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Abstract

Polyomaviruses are small, double stranded DNA viruses that replicate in the nucleus of the

infected cell. Since 2005, clear evidence for miRNAs has been presented for a subset of the

members of this viral family, each of which express a single miRNA. All the miRNAs share in

common the ability to regulate expression of the major viral regulatory protein, large T antigen.

Growing evidence suggests that the major role of the miRNA is to control viral replication. In

vitro studies suggesting an immmunomodulatory role for the miRNA have not been supported by

in vivo infections. Very little is known about cellular targets of the viral miRNAs, however. Thus,

much remains to be learned about these interesting non-coding RNAs.

Polyomaviruses are small, non-enveloped, double-stranded DNA viruses that are known to

infect a variety of species from birds to humans [1]. Since their discovery over a half century

ago, studies of the molecular biology of murine polyomavirus (MPyV) and SV40 have led to

seminal discoveries about eukaryotic gene expression and DNA replication, as well as

oncogenic transformation. Indeed, it is only relatively recently that interest in the

polyomaviruses as human pathogens has moved to the forefront. Currently, there are four

human polyomaviruses that have a clear association with disease [2]. These are BK

polyomavirus (BKPyV), which causes kidney and urinary tract diseases in renal and bone

marrow transplant patients, respectively; JC polyomavirus (JCPyV), which causes

progressive multifocal leukoencephalopathy in AIDS patients and individuals being treated

with some therapies aimed at suppressing T cell infiltration; Merkel cell polyomavirus

(MCPyV), which causes a rare, aggressive skin cancer called Merkel cell carcinoma; and

trichodysplasia spinulosa-associated polyomavirus, which causes the extremely rare

condition from which it derives its name.

The circular polyomavirus genome is approximately 5.0–5.5 kb in length, and can be

divided into three genetic regions (Figure 1). The early region encodes regulatory proteins,

including the large and small T antigens (LT and ST). The late region is expressed from the

complementary strand of the genome and encodes the viral capsid proteins and, in some
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cases, a poorly-understood protein called the agnoprotein. The third region is the regulatory

region, sometimes called the non-coding control region or the origin region depending on

the virus. This contains the cis-acting elements that are required for DNA replication and

transcription of the early and late regions. The life cycle begins with binding of the virus to a

cell surface receptor followed by endocytosis and trafficking to the ER, where disassembly

begins. The viral genome, which is associated with histones to form a cellular chromatin-

like structure, is eventually delivered into the nucleus. Historically, it has been thought that

the first event when the virus enters the nucleus is transcription of the early region by the

cellular RNA polymerase II, resulting in LT and ST expression. These two proteins are

involved in viral genome replication in two ways. First, they play an indirect role in

stimulating the cell to enter S phase. This activity is important because the virus uses the

host cell DNA synthetic machinery to replicate its DNA. Second, LT binds to the origin of

DNA replication and recruits the cellular DNA polymerase α/primase complex to initiate

replication. Concomitant with the onset of DNA replication, the late region is transcribed.

As new genomes and capsid proteins are produced, they are assembled into progeny virions

that can leave the cell and infect new cells.

Polyomaviruses were one of the first organisms in which post-transcriptional regulation of

eukaryotic gene expression was studied. In 1978, it was determined by Ford and Hsu that

transcription of the SV40 late strand continued past the poly(A) site, indicating that the

mRNA 3′ end was generated by a processing event [3]. That same year, Berk and Sharp

demonstrated the presence of spliced early SV40 mRNAs [4]. The first hint that

polyomaviruses encode a miRNA came from studies by Alwine on SV40 early gene

expression, in which he discovered a short RNA molecule that was associated with early

transcripts, which he named SV40-associated small (SAS) RNA [5,6]. A quarter of a

century passed before this RNA was rediscovered by Sullivan and colleagues, who scanned

the SV40 genome with a pre-miRNA prediction program [7]. Since that time, polyomavirus

miRNAs have been reported in BKPyV, JCPyV, simian agent 12 (SA12), murine

polyomavirus (MPyV), and MCPyV, as well as in an unusual polyomavirus-papillomavirus

hybrid, bandicoot papillomatosis carcinomatosis virus (BPCV) [8–12].

The polyomavirus miRNA is encoded on the late strand and targets early region mRNAs.

The genetic location of the miRNA gene and the target sequence differs among the viruses,

however. For MPyV and MCPyV, the target is near the 5′ end of the LT open reading frame

(ORF), while the other primate polyomavirus miRNAs target the 3′ end of the ORF. This

difference in position of the miRNA target correlates with the evolutionary relationships of

the viruses [13]. It is unusual for a miRNA target to be present in an ORF rather than in the

3′ untranslated region (UTR) of the mRNA, the usual site of action for miRNAs. Because

the targets are exact complements to the miRNA, the early mRNAs are degraded in the

presence of the miRNA [7,8]. In BPCV, the miRNA is encoded in a second non-coding

region of the viral genome that maps between the 3′ ends of the early and late regions. Its

target is in the 3′ UTR of the early mRNA, resulting in a more traditional miRNA-like

mechanism of translation inhibition because it is not fully complementary to the target [10].

Overall, it appears that the main selective force on the polyomavirus miRNA during

evolution has been to regulate early gene expression.
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The biogenesis of the polyomavirus miRNA is not well-understood. In general, miRNAs are

processed either from primary transcripts that are expressed as independent transcription

units, or from the introns of RNA polymerase II primary transcripts [14]. Processing of the

primary miRNA transcript ultimately results in the loading of one of the two arms of the

precursor hairpin, called the 5p and 3p arms, into the RISC (RNA-induced silencing

complex), which directs the miRNA to the target. This results in degradation of the target if

there is perfect or near-perfect complementarity, or translational repression if there is less

complementarity. The polyomavirus miRNAs are somewhat unique in that both the 5p and

3p arms are functional. In BKPyV, expression of the miRNA is controlled by sequences in

the non-coding control region (NCCR) and correlates with late mRNA expression [15]. It is

not known, however, whether miRNA transcription initiates from the late promoter. There is

evidence from studies of the SAS RNA, however, which suggests that this is the case [16].

The BPCV miRNA appears to have its own promoter [10].

Until recently, the role of the polyomavirus miRNA remained elusive. When the SV40

miRNA was first discovered and found to regulate LT expression, it was assumed logically

that mutating the miRNA would result in increased viral replication because of higher LT

levels. Surprisingly, though, the mutant virus did not replicate better than wild type [7]. It

was therefore proposed that perhaps SV40 used the miRNA to temper LT expression as a

means of immune evasion. In support of this hypothesis, it was shown in the same report

that cells infected with the miRNA mutant virus were more susceptible to killing by a LT-

specific CTL clone than cells infected with wild type virus. The immune evasion hypothesis

was challenged, however, by subsequent experiments examining a MPyV mutant that does

not express its miRNA. In mice, this mutant exhibited the same infection and transformation

phenotypes as wild type MPyV, and in particular the immune response was

indistinguishable from that against the wild type virus [12].

Greater understanding of the function of the miRNA came from studies aimed at

determining the differential replication abilities of two genetic forms of BKPyV, the

archetype virus and a rearranged variant. The genetic differences occur in the NCCR of the

virus. The archetype virus is the form of the virus that circulates through the population:

upwards of 90% of all humans are infected with BKPyV [17]. It is periodically excreted into

urine in both healthy individuals and immunosuppressed transplant patients in whom

BKPyV causes disease. Rearranged variants are usually only isolated from the serum of

renal transplant patients, and it is rare to find them in the urine. Experimentally, rearranged

viruses have been studied in the laboratory because they can replicate in cells in culture

whereas archetype virus cannot. Similar genetic variants are found in SV40, MPyV, and

JCPyV. In studies examining which function of the BKPyV NCCR was responsible for the

restriction to replication, it was found that expression of LT in culture was undetectable

[18]. Because LT expression is controlled in part by the function of the viral miRNA, it was

hypothesized that in the archetype virus, miRNA expression was dominant over LT mRNA

expression. To test this, the miRNA was mutated in the context of the archetype BKPyV

genome. The miRNA mutant virus was able to replicate much more efficiently than wild

type archetype virus [15]. Interestingly, building the same mutation onto a rearranged viral

genome had no effect on replication, similar to what had been reported for SV40 and MPyV
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[7,12]. Therefore, it was hypothesized that the polyomavirus miRNA controls replication of

the archetype virus.

Similar results were subsequently obtained in a small animal model of SV40 infection, the

Syrian golden hamster [19]. The authors constructed miRNA mutants in both an archetype

and rearranged regulatory region genetic background. After intracardiac injection, both wild

type and miRNA mutant SV40 were able to establish persistent infections, but viral loads

were higher in animals infected with the miRNA mutants. However, there was no significant

difference in clearance of the wild type and mutant viruses by the immune system. There

was also no miRNA-dependent difference in tumor formation in the infected animals or in

transformation of infected murine cells in culture.

Little is known about whether polyomavirus miRNAs regulate the expression of cellular

targets, whether viral proteins influence cellular miRNA expression, or whether cellular

miRNAs regulate polyomavirus replication. While the manuscript that identified the

MCPyV miRNA also included a bioinformatic analysis of potential cellular targets [9], to

date these have not been verified experimentally. There is one report in the literature that

suggests that the BKPyV and JCPyV 3p miRNAs, which happen to be identical, target

UL16-binding protein 3, a stress-induced ligand that leads to killing by natural killer cells

[20]. This would again point to an immunomodulatory role for the viral miRNA. Another

report demonstrated that the seed sequence of the SV40 5p miRNA is identical to the

cellular hsa-miR423 5p molecule seed [21]. When the targets of hsa-miRNA423 were

cloned into a fluorescent reporter system, expression of the reporter was down-regulated by

the SV40 miRNA. However, the authors did not test what happens to the authentic cellular

genes in the context of a viral infection, nor did they examine possible reciprocal effects of

hsa-miR423 on SV40 early expression. A more global analysis of cellular gene expression

in the context of infection with SV40 variants that express miRNAs whose sequence differs

indicated that the majority of host targets of the variants were different, supporting the

notion that the major selective force on the miRNA is likely its viral target [22]. It is

possible, however, that the small number of shared cellular targets are also important.

With respect to viral regulation of cellular miRNAs, a comparison of MCPyV-positive and

MCPyV-negative Merkel cell carcinomas indicated that expression of six cellular miRNAs

was different: five were overexpressed in the virus-associated tumors and one was

underexpressed [23]. The latter, miRNA203, appears to behave as a tumor suppressor in

MCPyV-positive Merkel cell carcinomas but not in virus-negative tumors, indicating that

virus infection is interfering with negative cell growth control in much the same way that LT

inhibits p53 and pRb [24].

In summary, the study of the roles of miRNAs during polyomavirus infection is still in its

infancy, with many more questions remaining to be answered. Among these are: (1) Does

the miRNA play a role in persistent infection or oncogenesis in the natural host? (2) How is

viral miRNA expression regulated? (3) Are there other cellular protein-coding genes or

miRNAs that are regulated by the virus, and do these functions also impact the outcome of

infection at either the cellular or organismal levels? (4) Do any cellular miRNAs regulate

viral gene expression? It seems that a combination of animal studies with those viruses that
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can infect animals, analysis of human patient specimens, and in vitro cell culture approaches

will be required to fully assess the intricacies of the polyomavirus miRNAs.
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Highlights

• polyomaviruses encode a single miRNA

• the miRNA regulates expression of the major viral regulatory protein, large T

antigen

• the viral miRNA restricts viral replication
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Figure 1.
Map of the polyomavirus genome. The double stranded, circular DNA genome of the

polyomaviruses described in the text is shown along with the regulatory region (top), and

early and late primary RNA transcripts (black heavy arrows). The positions of the miRNAs

(short heavy arrows) are also indicated. The miRNAs are expressed from the same strand as

the late transcripts and are therefore perfectly complementary to the early mRNAs. As such,

they target the early mRNAs for degradation. In BPCV, the miRNA maps to an additional

non-coding region between the early and late transcripts
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