequences.
It is inferred that the terminal regions contain genes that are
not essential for HCMV replication in cell culture.

How these rearrangement events in the viral genomes lead to
increased replication in culture is unclear. In PyVs, the NCCR
controls both early and late transcription, and rearrangement is
often observed within the late proximal side of the NCCR (13).
This region contains many putative enhancer elements, and rear-
rangements within this region may certainly affect promoter ac-
tivities. One possible outcome is a change in the expression of
viral microRNAs (miRNAs), which regulate expression of early
mRNAs, due to altered early and late promoter firing. For exam-
ple, with BKPyV, the rearranged virus produces less viral miRNA
than the archetype strain, thereby resulting in an enhancement of
viral replication (14). It has been proposed that increased miRNA
expression by the archetype strain may facilitate the establishment
of persistence, as less early mRNA is being produced, therefore
allowing the virus to be more likely to evade immune surveillance.
This may not be generalizable to other PyVs, such as simian virus
40 (SV40), however (15). In HCMYV, research suggests that dis-
ruption of a glycoprotein complex, gH-gL-pUL128-pUL130-
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pUL131, in laboratory strains may be responsible for increased
replication (16, 17), although as is the case for PyVs, the exact
mechanism is not well defined. In addition, all clinical strains of
HCMYV contain a unique region termed ULb’ that is absent in
laboratory strains. This region has been shown to be necessary for
viral latency establishment in hematopoietic progenitor cells, al-
though it is dispensable for replication in fibroblasts (18). Taken
together, these data suggest that rearrangements within these op-
portunistic DNA virus genomes may have profound impact on
the ability of the viruses to either persist or replicate under differ-
ent contexts of infection.

There is unfortunately a lack of knowledge on how genomic
arrangements arise in these DNA viruses. Recombination appears
to play a role in this process, as large deletions and duplications
have been observed in both PyVs and HCMV (5, 16). It has
been postulated that viral-replication-dependent recombina-
tion events might be important for generating observed se-
quence changes (19). Future studies focusing on host recom-
bination pathways as well as a closer examination of a larger
number of clinical isolates will reveal additional information
on the underlying mechanisms of rearrangement.

SUMMARY

In summary, the selection for growth of viruses imposed by cell
culture systems, while greatly enhancing our understanding of
replication, has been a double-edged sword. On the one hand, we
have uncovered basic strategies used by viruses to complete their
life cycles. On the other hand, we now recognize that the genomes
of these lab-adapted viruses do not always represent the viruses
that circulate in the animal host. Therefore, what are considered
wild-type strains in the laboratory may not necessarily be truly
wild type in the host. Nonetheless, comparison of these two classes
of genomic types has provided tremendous insight into viral biol-
ogy and pathogenesis. Indeed, it appears that the primary strategy
of some DNA viruses may be to express molecules that repress
replication and allow the viruses to coexist with the host, rather
than replicating robustly and destroying the infected cell. These
persistent viruses can then sense the environment and switch to
replicative mode when conditions are optimal for spread to a new
host.
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