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Polyomaviruses are a growing family of small DNA viruses with a narrow tropism for both the host species
and the cell type in which they productively replicate. Species host range may be constrained by requirements
for precise molecular interactions between the viral T antigen, host replication proteins, including DNA
polymerase, and the viral origin of replication, which are required for viral DNA replication. Cell type
specificity involves, at least in part, transcription factors that are necessary for viral gene expression and
restricted in their tissue distribution. In the case of the human polyomaviruses, BK virus (BKV) replication
occurs in the tubular epithelial cells of the kidney, causing nephropathy in kidney allograft recipients, while
JC virus (JCV) replication occurs in the glial cells of the central nervous system, where it causes progressive
multifocal leukoencephalopathy. Three new human polyomaviruses have recently been discovered: MCV was
found in Merkel cell carcinoma samples, while Karolinska Institute Virus and Washington University Virus
were isolated from the respiratory tract. We discuss control mechanisms for gene expression in primate
polyomaviruses, including simian vacuolating virus 40, BKV, and JCV. These mechanisms include not only
modulation of promoter activities by transcription factor binding but also enhancer rearrangements, restric-
tion of DNA methylation, alternate early mRNA splicing, cis-acting elements in the late mRNA leader sequence,
and the production of viral microRNA.

Polyomaviruses comprise a family of small nonenveloped
DNA tumor viruses which have small, circular, double-
stranded DNA genomes, have been isolated from many species
of mammals and birds, and are characterized by a very limited
host range with respect to the species that they can produc-
tively infect (48). We will focus mainly on three primate vi-
ruses, simian vacuolating virus 40 (SV40), BK virus (BKV),
and JC virus (JCV), not only because they have taught us
important lessons about eukaryotic molecular biology but also
because BKV and JCV cause important human diseases. SV40
was discovered almost 50 years ago (115) and was the first
primate polyomavirus to be described. SV40 differs signifi-
cantly from the previously discovered mouse polyoma virus
(111) in that it does not possess a middle T antigen in the early
region and it expresses an accessory regulatory protein, agno-
protein, which is encoded in the late region. The species of
origin of SV40 is the rhesus macaque, and the virus was dis-
covered as a contaminant in early batches of polio vaccine.
While the polio vaccinations at that time likely infected many
people, the prevalence of SV40 infections in humans today has
been debated (36, 122). In 1971, two bona fide human poly-
omaviruses were discovered. BKV, also known as polyomavi-
rus BK, was first isolated by Gardner et al. (37) by culture in
Vero cells from the urine of a patient receiving immunosup-
pressive therapy following kidney transplantation. BKV is
widespread throughout the human population around the

world, with more than 70% of individuals testing serologically
positive (59). Primary infection is thought to occur during
childhood and is usually subclinical. However, BKV can rarely
reactivate from latency under conditions of severe immuno-
suppression to cause nephropathy. Importantly, kidney trans-
plant recipients who receive highly immunosuppressive
drugs may develop BKV-associated nephropathy, and this is
a leading cause of allograft failure (45, 77). JCV, also known
as polyomavirus JC, was first isolated from brain tissue of a
patient with the central nervous system demyelinating dis-
ease progressive multifocal leukoencephalopathy (PML) by
Padgett et al. (85). Brain tissue was used to inoculate pri-
mary cultures derived from the human fetal brain. The virus
was then successfully isolated from these long-term cultures,
which consisted mainly of glial cells (85). This was the first
direct evidence for a neurotropic virus associated with PML,
and now JCV is the proven causative agent of PML. PML
occurs mainly in individuals with highly suppressed immune
system function, especially those with human immunodefi-
ciency virus (HIV) infection/AIDS (47, 56), and involves
productive infection of both oligodendrocytes and astro-
cytes, as judged by the production of viral capsid protein
observed by immunohistochemistry and virions observed by
electron microscopy (24, 73).

In tissue culture, JCV growth is restricted largely to primary
human fetal glial cells. The expression of JCV early mRNA
depends on tissue-specific factors found in both human and
rodent glial cells, while in the presence of JCV T antigen, viral
DNA replication requires a species-specific factor, perhaps a
component of DNA polymerase, which is found only in pri-
mate cells (28). JCV can transform cells in culture and cause
tumors in experimental animals. Furthermore, the detection of
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the JCV genome in a variety of human tumors raises the
possibility that JCV may be associated with human tumors
(reviewed in reference 24).

GENOMIC ORGANIZATION

For each of the three viruses, study has focused mainly on a
prototypical or reference strain of virus. For SV40, this is strain
776; for JCV, it is the Mad-1 strain; and for BKV, it is the
Dunlop strain. In 1978, the complete nucleotide sequence of
the circular 5.2-kb DNA genome of SV40 strain 776 was elu-
cidated (31, 95), making it one of the first genomes for which
complete sequence information had been described. The ge-
nome of the Dunlop strain of BKV (106) and the Mad-1 strain

of JCV (33) have also been described. For each of the three
viruses, the genome is approximately the same size and has the
same organization as that of the others (Fig. 1). The viral
genome is divided into two protein-coding regions that are
transcribed in opposite directions starting from a common
noncoding control region (NCCR). The NCCR constitutes a
bidirectional regulatory region in that it contains promoter/
enhancer elements for the viral early and late genes and also
contains the origin of viral DNA replication. During lytic in-
fection, transcription of these regions is temporally regulated
(48). Prior to the initiation of DNA synthesis, only one region
is transcribed (the early region). Once DNA replication is
initiated, transcription of the other region (the late region)

FIG. 1. Comparison of the genomes of JCV, BKV, and SV40. The circular genomes of the three polyomaviruses are shown as a linear schematic
diagram (not to scale) with the NCCR at the center flanked by the coding regions—the early region on the left, which is transcribed from right
to left, and the late region on the right, which is transcribed left to right. The early region of each virus encodes two primary regulatory proteins,
large T antigen (LT-Ag) and small t antigen (Sm t-Ag). JCV and SV40 early regions also encode additional regulatory proteins. JCV encodes
T�135, T�136, and T�165 (119), and SV40 encodes an additional 17-kDa protein (130). The late region of each virus, on the other hand, encodes
three structural capsid proteins (VP1, VP2, and VP3). SV40 has also recently been shown to encode an additional very late protein, VP4, which
functions in virus-mediated cell lysis (21). The late coding region of each virus also encodes a regulatory protein known as agnoprotein (Agno).
The far 3� region of LT-Ag of each virus was shown to encode pre-miRNAs that give rise to regulatory miRNAs (107, 112). Also shown in the
NCCR are regions with dyad symmetry (DS), true palindromes (TP), poly(A/T) tract (AT), tandem repeats (TR), nontandem repeats (nTR), and
the origin of viral DNA replication (Ori). Numbering for each virus is based on the Mad-1 strain of JCV (GenBank accession no. NC_001699,
formerly J02226), the Dunlop strain of BKV (NC_001538, formerly J02038), and the 776 strain of SV40 (NC_001669, formerly J02400).
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begins. In cells which are not permissive for viral replication,
only the early region is expressed and cells may become trans-
formed. The early region encodes large T antigen and small t
antigen, which impel the cell cycle into S phase, allowing DNA
replication to occur. Large T antigen also binds to the origin of
viral replication located in the NCCR and cooperates with
DNA polymerase and other cell DNA replication factors to
initiate DNA synthesis. The early proteins, large T antigen and
small t antigen, are also responsible for the oncogenic proper-
ties of these small DNA tumor viruses, i.e., their abilities to
transform cells in culture and cause tumors in laboratory ani-
mals (reviewed in references 49 and 124). In the case of SV40,
it has been reported that the early region also encodes a third
protein, with a molecular weight of 17 kDa (dubbed tiny-t or
17kT protein), which is expressed during SV40 infection from
an alternatively spliced third SV40 early mRNA and consists of
135 amino acids (130). Similarly, an additional early region
product, with an apparent molecular weight of 17 to 20 kDa,
has been reported for BKV expressed from an alternatively
spliced early mRNA termed truncTAg (3). BKV truncTAg
shares its first 133 amino acids with the N terminus of large T
antigen and has three new amino acids at the C terminus
translated from a different reading frame. In the case of JCV,
the early coding region also encodes three additional early
proteins, T�135, T�136, and T�165, which are expressed during
the lytic infection of cells and are generated by alternative
splicing (119). The T� proteins are functionally different from
full-length large T antigen as revealed by their abilities to
differentially interact with the retinoblastoma family of tumor
suppressor proteins and to alter their phosphorylation status
(12, 13, 120). A mutagenesis analysis of splice sites in the early
region involved in T� protein production revealed that the T�
proteins enhance T-antigen-mediated viral DNA replication
(88). Thus, while the early region of the primate polyomavi-
ruses encodes two major products (large T and small t), there
are subtle differences in the nature of the minor splice products
between the viruses; the importance of these differences has
not been fully explored.

The late region encodes the three capsid proteins, VP1,
VP2, and VP3, as well as a small highly basic accessory protein,
known as agnoprotein, which has several functions during the
viral life cycle and, at least in the case of JCV, has also been
found to perturb several cellular functions (55). Recently, a
fifth late protein has been reported for SV40 and has been
dubbed VP4 or very late viral protein (21). Like VP3, the
synthesis of VP4 is initiated from a downstream AUG start
codon within the mRNA for VP2. VP4 is expressed 24 h later
than the other late proteins at the time of cell lysis and is not
incorporated into virions. Rather, VP4 appears to be involved
in cell lysis, since coexpression of VP3 and VP4 in Escherichia
coli causes bacterial lysis (21). Interestingly, this AUG codon is
conserved in BKV and JCV.

NCCR

The bidirectional NCCR controls the transcription of both
the early and late promoters and also contains the origin of
replication, which regulates the initiation of viral DNA synthe-
sis. It is defined as the region between the ATG start codon for
T antigen and the start of the agnogene region, which encodes

agnoprotein. A comparison of the NCCRs of JCV, BKV, and
SV40 is shown in Fig. 1. The early proximal side of the NCCR
is highly conserved between different strains of the same virus,
contains the origin of viral DNA replication, and almost never
undergoes rearrangement. Also contained within this region
are dyad symmetry elements and palindromes. The late prox-
imal side of the NCCR contains the repetitive enhancer ele-
ments and undergoes rearrangements, including mutations,
deletions, and duplications, that account for most of the dif-
ferences between different strains of the same virus, as will be
discussed in detail below.

In the case of the SV40 NCCR, there is a TATA box just
upstream from the start site for the early transcription region,
which is involved in fixing the site of transcription initiation
precisely (9). Further upstream is the “promoter” region,
which contains two 21-bp tandem repeats and a 22-bp element
that has a very similar sequence. The promoter region contains
six GC-rich motifs that are binding sites for Sp1 and are indis-
pensable for gene expression (9, 27, 35). Next, there is an
“enhancer” region that contains two 72-bp perfect repeats.
During SV40 infection, there is a shift in the initiation sites
used for early transcription. During the early phase, transcrip-
tion is initiated from sites downstream of the origin of DNA
replication, while transcripts produced later are initiated from
upstream sites on the upstream side; this shift is mediated by T
antigen (15). The synthesis of T antigen is autoregulated, i.e.,
T antigen downregulates the overall level of early transcription
by binding to two sites within the NCCR (96). T antigen also
acts to upregulate late viral gene expression, independent of
its function in amplifying templates through DNA replica-
tion (14, 52).

The BKV NCCR is characterized by the highest degree of
variation between strains due to the occurrence of multiple
rearrangements in the late proximal enhancer element ob-
served for different isolates. The archetypal or unrearranged
BKV NCCR (WW strain; GenBank accession no. M15987),
which is predominant in the urine and is the transmissible form
of the virus (99, 129), is arbitrarily divided into five regions,
named the O, P, Q, R, and S elements (42, 71, 77). The O
element is the early proximal element between the T-antigen
start codon and the 5� end of the enhancer element and in-
cludes the origin of DNA replication, the start site for early
transcription, and the early 5� untranslated region, followed by
the enhancer elements P, Q, R, and S. S is the leader region of
the late transcript leading up to the agnoprotein translation
start codon. The prototypical Dunlop strain of BKV has a
rearranged NCCR with the configuration OPP�P�S, i.e., the
late proximal region contains an imperfect triple-repeat en-
hancer element (77). These triple tandem repeats are shown in
Fig. 1. Deletion analysis experiments have demonstrated that
for BKV, early promoter activity is dependent upon elements
that lie both upstream and downstream of the transcription
start site. In contrast, for SV40, downstream elements are not
significantly involved in regulating early promoter transcrip-
tion (77).

Like the BKV NCCR, the JCV NCCR is variable in nature
due to rearrangements and yet largely confers the tissue-spe-
cific expression of the viral early and late genes (32, 121). A
comparison of NCCR sequences among a number of JCV
isolates revealed that most of the variability is confined to the
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98-bp tandem repeat region (Fig. 1). Based on the occurrences
of deletions and duplications, JCV isolates are assigned to two
classes (32, 121). The class I viruses are characterized by the
presence of the 98-bp tandem repeat within the NCCR, e.g.,
Mad-1 (Fig. 1), which is the prototypical strain of JCV. The
class II viruses contain strains that exhibit variations from the
NCCR of class I with deletions and insertions. Thus, rear-
rangements of the NCCR are common in polyomaviral dis-
eases, but their exact role in pathogenesis and the mechanism
for their generation remain poorly understood.

EARLY PROXIMAL ELEMENTS OF THE NCCR

As discussed above, the early proximal region is highly con-
served between different strains of the same virus, while dif-
ferences between strains are found in the late proximal en-
hancer element. This conservation suggests that the early
proximal region contains sites that are important for replica-
tion and/or transcription. The early proximal region contains
several sequence elements with symmetrical arrangements as
shown in Fig. 1, including the core element of the origin of
replication. This region also contains initiation sites for tran-
scription of the early region (reviewed in reference 91). The
region is bounded on the early side by the initiation codon for
T-antigen translation and on the late side by the poly(A/T)
tract, which in JCV is part of the 98-bp repeat (Fig. 1). We
compared the sequences of the NCCRs of the three viruses
using the CLUSTAL multiple sequence alignment program
(44). As shown in Fig. 2, there are multiple regions of sequence
identity in the early proximal part of the NCCR but not in the
sequences distal to the poly(A) tract, i.e., the nucleotides
shown in green that are 3� to nucleotide 31. There is a marked
area of sequence identity between nucleotides 5096 and 29,
which contain the core element of DNA replication (nucleo-
tides 5119 to 11), and in the adjacent poly(A) tract (nucleotides
20 to 29). The core element and the poly(A) tract represent the
minimum essential region for DNA replication (22, 25). The
core element is an area of dyad symmetry (also shown in Fig.
1) and contains multiple pentamer GAGGC (or the reverse
complement GCCTC) elements that bind T antigen (23, 25,
33). The palindromic sequence between nucleotides 5069 to

5089 is also highly conserved, contains multiple pentamer el-
ements, and is also a binding site for T antigen (23, 25, 33). The
region that is 5� to nucleotide 5069 varies in length. That for
SV40 lies only 24 nucleotides from the CAT trinucleotide that
marks the T-antigen start codon, while the corresponding early
leader regions for JCV and BKV are considerably larger, being
55 and 46 nucleotides in size, respectively. Interestingly, while
this early leader region contains few nucleotides that are iden-
tical for all three viruses (Fig. 2, red), there are significant
areas where nucleotides are conserved between JCV and BKV
(Fig. 2, blue). These include an NF-�B site, which has been
verified experimentally and is present in both JCV (72) and
BKV (40) (Fig. 2, single underlining). NF-�B, an inducible
transcription factor, binds to this NF-�B site and modulates
transcription from the JCV early and late promoters (93).
NF-�B is a family of transcription factors which are inducible
in response to a wide variety of extracellular stimuli, including
phorbol esters and cytokines. While constitutively expressed
subunits p50 and p52 activate transcription from the D domain
(92), subunit p65 activates transcription from this early proxi-
mal NF-�B motif (93). NF-�B family members p50 and p65
were also shown to indirectly influence JCV gene transcription,
through a 23-bp element present within the regulatory regions
of many JCV variants (101). Since this NF-�B site is stimulated
by extracellular cytokines, such as tumor necrosis factor alpha
(TNF-�), it may be crucial in determining the balance between
JCV latency and reactivation in proinflammatory situations
(72, 93). In BKV, cytokine signaling through this NF-�B site
has also been implicated in BKV early promoter activation
(40). Adjacent to this site is a binding site for another transcrip-
tion factor, CCAAT/enhancer binding factor beta (C/EBP�), that
itself can be regulated by cytokines (Fig. 2, double underlin-
ing). The p65 subunit of NF-�B stimulates transcription of the
BKV early promoter in CV-1 cells, and C/EBP� showed a
powerful synergistic effect on this activation, suggesting a func-
tional cooperativity between these two transcription factors at
this site (40). Another interesting feature of the NF-�B site in
the case of BKV was revealed by experiments with the HIV
type 1 (HIV-1) transactivator protein Tat. Tat was found to be
a powerful transactivator of the BKV early promoter, and

FIG. 2. Multiple sequence alignment for early proximal part of the NCCR. CLUSTAL multiple sequence alignment was performed for JCV,
BKV, and SV40 using the GenBank entries specified in the legend to Fig. 1. Sequences in red are shared for all three viruses and are also indicated
with an asterisk. Sequences shared between JCV and BKV are in blue. Nonmatching sequences are in green. The underlined CAT corresponds
to the opposite-strand ATG start codon for the early genes. Experimentally verified binding sites are shown for NF-�B (single underline) and
C/EBP� (double underline). Numbering is relative to the Mad-1 strain of JCV (GenBank accession no. NC_001699).
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mutagenesis studies demonstrated that Tat activation was me-
diated through this NF-�B site and a second element, called
BK virus transactivation-responsive element (41). HIV-1 Tat
has the ability to transactivate a number of different viruses
(125), and activation of BKV has been reported in a few case
reports of AIDS patients with nephropathy, e.g., that by Crum-
Cianflone et al. (18).

In the case of JCV, another important control element oc-
curs at the origin of replication and has been referred to as
upTAR and GGA/C-rich sequence (GRS) due to its ability to
respond to HIV-1 Tat (17, 116) and to GRS binding protein
(GBPi) (90), respectively. It has been suggested that this se-
quence element (GGAGGCGGAGGC), which contains two
pentameric GAGGC T-antigen binding sites, might also bind
Sp1 (91). However, it was recently demonstrated in a series of
gel shift experiments that Sp1 does not bind to GRS (98), and
indeed, Mad-1 JCV lacks any Sp1 sites in the NCCR, although
another strain of JCV, MH-1, does contain an Sp1 site (43). In
the case of HIV-1 Tat, the activity of the JCV late promoter is
increased by HIV-1 Tat, and a deletion mutational analysis
implicated the GRS/upTAR element (17). Further analysis
revealed that Tat formed a complex with the cellular transcrip-
tion factor Pur� to activate transcription through the GRS/
upTAR element (60). This interaction of Pur�/Tat at the GRS/
upTAR element can also affect T-antigen binding and enhance
viral replication (20). Since the majority of cases of PML occur
in individuals who are HIV-1 positive, Tat-mediated upregu-
lation of viral transcription and replication may be an impor-
tant mechanism of JCV reactivation.

Another feature of the GRS is its ability to activate tran-
scription in response to cytokines and phorbol myristate ace-
tate. This activity is conferred by the rapid de novo synthesis of
the cellular transcription factor designated GBPi, which binds
to GRS (90). Subsequent studies revealed the identity of GBPi
to be early growth response protein 1 (Egr-1) (98). Egr-1 is
rapidly synthesized in cells treated with cytokines or phorbol
myristate acetate, binds to the GRS element, and activates
JCV late transcription. Interestingly, Egr-1 is upregulated
upon JCV infection of cultured astrocytes and in immunohis-
tochemistry of the oligodendrocyte inclusion bodies and
bizarre astrocytes of patients with PML, suggesting that Egr-1
induction may be important in JCV and PML pathogenesis
(98).

Finally, a possible function of the early proximal portion of
the NCCR may be to act in trans via the expression of proteins
that are encoded in this early leader region. For SV40, an early
leader protein (SELP) has been detected during late infection
by in vivo pulse labeling as a 2.7-kDa peptide (54).

Thus, much of the strong sequence conservation of this
region in the three viruses likely reflects the shared require-
ments for fundamental processes, such as DNA replication and
transcription initiation. The extreme 5� end, which is shared by
JCV and BKV but not SV40, may reflect a regulatory site for
governing latency and reactivation that is restricted to the
human viruses and may be important in viral pathogenesis.

LATE PROXIMAL ELEMENTS OF THE NCCR

The late side of SV40, JCV, and BKV comprises a tandem
repeat element that functions as an enhancer element for tran-

scription. In the case of SV40, there is a 72-bp repeat element,
which acts as an enhancer for early transcription. These re-
peats are found immediately upstream of the SV40 21-bp re-
peats, and deletion studies have shown that these sequences
are essential for optimal transcription in vivo from the early
promoter, since their removal decreased promoter activity
more than 10-fold. Important transcription factors that were
discovered in early works on SV40 and that bind to the SV40
72-bp repeat enhancer include Sp1 (26), AP-1 (64, 74), AP-2
(76), and AP-4 (74).

The inducible transcription factor NF-�B also binds to the
SV40 enhancer (68). Binding to mutated enhancer correlated
with the effect of these mutations in vivo, suggesting that this
binding is important for SV40 enhancer activity (68). Recently,
it was shown that nuclear factor of activated T cells 3 (NFAT3)
and NFAT4 are important regulators of the SV40 enhancer
(70). Inhibition of NFAT activity reduced SV40 infection, and
this block occurred at the level of viral transcription. Both
NFAT3 and NFAT4 were found to bind to the �B sites located
within the 72-bp repeated enhancer region (70). Interaction of
transcription factors with their cognate motifs in the SV40
enhancer is complex and can involve cooperativity and hierar-
chical levels of functional organization of cell-specific activity
(34, 82).

In the case of BKV, the prototypical Dunlop strain has a
triplicate enhancer element based on imperfect duplications of
an archetypal P element, i.e., the NCCR has the structure
O,P,P�,P�,S, where O is the early proximal origin region dis-
cussed in the previous section and S is the late leader region
abutting the agnoprotein start codon (Fig. 1). The NF-1 and
Sp1 sites within the BKV enhancer are required for efficient
early gene transcription, while the Dunlop strain of BKV has
an AP-1 site at each P-block junction. The AP-1 site is not
present in the BKV archetype, and it strengthens early tran-
scription (77). However, the high degree of rearrangements
seen within the late proximal enhancer element of BKV makes
it very difficult to draw conclusions about the importance of
individual transcription factor binding sites in regulating BKV
gene expression. It should be noted that nearly all of the
different isolates of BKV that have been sequenced from urine
as well as from kidney tissue show a high degree of conserva-
tion and lack of rearrangement of the O region, as discussed in
the previous section, which mediates the activation of the BKV
early promoter by the transcription factors NF-�B and
C/EBP� (40). The late leader region (S region) of the BKV
NCCR also tends to be conserved between different BKV
strains and, interestingly, contains a steroid response unit (78).
Corticosteroids are often used in maintenance immunosup-
pressive therapy, and a prospective study of BK replication and
nephropathy in renal transplant recipients found that antire-
jection treatment, particularly with corticosteroids, was associ-
ated with BKV replication and nephropathy (46). Studies with
BKV showed that dexamethasone stimulated BKV late tran-
scription and viral replication but had only a small effect on the
early promoter (78). The late leader region also contains a fully
consensus estrogen response element and progesterone, and
the estrogen �-estradiol was also found to stimulate BKV late
transcription and viral replication (78).

For JCV, the late proximal NCCR of the Mad-1 strain con-
tains a 98-bp tandem repeat, which functions as an enhancer

10850 MINIREVIEW J. VIROL.



for transcription. This element is also responsible, at least in
part, for the glial cell tropism of JCV, i.e., the restriction of
JCV replication to astrocytes and oligodendrocytes. Thus, re-
porter constructs containing the JCV 98-bp repeat are ex-
pressed well in primary glial cells but not in HeLa cells or CV-1
cells, whereas reporter constructs containing the SV40 72-bp
repeat are expressed well in all three cell lines (53). Numerous
transcription factors, both general and tissue specific, have
been found to bind to the JCV enhancer and are described in
several comprehensive reviews (32, 57, 58, 90).

JCV transcription assays performed both in vivo and in vitro
as well as cell fusion experiments have shown that there exist
both positively acting transcription factors in glial cells and
negatively acting transcription factors in nonglial cells (7, 8).
For example, Beggs et al. (8) showed that suppression of the
JCV early promoter occurred in heterokaryons formed by cell
fusion of JCV-transformed hamster glial cells with fibroblasts.
The cis-acting region that mediated the extinction of early
expression was shown to reside within the viral NCCR con-
taining the two 98-bp repeats (8). Studies of tissue culture and
promoter-swapping experiments using transgenic mice models
have also indicated that it is the 98-bp repeat that is largely
responsible for the cell type-specific expression of JCV (29,
67). With regard to the late transcription, it has been found
that viral DNA replication and late gene expression can occur
only in the presence of large T antigen (61).

Both of the JCV Mad-1 98-bp tandem repeats contain a
TATA box (Fig. 1), and the first of these is involved in the
positioning of transcription start sites for viral early gene ex-
pression (65, 66). A number of ubiquitous and cell-specific
factors as well as viral proteins interact with the cis-acting
elements in the 98-bp repeat to regulate JCV transcription (32,
57, 58, 91). For example, the glial cell-specific transcription
factor Tst-1, a POU family member, promotes JCV transcrip-
tion and contributes to the glial tropism of JCV (123). With the
onset of the late phase, T antigen initiates DNA replication
(65, 117) and also autoregulates its own transcription and ex-
ecutes the transcriptional switch from early to late gene ex-
pression (61).

In addition to being regulated by cellular proteins and its
own regulatory proteins (T antigen and agnoprotein), JCV can
also be cross-regulated by the regulatory proteins of other
viruses, including the immediate-early transactivator 2 (IE2)
from cytomegalovirus (126) and the Tat protein of HIV-1, as
discussed above (116).

REARRANGEMENTS OF THE NCCR

One of the most striking features of the primate polyoma-
viruses is the occurrence of rearrangement of the enhancer
element of the NCCR. These include mutations, deletions, and
duplications and, in the case of BKV and JCV, may be impor-
tant because of their association with human disease. Indeed,
the first strains of JCV and BKV that were isolated and char-
acterized, including the prototypical Mad-1 JCV and Dunlop
BKV strains, are each derived by rearrangement from an ar-
chetypal viral strain that lacks repeated enhancer elements and
constitutes the transmissible form of the virus that is found in
the kidney and shed in the urine. In the case of JCV, the
archetype (CY) was isolated from the urine of nonimmuno-

compromised individuals by Yogo et al. (128). The archetype
lacks a tandem repeat in the enhancer region but contains all
the regulatory sequences necessary to generate the JCV iso-
lates derived from PML patient samples through deletion and
duplication (128). Thus, there are two forms of JCV, the trans-
missible archetype form of JCV (JCVCY), which is excreted in
the urine (4, 128) and is found in sewage (11), and the patho-
logical forms of JCV that have been isolated from the brain of
patients with PML, which are characterized by rearrangement
of the enhancer to give “PML-type” JCV, e.g., Mad-1 (32, 57,
58, 91). The archetype JCV is found in the kidneys of normal
individuals and is thought to replicate episodically or at low
levels, probably under slight immunodepressive conditions, to
give rise to virus that is shed in the urine. The PML types of
JCV are characterized by a tandem enhancer element gener-
ated by rearrangements of the archetype sequence, including
deletions, duplications, and point mutations. A variety of re-
arrangements can occur in PML types, which can differ with
respect to the site selection for DNA breakage and rejoining
(reviewed in references 32 and 127). The molecular mecha-
nism of rearrangement is unknown.

Similar to JCV, BKV also has a transmissible archetypal
form that is shed into the urine and is the transmissible form of
the virus, BKVWW (99, 129). The viral enhancer element in the
NCCR can undergo an extremely diverse set of deletions,
duplications, point mutations, and rearrangements in polyoma-
virus-associated nephropathy (42, 45, 77). The BKVWW NCCR
is arbitrarily divided into regions O, P, Q, R, and S (71, 77).
The O box represents the early proximal NCCR containing the
origin of DNA replication, the start site for early transcription,
and the early 5� untranslated region. While the exact role of
NCCR rearrangement in BKV pathogenesis is not established,
it is possible that these changes in the NCCR confer alterations
in the transcription and/or replication of BKV that confer a
growth advantage to the virus and contribute to pathogenesis.
Gosert et al. (42) recently reported the cloning of 10 rear-
ranged NCCRs revealing diverse duplications and deletions;
however, all displayed increased early promoter activity, rep-
lication, and cytopathology in vitro. This result suggests that
the emergence of rearranged NCCRs is linked to increased
replication capacity and hence disease (42). Rearrangements
of the BKV NCCR can also occur when the archetype BKVWW

is passaged in tissue culture (100).
Finally, rearrangements of the SV40 NCCR have been

found to occur and may be of significance to SV40 regulation.
While BKV and JCV can replicate in humans, causing diseases
that involve rearrangements of the NCCR, no human disease
has been ascribed to SV40 lytic replication. However SV40 can
cause PML in Macaca mulatta, the rhesus monkey, which is the
natural host for SV40. Newman et al. (80) analyzed SV40 DNA
from brain, kidney, and urine samples from healthy and SIV-
infected rhesus monkeys. In all animals, the NCCR had an
archetype structure containing a single 72-bp enhancer ele-
ment. Also, the NCCR from two animals lacked one of the
three copies of the GC-rich 21-bp repeat. Thus, the laboratory
reference strain 776 is not the predominant type of SV40
circulating in its natural host and likely evolved during the
propagation of SV40 in tissue culture. In this regard, it has
been reported that the archetype SV40 single 72-bp enhancer
can be duplicated during virus growth in human cells and
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rhesus monkey kidney cells but not in green monkey kidney
cells (83). Analyses of archival material of rhesus monkey
kidney cells from the 1950s and early 1960s and early low-
passage-number stocks of laboratory strain SV40 have pro-
vided strong evidence that the enhancer element duplicates
during tissue culture (62, 87).

Thus, primate polyomaviruses are characterized by rear-
rangements of the enhancer elements which are, at least in the
cases of JCV and BKV, likely to be important in pathogenesis.
Understanding the molecular origins and the consequences of
these rearrangements remains an important challenge in the
field.

SIMPLE STRATEGY BY WHICH PRIMATE
POLYOMAVIRUSES AVOID TRANSCRIPTIONAL

SILENCING BY HOST-MEDIATED DNA METHYLATION

DNA methylation is a well-established mechanism of silenc-
ing eukaryotic gene expression (79, 97). Methylation of DNA is
a postreplication process whereby cytosine residues in the
dinucleotide sequence 5�-CG-3� (CpG) are methylated at the
cyclic carbon-5 position of the cytosine nucleotide. To examine
the potential of polyomaviruses to be methylated, the se-
quences of the primate polyomaviruses were downloaded from
GenBank and analyzed for their CpG content. Remarkably,
the primate polyomaviruses appear to avoid methylation by the
simple strategy of the near absence of the dinucleotide CpG.
SV40 (GenBank accession no. NC_001669) possesses only 27
CpGs in a sequence with a length of 5,243 bp, whereas 218
CpGs would be expected based on the GC content of SV40
DNA if there was no bias. Similarly, JCV (NC_001699) and
BKV (NC_001538) possess only 16 and 12 CpGs, respectively.
Analyses of the sequences of retroviruses, which replicate via a
DNA intermediate, indicate that a similar mechanism may be
at play, e.g., HIV-1 (NC_001802) has only 82 CpGs in 9,181 bp,
which is only 20% of the number expected based on GC con-
tent. This pronounced lack of CpG in small DNA and RNA
viruses may represent a simple but powerful evolutionary
mechanism to escape gene silencing by DNA methylation.
While the statistical chances of this lack of CpG occurring by
chance are extremely small (P � 10�15 for SV40), its biological
function has not yet been explored experimentally. Note that a
similar analysis was previously reported by Karlin et al. (51),
who assessed the dinucleotide bias of DNA and RNA viral
genomes of vertebrate species by odds ratio measurements and
found that the dinucleotide CpG is statistically underrepre-
sented in most small viruses (length � 30 kb) but has a normal
relative abundance in most large viruses (length � 30 kb).

RECENT STUDIES OF PRIMATE POLYOMAVIRUSES

Although most of the studies of the regulation of primate
polyomaviruses were done in the 1970s through the 1990s, this
is still an active area of research. For example, the study of the
regulation of SV40 transcription continues to be investigated
as a model system of basic transcriptional mechanisms. Exper-
iments with the SV40 NCCR have revealed that the Sp1 and
AP-1 elements are involved in directing chromatin remodeling
in SV40 chromosomes during early transcription (75). In an-
other study designed to identify promoter sequence elements

that affect pre-mRNA splicing patterns, a motif positioned
within the core promoter, comprised of eight T residues di-
rectly upstream of the SV40 early TATA box that affected
splice site selection during pre-mRNA splicing, was identified
(39).

Recent studies have also indicated a role for microRNAs
(miRNAs) in the regulation of SV40 transcription (112).
SV40-encoded miRNAs (SVmiRNAs) produced from a pre-
miRNA precursor expressed in a late polarity (Fig. 1) were
found to accumulate at late times in the infection cycle, and
these SVmiRNAs were perfectly complementary to early viral
mRNAs, thus targeting those mRNAs for cleavage. By creating
a mutant virus lacking SVmiRNAs, it was shown that SVmiRNAs
are not necessary for generation of infectious virus but do
reduce the sensitivity of cells to cytotoxic T cells. Thus,
SVmiRNAs that reduce T-antigen expression late in infection
may represent a mechanism to reduce the immune response to
SV40-infected cells (112). JCV and BKV also encode miRNAs
which appear to have the same function as the SVmiRNAs
(107). These miRNAs could be detected in JCV-infected brain
tissue from PML patients (107).

The field of JCV gene regulation is also still an active one. In
addition to the recent identification of Egr-1 as an important
regulator as described above (98), other studies have impli-
cated NFAT4 as being important for JCV infection of glial
cells (69). In contrast, the transcription factor NF-1A was
found to negatively regulate JCV (94). Thus, downregulation
of NF-1A expression in JCV-nonsusceptible cells, such as
HeLa cells, resulted in a susceptibility for JCV multiplication.
Recently, the DEAD box protein 1 (DDX1), an RNA helicase,
and the cleavage stimulation factor (CstF) were shown to form
a complex that binds to the JCV NCCR (113, 114). DDX1 is
expressed at much higher levels in the JCV-susceptible cell line
IMR-32 than in nonsusceptible cell lines. DDX1 significantly
increased transactivation of the JCV promoter and enhanced
the expression of JCV proteins in JCV-infected cells, while
knockdown of DDX1 using small interfering RNA suppressed
the expression of JCV proteins (113, 114). The small JCV
regulatory protein agnoprotein has also been shown to have a
critical role in JCV regulation (55). Treating JCV-infected
cells with small interfering RNA to agnoprotein results in a
marked inhibition both of viral protein expression and of virus
production (84, 89). Agnoprotein can bind to the cellular tran-
scription factor YB-1, which together with its interaction with
T antigen, regulates JCV transcription (102). Further investi-
gation of this interaction by functional assays demonstrated
that agnoprotein negatively regulated YB-1-mediated gene
transcription (103). JCV agnoprotein contains several poten-
tial phosphorylation sites, including Ser7, Ser11, and Thr21,
that are predicted to be potential targets for the serine/threo-
nine-specific protein kinase C (PKC). In vitro and in vivo
kinase assays demonstrated that agnoprotein is a target for
phosphorylation by PKC. When each of the PKC phosphory-
lation sites was mutated to Ala singly and in combination, virus
containing each of these mutations failed to propagate (104).
Thus, phosphorylated forms of agnoprotein may have essential
functions in the viral life cycle. Further investigation revealed
that agnoprotein phosphorylation is regulated by protein
phosphatase 2A (PP2A), a serine/threonine-specific protein
phosphatase, and that JCV small t antigen is involved in this
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regulation (105). PP2A associates with agnoprotein and de-
phosphorylates it at the PKC-specific sites. Small t antigen also
interacts with PP2A, and this interaction inhibits the dephos-
phorylation of agnoprotein by PP2A. Downregulation of PP2A
caused a significant reduction in the level of JCV replication.
These results suggest that there is interplay between agnopro-
tein, small t antigen, and PP2A with respect to the regulation
of the JCV life cycle (105).

Agnoprotein is an essential trans-acting factor for the JCV
infectious cycle, and a recent study has also investigated the
cis-acting potential of the agnogene region of the genome,
which encodes agnoprotein. It was found that agnogene con-
tained DNA elements that play cis-acting regulatory roles in
the JCV lytic cycle (5). Thus, transcription factor binding sites
that regulate the activity of JCV gene expression are not re-
stricted exclusively to the NCCR.

More-recent studies continue to explore the regulation of
BKV. Like that of JCV, phosphorylation of BKV agnoprotein
at Ser-11 by PKC has also been recently reported to have an
important regulatory function (50). Additional recent studies
have continued to explore the regulation of BKV at the level of
transcriptional control of the NCCR, in particular the notion
that cytokines, and the transcription factors that lie down-
stream of them, may be involved in the regulation of the
balance between BKV latency and reactivation. A study of the
role of gamma interferon (IFN-�) in regulating lytic infection
of primary human kidney proximal tubule epithelial cells by
BKV (TU, Dunlop, and Proto-2 strains) showed that IFN-�
inhibited the early expression of T antigen and of the late
protein VP1 in a dose-dependent manner. IFN-�-mediated
inhibition was shown to occur at the level of transcription and
reduced the level of virus production as much as 50- to 80-fold
(2). Kidney proximal tubule epithelial cells (the host cells for
BKV infection) are thought to interact with neighboring cells
and immune cells via production of cytokines such as interleu-
kin-6 (IL-6), IL-8, IL-15, TNF-�, monocyte chemoattractant
protein 1 (MCP-1), and transforming growth factor � (TGF-�)
(19), and the role of cytokines in mediating the regulation of
BKV replication has been investigated. In the case of TGF-�,
a cytokine that can be upregulated in immunosuppression, the
activity of the BKV early promoter (TU strain of BKV) was
stimulated by this cytokine. Site-directed mutagenesis mapped
the site of stimulation by TGF-� to a single predicted Smad3
site in the TU-strain BKV NCCR (1). It is thus possible that
reactivation of BKV in immunocompromised patients may in-
volve signals, such as stimulation by TGF-� and the absence of
IFN-� (1). Proinflammatory cytokines such as TNF-� and IL-6
can also activate NF-�B, and the role of NF-�B and C/EBP� (a
transcription factor whose activity is also controlled by cyto-
kines) in the activation of BKV early transcription via an early
proximal binding site in the BKV NCCR was discussed above
(40).

OTHER PRIMATE POLYOMAVIRUSES

At least two other primate polyomaviruses are known to
exist. Complete genome sequence information is available for
simian agent 12 (SA12) and African green monkey lympho-
tropic polyomavirus (LPV). SA12, whose natural host is
thought to be the chacma baboon, has a 5,230-bp genome, is

very closely related to BKV, and shares many of the structural
features of BKV, including the same viral proteins and
miRNAs and a similar regulatory region (16). LPV has a 5,270-bp
genome, contains a 63-bp tandem repeat putative enhancer
element at the late proximal side of the regulatory region,
infects only cells of B-lymphocyte origin, and is more phyloge-
netically distant from the other primate polyomaviruses; it is
more closely related to the rodent polyomaviruses, although it
does not contain a middle T antigen (86). Thus, as far as can be
judged from sequence data, many of the mechanisms that we
have explored in this review may also operate in these viruses.

NEWLY DISCOVERED HUMAN POLYOMAVIRUSES
KIV, WUV, AND MCV

New high-throughput methods of DNA analysis have re-
cently led to the discovery of three new human polyomaviruses
which are only distantly related to JCV, BKV, and SV40. Much
less is known about these novel viruses. At the Karolinska
Institute (KI), large-scale molecular screening of human diag-
nostic samples of libraries prepared from nasopharyngeal as-
pirates led to the identification of a third human polyomavirus,
Karolinska Institute Virus (KIV) (6). The genome is 5,040 bp
in size and is organized in the same way as the other primate
polyomaviruses except that it lacks agnoprotein, as judged by
the lack of an open reading frame in the late leader sequence.
The KIV NCCR contains three potential large T-antigen bind-
ing sites, compared to the usual four for other polyomaviruses.
The sequence shows putative binding sites for c-Ets-1, Oct-1,
and NF-1 but not Sp1. At Washington University (WU), a
similar approach was used to identify a novel polyomavirus,
WUV (38). The WUV genome is 5,229 bp in size and also lacks
an agnogene. Unusual features of the Washington University
Virus (WUV) NCCR region include two partially overlapping
binding sites for large T antigen and slightly variant spacing
between these binding sites compared to those for SV40, BKV,
and JCV. Phylogenetically, WUV is more closely related to
KIV than to SV40, BKV, and JCV. Geographically, WUV and
KIV have been reported to be found around the world (10). It
is not clear that these viruses are associated with any respira-
tory disease (81).

Merkel cell carcinoma (MCC) is a rare, aggressive, primary
skin cancer exhibiting neuroendocrine differentiation. A third
novel polyomavirus was detected using digital transcriptome
subtraction analysis, in which cDNAs from MCC samples were
exhaustively sequenced and then known cellular sequences
subtracted to reveal foreign DNA. This led to the discovery of
a novel polyomavirus, MCC virus (MCV) (30). MCV has a
genome size of 5,387 bp and lacks agnoprotein. Phylogeneti-
cally, it is remote from both the KIV/WUV and SV40/BKV/
JCV groups of polyomaviruses. The MCV NCCR is highly
conserved with other polyomaviruses including features such
as a poly(T) tract, inverted repeats, and conserved pentameric
large T-antigen binding boxes. The clonal integration of the
MCV genome in MCC strongly suggests a role in tumor initi-
ation. A common feature of such integration events involves
inactivation of the replicative ability of T antigen (110). Similar
to SV40, BKV, and JCV discussed above, MCV has miRNAs
encoded in the late polarity, which may function to downregu-
late early transcripts (108).
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Finally, it has recently been reported that KIV, WUV, and
MCV can be reactivated in immunosuppressed individuals
(109), as suggested by an analysis of autopsy samples of lym-
phoid tissue from AIDS-immunosuppressed subjects. Interest-
ingly, the NCCR sequences from KIV and WUV showed a
number of point mutations and insertions that were absent in
viruses recovered from respiratory tract specimens. This result
suggests that NCCR changes can occur that potentially lead to
transcriptional deregulation, which may have pathogenic con-
sequences as seen for JCV and BKV.

CONCLUSIONS

We have mainly considered the role of transcription factors
with respect to the replicative life cycle of the virus. When
polyomaviruses infect cells that are nonpermissive for viral
replication, oncogenic transformation can occur. For example,
JCV produces tumors in experimental animals, such as rodents
and monkeys. Early transcription occurs in these tumors, re-
sulting in the expression of early T antigen, but there is no late
transcription, no capsid protein production, nor any viral DNA
replication. The reason for this failure of late transcription is
not known, but possible causes have been discussed in a recent
review (24).

The existence of a transmissible archetype with a highly
conserved NCCR for each polyomavirus suggests that the ex-
act physical arrangement of NCCR elements is important for
viral function and transmission and that the polyomaviruses
evolve along with the host. This is consistent with the extremely
narrow host range of the polyomaviruses. On the other hand,
the rearrangement of the NCCR, including enhancer duplica-
tions, during disease, suggests that the polyomaviruses can
adapt for periods of rapid lytic replication. While a great deal
has been learned about polyomaviruses, there are still many
aspects that remain unknown. These include the mode of
transmission between individuals, trafficking of virus within the
body, the events involved in viral entry into the cell and exit
from the cell, the molecular mechanism and consequences of
rearrangement of the NCCR, the nature of the virus in the
latent state, and the details of the transcriptional switching
events involved in the transition from latency to active viral
lytic infection. Understanding these events is important not
just to advance our biological understanding of polyomaviruses
but also because the diseases associated with BKV (polyoma-
virus-associated nephropathy in kidney allograft recipients)
and JCV (PML in HIV-1/AIDS patients) are both significant
public health issues for which effective therapies are sorely
lacking.
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