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Summary
Treatment of a particular cancer, whether by gene therapy or by small molecule inhibitors, is predicated upon a
knowledge of the signal transduction pathways that became dysregulated as the tumor developed and cells
underwent malignant transformation. Usually cancer is thought of as a disease that progresses through the gradual
accumulation of multiple successive genetic “hits” leading from normal cells to fully malignant metastatic tumors in
a fashion such as that described for the colorectal adenoma-carcinoma sequence. These hits include mutations that
activate oncogenes, knockouts of anti-oncogenes (tumor suppressors) and events that increase mutation rates or
destabilize the genome. Polyomaviruses are small DNA viruses that encode proteins that promote cell
transformation in culture, induce tumors in experimental animals and have been found in association with some
human cancers. The small genome size of the polyomaviruses means that a few proteins must perform many tasks.
There is evidence that these multifunctional viral proteins can provide several “hits” at once to cells and thus
circumvent certain steps that are necessary for malignant transformation during non-viral tumorigenesis. In this
review, the biological and pathological properties of polyomavirus proteins are discussed. The relevance of these is
underscored by the growing evidence for the involvement of polyomaviruses in some human cancers. Polyomavirus
gene-specific therapeutic strategies might be considered in these cancers since ablation of the function of viral
oncoproteins would be expected to reverse multiple molecular events involved in malignant transformation.
2003), apoptotic regulators (White and McCubrey, 2001)
and transcription factors (Sears and Nevins, 2002).
Mutations in the Ras and Raf proto-oncogenes are very
common in human cancers. (Barbacid, 1987; Davies et al,
2002; Chan et al, 2003).
A second category of cancer-associated genetic
change involves the tumor suppressor genes, also known
as anti-oncogenes. Tumor suppressors are negative
regulators of cell growth and mutations that inactivate
them are associated with cancer. The first tumor
suppressor gene to be identified was p53. The p53 protein
is malfunctional in most human cancers (Vogelstein et al,
2000). p53 is the central regulator of a network of

I. Introduction
Cancer occurs when a normal cell accrues enough
genetic changes to be able to grow continuously and kill
the host. A great many of these mutations have been
reported and can be grouped into three broad categories.
Oncogenes are mutated versions of the cellular genes that
drive cell growth, such that cell proliferation is promoted
inappropriately. These include growth factor receptors
(Baserga, 1994), plasma membrane molecular switches
such as Ras (Vojtek and Der, 1998; Sears and Nevins,
2002), protein and lipid kinases that are part of signal
transduction pathways in the cytoplasm such as
Raf/MEK/Erk (White, 2004) and PI3K/Akt (Blalock et al,
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signaling that is turned on when cells are stressed or
damaged. The p53 network inhibits cell proliferation and
promotes apoptosis under these circumstances. This serves
to eliminate damaged cells and thus provides a brake on
tumor development explaining why p53 is so often
mutated in cancer cells (Vogelstein et al, 2000). Another
important tumor suppressor gene is the retinoblastoma
gene product pRb (Sears and Nevins, 2002). pRb is the
central supervisor of cell cycle progression. It is regulated
by phosphorylation and sequesters the transcription factor
E2F that is responsible for activating the genes whose
products are necessary for cells to enter S-phase (Sears
and Nevins, 2002).
A third category of cancer-associated genetic change
does not affect cell growth per se but involves impairment
of DNA repair. This leads to a mutator phenotype that
predisposes cells to incur mutations at a faster than normal
rate. Since these mutations may occur in oncogenes or
tumor suppressor genes, the mutator phenotype
predisposes cells to malignant progression. Three
intracellular mechanisms are involved in DNA damage
repair that lead to a mutator phenotype: nucleotide
excision repair, base excision repair and mismatch repair.
DNA repair genes can become mutated in human cancer
and a number of hereditary cancer predisposition
syndromes are characterized by defects in a particular
DNA repair gene. These include hereditary non-polyposis
colorectal carcinoma (HNPCC), Bloom syndrome, ataxiatelangiectasia, and Fanconi anemia (Charames and Bapat,
2003). For example, HNPCC is associated with a defect in
a DNA mismatch repair gene (Bronner et al, 1994;
Papadopoulos et al, 1994).
Cancer is a multi-step process involving changes of
the three types outlined above. A good example of this is
the colorectal adenoma-carcinoma sequence (Fearon and
Vogelstein, 1990). The genetic changes during the
progression of an intestinal polyp to an adenoma and then
to a carcinoma have been elucidated in detail. It is likely
that such a model is applicable to other cancers. However,
in this article, we will make the case that tumorigenesis
evoked by the polyomaviruses may be an exception. By
expression
of
highly
multifunctional
proteins,
polyomaviruses can deliver many hits at once and
interestingly these hits fall into all of the three categories.
Indeed it has been shown that the polyomavirus simian
virus 40 large-T oncoprotein can effect the direct
tumorigenic conversion of normal human diploid
epithelial and fibroblast cells when expressed ectopically
together with H-ras and telomerase (Hahn et al, 1999).

contaminant in the monkey kidney cell cultures that were
used to grow the poliovirus for the vaccinations of
millions of people between 1955-1963 (Sweet et al, 1960).
In 1971, two human polyomaviruses were discovered. JC
virus was isolated from the brain of a patient suffering
from progressive mutifocal leucoencephalopathy (Padgett
et al, 1971). BK virus was isolated from the urine of a
kidney allograft recipient with chronic pyelonephritis and
advanced renal failure (Gardner et al, 1971). JCV is
widespread throughout the human population with more
than 80% of adults exhibiting antibodies specific for JCV.
Infection is thought to occur during early childhood and is
usually subclinical. However under immunosuppressive
conditions,
e.g.,
in
patients
with
acquired
immunodeficiency syndrome (AIDS), JCV can emerge
from latency and cause progressive multifocal
leukoencephalopathy (PML) (Gordon and Khalili, 1998;
Safak and Khalili 1998). BKV is also widespread in the
human population and primary infection occurs during
childhood and is usually subclinical. BKV can reactivate
from latency under conditions of immunocompromization.
Kidney transplant recipients who receive highly
immunosuppressive drugs may develop BKV-associated
nephropathy, which is a leading cause of allograft failure
(Hirsch and Steiger, 2003).
SV40, JC and BK viruses are very similar to each
other with respect to size (~5.2 Kb), genome organization
and DNA sequence. The circular genome of these
polyomaviruses contains two regions of approximately
equal size known as the early and late transcription units.
Transcription of both units is initiated from a common
regulatory region at the origin of DNA replication (ORI)
with early transcription proceeding in a counterclockwise
direction. Late transcription proceeds from ori in the
opposite direction and goes around the genome in a
clockwise direction (Cole, 1996). The late region encodes
the capsid structural proteins VP1-3 that are encoded by
alternatively spliced mRNAs derived from the same
primary late transcript and a small regulatory protein
known as Agnoprotein. The early region encodes the
alternatively spliced transforming proteins: large T-antigen
(T-Ag) and small t-antigen (t-Ag). These proteins are
important in promoting transformation of cells in culture
and oncogenesis in vivo.
The infection of cells by polyomaviruses is initiated
by the binding of the virion to a receptor on the outside of
the cell membrane. Polyomavirus capsids undergo
endocytosis and are transported to the nucleus where the
viral DNA is uncoated and transcription of the early region
begins. The primary transcript from the early region is
alternatively spiced to give two mRNAs that encode large
T-antigen (T-Ag) and small t-antigen t-Ag. T-Ag is a large
nuclear phosphoprotein and is an essential factor for viral
DNA replication. It binds to the viral origin of replication
region (ORI) where it promotes unwinding of the double
helix and recruitment of cellular proteins that are required
for DNA synthesis including DNA polymerase-α and
replication protein A (Cole, 1996). Polyomaviruses rely on
cellular enzymes and cofactors for DNA replication and
these proteins are expressed in S-phase. Another major
function of T-Ag is to modulate cellular signaling

II. Polyomaviruses
Polyomaviruses are a genus of non-enveloped DNA
viruses with icosahedral capsids containing small, circular,
double-stranded DNA genomes. As the name polyoma
implies, they are able to induce a variety of different
tumors when they are inoculated into newborn mice. They
also transform cells in culture (Cole, 1996). Discussion is
limited to the three polyomaviruses that are of possible
clinical relevance: SV40, JC virus and BK virus. Simian
vacuolating virus 40 (SV40) was discovered as a
20
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pathways to induce cells to enter S-phase and this accounts
for the ability of T-Ag to transform cells. These activities
include stimulating the cell cycle by binding and
inactivation of the tumor suppressor proteins p53 and pRb.
Functions of T-Ag will be discussed in detail below.
As viral replication proceeds, the late genes begin to
be expressed. T-Ag acts to stimulate transcription from the
late promoter and repress transcription from the early
promoter. The gene products of the late region are the
capsid proteins VP1, VP2 and VP3, which assemble with
the replicated viral DNA to form virions, which are
released upon cell lysis. A small protein known as
Agnoprotein is encoded near the 5’ end of the late region.
This protein is 62-71 amino acids in length and is
produced late in the infectious cycle although it is not
incorporated into virions (Cole, 1996).
In this review, the biological and pathological
properties of each of the polyomavirus non-capsid proteins
are discussed, together with the relevance of these
mechanisms to the pathogenesis of human cancers.

cell cycle at which time these cellular factors are
produced. A number of mechanisms have evolved
whereby this is achieved and some of these involve
interaction of T-Ag with key tumor suppressor proteins.
These interactions are key events in the malignant
transformation of cells by polyomaviruses. One such key
regulatory protein is pRb.

1. The pRb protein and its family members
The Rb family of so-called pocket proteins
negatively regulates progression from G0 through G1 to Sphase. pRb, p107 and p130 possess a binding pocket for
members of the E2F family of transcription factors that
control expression of S-phase-related genes, e.g., cyclin A,
cyclin E, DNA polymerase-α, ribonucleotide reductase,
thymidine kinase, c-fos, c-myc etc (Helt and Galloway,
2003). Inactivation of pRB family members by T-Ag
binding leads to increased E2F activity and bypass of
pocket protein-mediated G1 arrest. Binding of T-Ag to
pRb family members involves the T-Ag pRb-binding
domain (residues 101-118 on SV40 T-Ag) and the T-Ag Jdomain (see below). This leads to hypophosphorylation of
the pocket protein (Helt and Galloway, 2003). JC and BK
viral T-Ags also possess conserved pRb-binding and Jdomains and are able to bind to and inactivate pRb (Dyson
et al, 1990; Krynska et al, 1997). The pRb-binding domain
of polyomavirus T-Ag is required for transforming activity
(Helt and Galloway, 2003).

III. Polyomavirus proteins
A. Large-T antigen (T-Ag)
Large T-Ag is a remarkable protein. Not only does it
interact with the polyomavirus DNA at the origin of
replication where it recruits cellular factors for DNA
replication and unwinds the two DNA strands, but it also
interacts with a plethora of cellular proteins that are
responsible for driving cells into S-phase and mediates
cellular transformation. These interactions will be
discussed in this section. The T-Ag proteins of SV40, JC
and BK are 708, 688, and 695 amino acid residues in size,
respectively, and share 70-80% sequence identity. Most of
the early work on T-Ag focused on SV40 and it is not
always certain to what extent information about SV40 is
applicable to JC and BK. Where comparative data are
available, they will be presented.
T-Ag is mainly localized to the nucleus with a small
amount being found at the plasma membrane. Indeed
SV40 T-Ag was the first protein for which a nuclear
localization signal was characterized (Kalderon et al,
1984; Lanford and Butel, 1984). T-Ag has multiple posttranslational modifications including phosphorylation, Oglycosylation,
acylation,
adenylation,
poly-ADPribosylation and N-terminal acetylation (Cole, 1996). The
functions of T-Ag can be divided into two categories:
regulatory events at the viral origin of DNA replication
and interaction with cellular proteins that are involved in
cell cycle progression.
SV40 T-Ag recognizes and binds to several
pentameric sequences at the viral origin where it has a
central role in the initiation of DNA replication and also
promotes late region transcription and represses early
region transcription. Another activity of T-Ag is to unwind
the DNA strands at the viral origin. This DNA helicase
activity is coupled to T-Ag ATP-ase activity. T-Ag
recruits replication protein A and DNA polymerase-α and
DNA synthesis is initiated (Cole, 1996).
Since polyomaviruses rely on host proteins for
replication, they require cells to enter the S-phase of the

2. p53
p53 protein is a tumor suppressor encoded by a gene
whose disruption is associated with ~50-55% of all human
cancers. p53 protein acts as a checkpoint in the cell cycle;
either preventing or initiating programmed cell death.
When DNA damage occurs in a cell or when cell
proliferation is activated inappropriately, e.g., by an
oncogene, p53 inhibits cell cycle progression and can
activate programmed cell death. This serves to eliminate
damaged or transformed cells and is an important defense
against cancer. DNA damage activates p53 through the
protein kinases ATM and Chk2 while oncogenic
transformation acts through a different protein p14ARF. The
release of E2F from pRb by T-Ag activates p14ARF
transcription which interferes with MDM2 (a negative
regulator of p53) leading to stabilization of p53 that would
slow the cell cycle and viral replication. However,
polyomavirus T-Ags bind to and inactivate p53 and thus
prevent inhibition of the cell cycle or apoptosis. This is
important for providing an optimal cell environment for
viral replication and packaging during polyomavirus lytic
infection and also facilitates transformation in nonpermissive cells (Levine, 1997; Vogelstein et al, 2000).
Interaction of T-Ag with p53 has been demonstrated for
SV40 T-Ag (Pipas and Levine, 2001) and for human JC
virus (JCV) and BK virus (BKV) (Krynska et al 1997;
Bollag et al, 1989). p53 is a transcription factor that
upregulates proteins that are inhibitory for cell cycle
progression, e.g. p21Waf1/Cip1 which inhibits the kinase
activities if cyclin E/cdk2 and cyclin D/cdk4-6 (el-Deiry et
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β-catenin. These signaling events may be important in
certain human cancers that are associated with JCV such
as medulloblastoma and colon cancer (Gan et al, 2001;
Coyle-Rink et al, 2002; Enam et al, 2002).

al, 1993). T-Ag binding to p53 blocks the ability of p53 to
bind to DNA (Ali and DeCaprio, 2001).

3. The p300 protein and its family members
Polyomavirus T-antigen binds to members of the
p300/CBP/p400 family of transcriptional co-activators.
These proteins are histone acetylases (Ogryzko et al, 1996)
and interact with a variety of cellular regulatory proteins
including p53, mdm2 and NFκB p65 subunit (Ali and
DeCaprio, 2001). Knockout mice lacking a CBP allele
develop hematological malignancies indicating a tumor
suppressor function (Kung et al, 2000). The roles of these
proteins in the regulation of cell growth and
transformation have been reviewed recently (Goodman
and Smolik, 2000). The binding of T-Ag to p300 and p400
is mediated by the C-terminus of T-antigen and mutations
that abrogate p53 binding also abrogate p300 and p400
binding (Lill et al, 1997a). p300 is a co-activator of
transcription from p53-dependent promoters such as
p21Waf1/Cip1 and bax and this is disrupted by T-Ag (Lill
et al, 1997b). All studies on T-Ag interaction with p300
family members have been done with SV40.

6. TATA-binding protein-associated factors
(TAFs)
Ribosomal RNA synthesis by RNA polymerase I (Pol
I) is tightly associated with cell growth and proliferation.
T-Ag of SV40 is able to upregulate the rate of Pol I
transcription by directly binding to the Pol I transcription
factor SL1 (Zhai et al, 1997). The 538 amino-terminal
domain of T-Ag is necessary for SL1 binding. Human
rRNA synthesis by Pol I requires at least two auxiliary
factors, upstream binding factor (UBF) and SL1 (TATAbinding protein/TAF(I) complex). UBF is a DNA binding
protein that binds to the ribosomal DNA promoter. The
carboxy-terminal region of UBF is necessary for
transcription activation and is extensively phosphorylated.
SL1 is recruited to the promoter is mediated by specific
protein interactions with UBF. UBF phosphorylation plays
a critical role in the regulation of the recruitment of SL1
(Tuan et al, 1999). UBF is phosphorylated by a kinase
activity that is strongly associated with T-Ag and the
carboxy-terminal activation domain of UBF is required for
the phosphorylation to occur. T-Ag-induced UBF
phosphorylation promotes the formation of a stable UBFSL1 complex, i.e., the large T antigen-associated kinase
appears to mediate the stimulation of Pol I transcription
(Zhai and Comai, 1999).
T-Ag can also stimulate Pol II promoters by
associating with the transcription factor TFIID (Damania
and Alwine, 1996), and Pol III promoters through
interaction with the TBP-containing Pol III transcription
factor human TFIIB-related factor (Damiana et al, 1998).

4. IRS-1
JCV T-Ag has been shown to directly bind to insulin
receptor substrate 1 (IRS-1) and cause it to be translocated
to the nucleus. Fusion proteins between IRS-1 and green
fluorescent protein that usually localize mainly in the
cytoplasm, are found in the nucleus in cells that express
JCV T-Ag (Lassak et al, 2002). A dominant negative
mutant of IRS-1 inhibited growth and survival of JCV TAg–transformed cells in anchorage-independent culture
conditions demonstrating the importance of this
interaction in cell transformation (Lassak et al, 2002).
There is growing evidence that the interaction of JCV TAg with IRS-1 contributes to the process of malignant
transformation in childhood medulloblastomas and this
has been reviewed recently (Khalili et al, 2003a). The
consequences of IRS-1 nuclear translocation are still being
characterized but one possibility is that it may be
important in Rad51 trafficking and homologous
recombination-directed DNA repair (Trojanek et al, 2003).
There is also evidence that interaction with IRS-1 is
involved in transformation by SV40 T-Ag (Fei et al, 1995
and Prisco et al, 2002) but a role for IRS-1 in BKV T-Ag
transformation has not been explored.

7. p185/p193
Kohrman and Imperiale reported a protein with an
apparent molecular weight of 185 kD that was specifically
co-immunoprecipitated with SV40 T-Ag (Kohrman and
Imperiale, 1992). Binding to this protein mapped to the Nterminal 121 amino acid residues of T-Ag. This may be
the same protein as that described by Tsai et al, (2000)
which has an apparent molecular weight of 193 kD. p193
co-immunoprecipitates with T-Ag and binds to its Nterminus. Cloning and sequencing of p193 revealed that it
had a bcl-2 homology type 3 (BH3) domain suggesting a
role in the regulation of apoptosis. Expression of p193 in
NIH-3T3 cells promoted apoptosis whereas mutants of
p193 lacking the BH3 domain did not. p193 localizes to
the cytoplasm of transfected cells. Apoptosis induced by
p193 is antagonized by co-expression of SV40 T-Ag
which resulted in the cytoplasmic localization of both
proteins. This is evidence for a p53-independent
mechanism of apoptosis suppression by T-Ag.

5. β-Catenin

JCV T-Ag has also been shown to directly bind to βcatenin (Enam et al, 2002; Gan and Khalili, 2004). The
interaction of T-Ag with β-catenin occurs through the
central domain of T-antigen spanning residues 82-628, and
the C-terminus of β-catenin located between amino acids
695 and 781. The association of T-Ag with β-catenin
increases the level of β-catenin in the cell due to increased
protein stability (Gan and Khalili, 2004). This interaction
causes β-catenin to translocate to the nucleus where it
enhances expression of genes such as c-myc and cyclin
D1. These observations ascribe a new mechanism for the
deregulation of the Wnt pathway through stabilization of

8. Other proteins
SV40 T-Ag binds to DNA polymerase-α (Gannon and
Lane, 1987; Dornreiter et al, 1990) and replication protein
A (Melendy and Stillman, 1983) and these interactions are
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essential for SV40 DNA replication as discussed above.
SV40 T-Ag binds to the transcription factors AP-1 (Kim et
al, 2003), AP-2 (Mitchell et al, 1987) and the heat shock
protein hsp73 (Sawai and Butel, 1989). Recently it has
been reported that SV40 T-Ag targets the spindle
assembly checkpoint protein Bub-1 (Cotsiki et al, 2004).
This interaction suggests a mechanism for the ability of TAg to cause chromosomal aberrations and aneuploidy (see
below).

Ag and the SV40 origin. When this was transfected into
human fibroblasts, 99% of T-Ag-positive clones exhibited
numerical or structural chromosome aberrations. These
changes were evident before the transformation indicators
of the clones were positive and continued throughout
neoplastic progression (Ray et al, 1990, 1992).
Chromosome changes have been reported in two
glioblastoma cell lines that express SV40 and BKV large
T-Ags (Tognon et al, 1996). Antibody titres to BKV and
JCV have been correlated with the occurrence of “rogue
cells” – lymphocytes with multiple chromosome
aberrations (Lazutka et al, 1996, Neel et al, 1996).
In the case of SV40, recent research has revealed a
possible molecular mechanism for the induction of
chromosomal instability. It is known that karyotypic
changes are induced by large T-Ag but not small t-Ag
(Stewart and Bacchetti, 1991) and this function maps to
the N-terminal 147 amino acid residues of T-Ag (Woods
et al, 1994). Using the yeast two-hybrid system with the
N-terminus of SV40 T-Ag as bait, it has recently been
shown that T-Ag binds to the mitotic checkpoint protein
Bub-1 (Cotsiki et al, 2004). T-Ag is known to disrupt the
mitotic checkpoint and attenuate radiation-induced mitotic
delay (Chang et al, 1997) suggesting that this is the
mechanism of T-Ag induction of chromosome aberrations
and aneuploidy.

9. Chaperone activity of T-Ag
There is sequence similarity between the N-terminus
of T-Ag and the J-class of chaperonins (Sullivan and
Pipas, 2002). Domain-swapping experiments have shown
that the N-terminus of T-Ag can functionally substitute for
the J-domain of E. coli DnaJ in a bacteriophage λ growth
assay (Kelley and Georgopoulos, 1997). J-proteins are cochaperonins for the DnaK (Hsp70) family of proteins that
undergo a global conformational change upon J-protein
binding. This stimulates hsp70 ATP-ase activity and is
involved in binding of protein substrates (Sullivan and
Pipas, 2002). The N-terminus of T-Ag functions as a Jprotein in assays in vitro, e.g., stimulation of bovine
Hsp70 ATP-ase activity (Srinivasan et al, 1997). The Jdomain is essential for many of the functions of T-Ag
including DNA replication. In addition to the Rb-binding
domain (amino acid residues 101-118), the J-domain of TAg is required in cis for binding to the Rb family of
proteins described in Section III.A.1. It is thought that the
J-domain may recruit Hsp70 to the Rb-E2F complex
where the action of the Hsp70-mediated ATP hydrolysis
liberates E2F. The role of the J-domain in other aspects of
transformation is complex and has been reviewed recently
(Sullivan and Pipas, 2002). Although much remains to be
elucidated about the exact biophysical nature of the
interactions of T-Ag and cellular proteins, it seems likely
that the chaperonin functionality of T-Ag will turn out be
an important determinant in the ability of T-Ag to bind to
its plethora of cellular targets.

B. Small-t
The second of the two proteins encoded by the early
region of primate polyomaviruses is small t-antigen (tAg). t-Ag is 174, 172 and 172 amino acid residues in
length for SV40, JCV and BKV respectively. The Nterminal 82 amino acids are the same as the N-terminus of
T-Ag but the C-terminus is a unique domain that is
incorporated by alternative splicing of the early region
primary transcript. The J-domain (Section III.A.9) is
contained within the N-terminus which is highly
conserved between the three primate polyomaviruses (8289% amino acid sequence identity) while the C-terminus
is less conserved (56-69%). Published research on primate
polyomavirus small-t has concentrated almost exclusively
on SV40. t-Ag is found in both the nucleus and the
cytoplasm (Ellman et al, 1984). Deletion mutants of SV40
t-Ag are able to replicate (at least in some cells) indicating
that it is not essential for viral lytic infection (Shenk et al,
1976). However t-Ag augments viral DNA replication
(Cicala et al, 1994) and enhances transformation (Chang et
al, 1984). t-Ag has a mitogenic role in SV40
transformation of cells (Sleigh et al, 1978; Martin et al,
1979). Cellular proteins of 36 and 63 kd that associate
with SV40 small t antigen were shown to be the catalytic
(C) and structural (A) subunits of protein phosphatase 2A
(PP2A)(Pallas et al, 1990). Phosphatases are the negative
regulators of the growth-promoting protein kinase signal
transduction
pathways.
PP2A
is
the
major
serine/threonine-specific
protein
phosphatase
of
eukaryotic cells (Cohen, 1997). By inactivating the
negative regulator PP2A, t-Ag is able to activate several
pathways that promote cell proliferation including the
mitogen-activated protein kinase (MAPK) pathway

10. Genetic instability induced by T-Ag
As well as being able to transform cells by virtue of
interacting with cellular signaling proteins, polyomavirus
T-Ag has a mutagenic effect on cellular DNA and induces
karyotypic instability. It seems likely that secondary
mutations induced by T-Ag contribute to the
tumorigenicity of infected cells. Theile and Grabowski
reported increases in spontaneous mutation frequencies up
to 100-fold when cultured cells were infected with BKV.
The variant strain BKV-IR, which does not express small
t-Ag, was also mutagenic. Besides cultured cells, BKV
was also shown to mutate human peripheral blood
lymphocytes. The mutagenicity of BKV in these studies
was comparable to that observed for JCV and SV40
(Theile and Grabowski, 1991). Human fibroblasts
transfected with plasmid containing the BKV early region
exhibited cytogenetic damage including deletions and
translocations. This damage preceded morphological
transformation (Trabanelli et al, 1998). Ray et al
constructed a plasmid containing SV40 large T-Ag driven
by the Rous sarcoma virus promoter but lacking small t23
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(Sontag et al, 1993), stress-activated protein kinase
(SAPK) pathway (Watanabe et al 1996) and PKC-ζ/NFκB (Sontag et al, 1997). PP2A is a key regulator with
multiple functions in cellular signaling that are due to the
presence of an assortment of holoenzymes. Each
holoenzeyme contains a conserved AC dimer with an
array of different regulatory (B) subunits. The specificity
of PP2A is conferred by regulation of its endogenous
subunit composition. Distinct classes of B subunits bind to
AC to give a wide variety of ABC heterotrimers with
differing substrate specificities (Sontag, 2001). Small t-Ag
is also able to bind to the AC dimer and this interaction
occurs via the t-Ag unique C-terminal domain that
possesses two cysteine cluster motifs that are conserved in
all polyomaviruses (Pipas, 1992). The association of t-Ag
with AC displaces the cellular regulatory B subunit and
results in the inhibition of phosphatase activity (Yang et
al, 1991). Thus small t-Ag is an oncoprotein that
stimulates multiple growth promoting pathways.

virions more slowly than wild-type virus (Ng et al, 1985).
Agnoprotein has regulatory roles in viral transcription,
translation as well as in virion assembly and maturation
and this has been reviewed recently (Safak and Khalili,
2003). JCV Agnoprotein can interact with the large Tantigen and downregulates viral gene expression and DNA
replication (Safak et al, 2001). It also interacts with YB-1,
a cellular transcription factor that contributes to JCV gene
expression in glial cells, and negatively regulates YB-1mediated JCV gene transcription (Safak and Khalili, 2001;
Safak et al, 2002).
At least in the case of JCV, Agnoprotein binds
directly to p53 (Darbinyan et al, 2002). JCV Agnoprotein
dysregulates cell cycle progression when expressed in the
absence of other viral proteins (Darbinyan et al, 2002).
Constitutive expression of JCV Agnoprotein causes cells
to accumulate at the G2/M stage of the cell cycle with a
decline in cyclins A and B-associated kinase activity.
Agnoprotein augments the activity of the p21/WAF-1
promoter and the level of p21/WAF-1. Activation of
p21/WAF-1 gene expression is mediated, at least in part,
through cooperation with p53 (Darbinyan et al, 2002).
Agnoprotein also binds to the Ku70 DNA repair protein
and impairs double-strand break repair and interferes with
DNA damage-induced cell cycle regulation (Unpublished
Data).
Thus Agnoprotein, like T-Ag, has multiple roles both
in the polyomavirus life cycle and in interacting with
cellular proteins to disturb normal cellular functions.

C. Truncated T-Ag variants
In the case of the early regions of SV40 and JCV,
splice variants can occur that yield truncated protein
consisting of the N-terminal portion of T-Ag. SV40 can
express a 135 amino acid residue protein all of which
correspond to T-Ag N-terminal sequence except for the
last 4 which come from a different reading frame (Zerrahn
et al, 1993). Similarly JCV can produce 3 truncated
variants of T-Ag: T'135, T'136, and T'165 which are
generated via an alternative splicing mechanism
(Trowbridge and Frisque, 1995). Unlike small-t, these
variants do not possess a unique domain not found in large
T-Ag and so their importance is unclear. However they do
have the T-Ag J-domain and pRb binding site and it has
been reported that the JCV T and T’ proteins differentially
interact with members of the pRB family of proteins
(Bollag et al, 2000).

IV. Polyomaviruses and human cancer
Three lines of evidence suggest that the
polyomaviruses JCV, BKV and SV40 have a role in
neoplasia. The viruses are able transform cells growing in
culture. The hallmark phenotypic changes of cell
transformation include growth to high saturation density,
focus formation, growth in soft agar, serum-independence,
morphological changes, elevated glucose uptake,
plasminogen activator production etc. In other words the
polyomaviruses endow upon normal cells properties that
are associated with malignancy. SV40 is able transform a
wide variety of rodent and human cell types (SaenzRobles et al, 2001). JCV is able to transform cells in
culture although not as efficiently as SV40. JCV can
transform human fetal glial cells and primary hamster
brain cells. The transforming ability of JCV appears to be
limited to cells of neural origin and this property maps to
the viral regulatory region at the origin of replication (Del
Valle et al, 2001a). In the case of BKV, transformation is
not efficient, often abortive and features of the
transformed phenotype are not fully displayed. However a
fully transformed phenotype can be achieved in cooperation with other oncogenes such as adenovirus E1A,
c-rasA or c-myc (Corallini et al, 2001).
Secondly polyomaviruses are able to induce tumors
in laboratory animals either when the virus is injected or
when viral genes are introduced into transgenic mice.
Soon after its discovery, the oncogenic potential of SV40
was demonstrated in that it was able to induce sarcoma

D. Agnoprotein
The late region of polyomaviruses encodes the viral
capsid proteins VP1, VP2, and VP3 and a small regulatory
protein known as Agnoprotein encoded near the 5’ end of
the primary late transcript. Agnoprotein is 62, 71 and 66
amino acid residues in length for SV40, JCV and BKV
respectively (Cole, 1996). Agnoprotein is produced late in
the infectious cycle although it is not incorporated into
virions (Cole, 1996; Jay et al, 1981). The predominant
intracellular localization of Agnoprotein is in the
cytoplasm and especially the perinuclear region in
association with the outer nuclear membrane for all three
primate polyomaviruses (Nomura et al, 1983; Rinaldo et
al, 1998; Okada et al, 2001). A small amount Agnoprotein
is also found in the nucleus in the case of JCV and SV40
(Nomura et al, 1983; Okada et al, 2001) but not in the case
of BKV (Rinaldo et al, 1998). Interestingly BKV
Agnoprotein is phosphorylated and associates with three
cellular proteins of unknown function (Rinaldo et al,
1998). Agnoprotein has a role in the lytic cycle since
SV40 mutants in which the agnogene is deleted produce
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formation after subcutaneous injection into hamsters
(Eddy et al, 1962). Hamsters injected intravenously with
SV40 develop leukemia, lymphoma, and osteosarcoma
(Diamandopoulos et al, 1972) whereas hamsters injected
intrapleurally develop mesothelioma (Cicala et al, 1993).
Transgenic mice bearing the SV40 T-Ag develop
characteristic brain tumors localized to the choroid plexus
(Brinster et al, 1984). Many studies have established the
highly oncogenic potential of JCV in laboratory animals,
e.g., JCV induces multiple types of brain tumors when
injected into the brains of newborn Golden Syrian
hamsters. JCV is the only polyomavirus that induces
tumors in nonhuman primates. These animal studies have
been reviewed recently (Del Valle et al, 2001a; Khalili et
al, 2003b). Transgenic mice with the JCV T-Ag gene can
exhibit adrenal neuroblastomas (Small et al, 1986), tumors
of primitive neuroectodermal origin (Franks et al, 1986)
and can develop tumors that arise from the pituitary gland
(Gordon et al, 2000). BKV virus is highly oncogenic in
newborn rodents. The efficiency of tumorigenesis by BKV
in hamsters is dependent upon the route of injection. BKV
is only weakly oncogenic when injected subcutaneously
but gives a high incidence of tumors when injected
intracerebrally or intravenously. The types of tumors
induced include ependymoma, neuroblastoma, pineal
gland tumors, pancreatic islet tumors, fibrosarcoma and
osteosarcoma. This suggests that BKV has a tropism for
certain cell types (Corallini et al, 2001). Transgenic mice
containing the BKV early region developed primary
hepatocellular carcinomas and renal tumors (Small et al,
1986). Lymphomas have also been reported in BKVtransgenic mice (Dalrymple and Beemon, 1990).
Thirdly the presence of polyomavirus DNA
sequences and viral oncoprotein expression has been
found to be associated with some cancers. Perhaps the
strongest evidence for a role in human cancer has been
presented for JCV. The first indication that this is the case
came from reports of brain tumors being found in patients
with PML, reviewed in (Del Valle et al, 2001a). JCV has
also been associated with brain tumors in patients without
PML. For example, Recnic et al were able to detect JCV
DNA by PCR in tumor tissue from a patient with
oligoastrocytoma. The identity of the amplified PCR
product with JCV was confirmed by DNA sequencing.
Moreover JCV RNA and T-Ag protein were detectable by
primer extension analysis and Western blotting
respectively indicating gene expression (Recnic et al,
1996). Del Valle et al examined 85 samples of tumors of
glial origin for JCV DNA and T-Ag expression. It was
found that 57-83% of tumors were positive depending on
tumor type (Del Valle et al, 2001b). Krynska et al detected
JCV DNA in 45% of pediatric medulloblastomas that were
examined with 20% of them being positive for T-Ag
expression (Krynska et al, 1999). In another study JCV
Agnogene DNA was detected in 11 of 16
medulloblastoma samples and Agnoprotein expression in
11 of 20 samples. Since some of the Agnoprotein positive
medulloblastoma samples were negative for concomitant
T-Ag expression, Agnoprotein may have a role in the
development of JCV-associated medulloblastoma (Del
Valle et al, 2002). Many other studies that have employed

PCR-mediated
DNA
amplification
and/or
immunocytochemistry of various brain samples provide
support for an association of JCV with a wide variety of
tumors of the central nervous system (CNS) and in other
tumors such as colon cancer where JCV T-Ag disrupts
beta-catenin signaling (Enam et al, 2002). The
involvement of JCV in brain and non-brain tumors has
recently been reviewed (Del Valle et al, 2001a). BKV has
been detected in some tumors of the brain, pancreatic islet
tumors, Kaposi’s sarcoma and tumors of the urinary tract.
These reports have been reviewed recently (Corallini A et
al, 2001). Perhaps one of the most controversial issues in
cancer research is the association of SV40 with human
cancer. Because primary cultures of rhesus monkey kidney
cells that were used to grow the poliovirus between 19551963 were contaminated with SV40, millions of people
were exposed to SV40 inadvertently through poliovirus
vaccinations. The first report of an association of SV40
with human cancer was made by Soriano et al, (1974).
SV40 and SV40 T-Ag were detected in malignant
melanoma metastases from a patient who had antibodies to
viral capsid and T-Ag (Soriano et al, 1974). Since then
there have been a large number of reports of the
association of SV40 and human tumors and these have
been reviewed recently (Arrington and Butel, 2001). Many
of these reports have described the association of SV40
with mesothelioma, a rare but aggressive cancer of
mesothelial cells. A major factor in the development of
mesothelioma is thought to be exposure to asbestos. The
frequent association of SV40 with mesothelioma has led to
the hypothesis that the virus is a co-factor in the
development of this malignancy. In cell culture studies,
human mesothelial cells have been found to be nonpermissive for SV40 replication and consequently to
undergo cell transformation in response to SV40 infection.
Asbestos was found to be a synergistic factor for
transformation in these experiments (Bocchetta et al,
2000). It has also been reported that human mesothelial
cells are permissive for BKV replication but refractory to
infection by JCV. This may provide an explanation as to
why SV40 is associated with mesothelioma rather than the
more ubiquitous human polyomaviruses, JCV and BKV
(Carbone et al, 2003). Despite the many reports of SV40
in mesothelioma samples, several studies have failed to
detect SV40 sequences (Arrington and Butel, 2001). To
address this technical issue, Testa et al conducted a multicenter study. SV40 DNA was detected by PCR using
primers directed at two conserved regions and positive
clones were verified by Southern blot and/or sequencing.
Immunostaining of selected samples demonstrated SV40
T-Ag expression (Testa et al, 1998). SV40 has also been
reported to be associated with some brain tumors
(Arrington and Butel, 2001) and with non-Hodgkin
lymphoma (Shivapurkar et al, 2002; Vilchez et al, 2002).
Interestingly, SV40 has been found in association with
pediatric tumors of the choroid plexus (Bergsagel et al,
1992). This is the type of tumor that is seen in transgenic
mice containing the SV40 early region. However the
association of SV40 with human cancer is still a highly
contentious issue. It has been argued that the association
of SV40 with human tumors is not causal but incidental.
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Since SV40 expresses potent oncoproteins, as described
above and is highly tumorigenic in cell cultures and
animals, it would be surprising if SV40 was associated
with tumors merely by chance. However there still
remains a lack of clear epidemiological evidence. The
Institute of Medicine (IOM) recently reviewed the
evidence associating polio vaccines and SV40 with human
tumors and concluded that the epidemiological studies are
sufficiently flawed that the evidence was inadequate to
conclude whether or not contaminated polio vaccine
caused cancer (IOM report, 2002).
It remains to be stringently proven that they have a
causal role in human neoplasia. Problems include the
following. The polyomaviruses are ubiquitous in nature
but the associated cancer is rare. The incubation period
between infection and appearance of cancer is long. The
initial viral infection is usually subclinical making it
difficult to establish when it occurred. Environmental cofactors (e.g., co-carcinogens) or host factors (e.g., immune
status) modulate pathogenesis. These considerations make
it difficult to apply Koch’s postulates to the
polyomaviruses. However the evidence for a role is quite
convincing. These viruses transform cells in culture and
produce tumors in inoculated animals or transgenic mice
with patterns consistent with their putative role in human
tumorigenesis, as we have described. The presence of viral
DNA and viral gene expression in some human tumors is
established beyond doubt.

sewage suggests that ingestion of contaminated water or
food could represent a possible portal of entrance of JCV
into the human population (Bofill-Mas et al, 2001, 2003;
Bofill-Mas and Girones, 2001). JCV DNA sequences are
present in a high percentage of normal tissue samples
taken from the upper and lower human gastrointestinal
tract (Laghi et al, 1999; Ricciardiello et al, 2000, 2001).
We recently reported the presence of JCV DNA sequences
in 22 of 27 well-characterized epithelial malignant tumors
of the large intestine (Enam et al, 2002). In 17 of the 27
samples, JCV T-antigen expression was detected and 12 of
these 17 were also positive for Agnoprotein expression.
Thus polyomaviruses are widespread but usually dormant,
becoming active in certain malignancies.
It is possible that the expression of polyomavirus
protein could be an early or a late step in tumorigenesis.
On the one hand, it is possible that expression occurs at an
early stage in tumor progression and that the genetic
instability caused by T-antigen induces further
pathological changes (Ricciardiello et al, 2003).
Alternatively other early abnormal cellular changes may
occur first that precede T-antigen and Agnoprotein
expression. For example, conceivably there could be a
mutation in the structure of, or a change in the level of
expression of, one of the cellular transcription factors that
bind to the control region of the polyomavirus that
regulates the viral genes (Raj and Khalili, 1995). This
could lead to a transcriptional activation of latent
polyomaviral genomes during the course of tumorigenesis
leading to the onset of production of viral oncoproteins
such as T-antigen and subsequently to a more malignant
phenotype.
The relatively high incidence of polyomavirus Tantigen involvement with certain malignancies indicates
that molecular strategies for the disruption of the
interaction of T-antigen with cellular proteins may
represent a fruitful avenue for the development of new
types of therapeutic interventions. For example, delivery
of antisense transcripts to the early region of SV40 using
an adenoviral gene therapy vector achieved significant
growth inhibition and apoptosis of a T-antigen-expressing
human mesothelioma cell line (Waheed et al, 1999;
Schrump and Waheed, 2001). Further investigation of the
utility of gene therapy agents that target the polyomavirus
proteins is clearly warranted.

V. Conclusions
The three non-capsid proteins encoded by the primate
polyomaviruses are highly multi-functional agents that
disrupt cell signaling homeostasis. In the introduction,
three types of intracellular changes were discussed that
occur along the road to cancer, i.e., activation of
oncogenes, inactivation of anti-oncogenes (tumor
suppressors) and acquisition of a mutator phenotype. All
three types of changes can be effected by these viral
proteins. t-Ag is an oncogene that stimulates kinase
signaling pathways as do the oncogenes v-src and v-raf,
but t-Ag is able to alter many pathways at once since it
inhibits a common phosphatase, PP2A. T-Ag incapacitates
the anti-oncogenes pRb and p53. Inactivation of these
proteins occurs in most if not all non-viral human cancers
indicating their importance. T-Ag also acts as a mutator
inducing genomic instability leading to the susceptibility
for further deleterious events. Presumably the genes of the
polyomaviruses evolved to allow the viruses to push
resting cells into S-phase so that viral DNA can be
replicated. A corollary of this deregulation of cell growth
control is that the viruses can advance oncogenesis. The
properties of the multifunctional polyomavirus proteins
that have been described in this review reveal how
multiple “hits” can be delivered to cells that can propel
them down the multi-step road to malignancy.
JCV and BKV are widespread throughout the human
population. The mechanism of human-to-human
transmission of polyomaviruses has not been firmly
established but the presence of infectious JCV in raw

Acknowledgments
We wish to thank past and present members of the
Center for Neurovirology and Cancer Biology for their
insightful discussion, and sharing of ideas and reagents.
We thank C. Schriver for editorial assistance and
preparation of the manuscript. This work was made
possible by grants awarded by NIH to KK.

References
Ali SH, DeCaprio JA (2001) Cellular transformation by SV40
large T antigen: interaction with host proteins. Semin
Cancer Biol 11, 15-23.

26

Gene Therapy and Molecular Biology Vol 8, page 27
Arrington AS, Butel JS (2001) SV40 and human tumors. In:
Khalili K and Stoner GL (Eds.), Human polyomaviruses:
molecular and clinical perspective. Wiley-Liss Inc., New
York, pp 461-489
Barbacid M (1987) ras genes. Annu Rev Biochem 56, 779-827.
Baserga R (1994) Oncogenes and the strategy of growth factors.
Cell 79, 927-930.
Bergsagel DJ, Finegold MJ, Butel JS, Kupsky WJ, Garcea RL
(1992) DNA sequences similar to those of simian virus 40 in
ependymomas and choroid plexus tumors of childhood. N
Engl J Med 326, 988-993.
Blalock, WL, Navolanic, PM, Steelman, LS, Shelton, JG, Moye,
PW, Lee, JT, Franklin, RA, Mirza A, McMahon M, White
MK, McCubrey JA (2003) Requirement of the PI3K/Akt
pathway in MEK1-mediated growth and prevention of
apoptosis in hematopoietic cells: Identification of an Achilles
heel in leukemia. Leukemia 17, 1058-1067.
Bocchetta M, Di Resta I, Powers A, Fresco R, Tosolini A, Testa
JR, Pass HI, Rizzo P Carbone M (2000) Human mesothelial
cells are unusually susceptible to simian virus 40-mediated
transformation and asbestos cocarcinogenicity. Proc Natl
Acad Sci USA 97, 10214-10219.
Bofill-Mas S, Clemente-Casares P, Major EO, Curfman B,
Girones R (2003) Analysis of the excreted JC virus strains
and their potential oral transmission. J Neurovirol 9, 498507.
Bofill-Mas S, Formiga-Cruz M, Clemente-Casares P, Calafell F,
Girones R (2001) Potential transmission of human
polyomaviruses through the gastrointestinal tract after
exposure to virions or viral DNA. J Virol 75, 10290-10299.
Bofill-Mas S, Girones R (2001) Excretion and transmission of
JCV in human populations. J Neurovirol 7, 345-349.
Bollag B, Chuke WF, Frisque RJ (1989) Hybrid genomes of the
polyomaviruses JC virus, BK virus, and simian virus 40:
identification of sequences important for efficient
transformation. J Virol 63, 863-872.
Bollag B, Prins C, Snyder EL, Frisque RJ (2000) Purified JC
virus T and T' proteins differentially interact with the
retinoblastoma family of tumor suppressor proteins.
Virology 274, 165-178.
Brinster RL, Chen HY, Messing A, van Dyke T, Levine AJ,
Palmiter RD (1984) Transgenic mice harboring SV40 Tantigen genes develop characteristic brain tumors. Cell 37,
367-379.
Bronner CE, Baker SM, Morrison PT, Warren G, Smith LG,
Lescoe MK, Kane M, Earabino C, Lipford J, Lindblom A, et
al (1994) Mutation in the DNA mismatch repair gene
homologue hMLH1 is associated with hereditary nonpolyposis colon cancer. Nature 368, 258-261.
Carbone M, Burck C, Rdzanek M, Rudzinski J, Cutrone R,
Bocchetta M (2003) Different susceptibility of human
mesothelial cells to polyomavirus infection and malignant
transformation. Cancer Res 63, 6125-6129.
Chan TL, Zhao W, Leung SY, Yuen ST; Cancer Genome Project
(2003) BRAF and KRAS mutations in colorectal
hyperplastic polyps and serrated adenomas. Cancer Res 63,
4878-4881.
Chang LS, Pater MM, Hutchinson NI, di Mayorca G (1984)
Transformation by purified early genes of simian virus 40.
Virology 133, 341-353.
Chang TH, Ray FA, Thompson DA, Schlegel R (1997)
Disregulation of mitotic checkpoints and regulatory proteins
following acute expression of SV40 large T antigen in
diploid human cells. Oncogene 14, 2383-2393.
Charames GS, Bapat B (2003) Genomic instability and cancer.
Curr Mol Med 3, 589-596.
Cicala C, Avantaggiati ML, Graessmann A, Rundell K, Levine
AS, Carbone M (1984) Simian virus 40 small-t antigen

stimulates viral DNA replication in permissive monkey cells.
J Virol 68, 3138-3144.
Cicala C, Pompetti F, Carbone M (1993) SV40 induces
mesotheliomas in hamsters. Am J Pathol 142, 1524-1533.
Cohen PT (1997) Novel protein serine/threonine phosphatases:
variety is the spice of life. Trends Biochem Sci 22, 245-251.
Cole CN (1996) Polyomavirinae: the viruses and their
replication. In: Fields, B.N., Knipe, D.M., Howley, P.M.
(Eds.), Fundamental Virology. Third Edition. Lippincott,
Williams & Wilkins, Philadelphia, pp 917-946.
Corallini A, Tognon M, Negrini M, Barbanti-Brodano G (2001)
Evidence for BK virus as a human tumor virus. In: Khalili K
and Stoner GL (Eds.), Human polyomaviruses: molecular
and clinical perspective. Wiley-Liss Inc., New York, pp 431460.
Cotsiki M, Lock RL, Cheng Y, Williams GL, Zhao J, Perera D,
Freire R, Entwistle A, Golemis EA, Roberts TM, Jat PS,
Gjoerup OV (2004) Simian virus 40 large T antigen targets
the spindle assembly checkpoint protein Bub1. Proc Natl
Acad Sci USA 101: 947-952.
Coyle-Rink J, Del Valle L, Sweet T, Khalili K, Amini S (2002)
Developmental expression of Wnt signaling factors in mouse
brain. Cancer Biol Ther 1, 640-645.
Dalrymple SA, Beemon KL (1990) BK virus T antigens induce
kidney carcinomas and thymoproliferative disorders in
transgenic mice. J Virol 64, 1182-1191.
Damania B, Alwine JC (1996) TAF-like function of SV40 large
T antigen. Genes Dev 10, 1369-1381.
Damania B, Mital R, Alwine JC (1998) Simian virus 40 large T
antigen interacts with human TFIIB-related factor and small
nuclear RNA-activating protein complex for transcriptional
activation of TATA-containing polymerase III promoters.
Mol Cell Biol 18, 1331-1338.
Darbinyan A, Darbinian N, Safak M, Radhakrishnan S, Giordano
A, Khalili K (2002) Evidence for dysregulation of cell cycle
by human polyomavirus, JCV, late auxiliary protein.
Oncogene 21, 5574-5581.
Davies H, Bignell GR, Cox C, Stephens P, Edkins S, Clegg S,
Teague J, Woffendin J, Garnett MJ, Bottomley W, Davis N,
Dicks E, Ewing R, Floyd Y, Gray K, Hall S, Hawes R,
Hughes J, Kosmidou V, Menzies A, Mould C, Parker A,
Stevens C, Watt S, Hooper S, Wilson R, Jayatilake H,
Gusterson BA, Cooper C, Shipley J, Hargrave D, PrichardJones K, Maitland N, Chenevix-Trench G, Riggins GJ,
Bigner DD, Palmieri G, Cossu A, Flanagan A, Nicolson A,
Ho JW, Leung SY, Yuen ST, Weber BL, Seigler HF, Darrow
TL, Paterson H, Marais R, Marshall CJ, Wooster R, Stratton
MR, Futreal PA (2002) Mutations of the BRAF gene in
human cancer. Nature 417, 949-954.
Del Valle L, Gordon J, Assimakopolou M, Enam S, Geddes JF,
Varakis J, Katsesos C, Croul SE, Khalili K (2001b)
Detection of JC virus DNA sequences and expression of the
viral regulatory protein, T-antigen, in tumors of the central
nervous system. Cancer Res 61, 4287-4293.
Del Valle L, Gordon J, Enam S, Delbue S, Croul S, Abraham S,
Radhakrishnan S, Assimakopoulou, M, Katsetos CD, Khalili
K (2002) Expression of human neurotropic polyomavirus
JCV late gene product agnoprotein in human
medulloblastoma. J Natl Cancer Inst 94, 267-273.
Del Valle L, Gordon J, Ferrante P, Khalili K (2001a) JC virus in
experimental and clinical brain tumorigenesis. In: Khalili K
and Stoner GL (Eds.), Human polyomaviruses: molecular
and clinical perspective. Wiley-Liss Inc., New York, pp 409430.
Diamandopoulos GT (1972) Leukemia, lymphoma, and
osteosarcoma induced in the Syrian golden hamster by
simian virus 40. Science 176, 173-175.

27

White and Khalili: Signaling pathways and polyomavirus oncoproteins
Dornreiter I, Hoss A, Arthur AK, Fanning E (1990) SV40 T
antigen binds directly to the large subunit of purified DNA
polymerase alpha. EMBO J 9, 3329-3336.
Dyson N, Bernards R, Friend SH, Gooding LR, Hassell JA,
Major EO, Pipas JM, Vandyke T, Harlow E (1990) Large T
antigens of many polyomaviruses are able to form complexes
with the retinoblastoma protein. J Virol 64, 1353-6.
Eddy BE, Borman GS, Grubbs GE, Young RD (1962)
Identification of the oncogenic substance in rhesus monkey
kidney cell culture as simian virus 40. Virology 17, 65-75.
el-Deiry WS, Tokino T, Velculescu VE, Levy DB, Parsons R,
Trent JM, Lin D, Mercer WE, Kinzler KW, Vogelstein B
(1993) WAF1, a potential mediator of p53 tumor
suppression. Cell 75, 817-825.
Ellman M, Bikel I, Figge J, Roberts T, Schlossman R, Livingston
DM (1984) Localization of the simian virus 40 small t
antigen in the nucleus and cytoplasm of monkey and mouse
cells. J Virol 50, 623-628.
Enam S, Del Valle L, Lara C, Gan DD, Ortiz-Hidalgo C, Palazzo
JP, Khalili K (2002) Association of human polyomavirus
JCV with colon cancer: evidence for interaction of viral Tantigen and beta-catenin. Cancer Res 2, 793-7101.
Fearon ER and Vogelstein B (1990) A genetic model for
colorectal tumorigenesis. Cell 61, 759-767.
Fei ZL, D'Ambrosio C, Li S, Surmacz E, Baserga R (1995)
Association of insulin receptor substrate 1 with simian virus
40 large T antigen. Mol Cell Biol 15, 4232-4239.
Franks RR, Rencic A, Gordon J, Zoltick PW, Curtis M, Knobler
RL, Khalili K (1996) Formation of undifferentiated
mesenteric tumors in transgenic mice expressing human
neurotropic polyomavirus early protein T-Antigen.
Oncogene 12, 2573-2578.
Gan DD, Khalili K (2004) Interaction between JCV large Tantigen and beta-catenin. Oncogene 23, 483-490.
Gan DD, Reiss K, Carrill T, Del Valle L, Croul S, Giordano A,
Fishman P, Khalili K (2001) Involvement of Wnt signaling
pathway in murine medulloblastoma induced by human
neurotropic JC virus. Oncogene 20, 4864-4870.
Gannon JV, Lane DP (1987) p53 and DNA polymerase alpha
compete for binding to SV40 T antigen. Nature 329, 456458.
Gardner SD, Field AM, Coleman DV, Hulme B (1971) New
human papovavirus (B.K.) isolated from urine after renal
transplantation. Lancet 1, 1253-1257.
Goodman RH, Smolik S (2000) CBP/p300 in cell growth,
transformation, and development. Genes Dev 14, 1553-1577.
Gordon J and Khalili K (1998) The human polyomavirus, JCV,
and neurological diseases (review). Int J Mol Med 1, 647655.
Gordon J, Del Valle L, Otte J, Khalili K (2000) Pituitary
neoplasia induced by expression of human neurotropic
polyomavirus, JCV, early genome in transgenic mice.
Oncogene 19, 4840-4846.
Hahn, W.C., Counter, C.M., Lundberg, A.S., Beijersbergen,
R.L., Brooks, M.W., Weinberg, RA (1999) Creation of
human tumour cells with defined genetic elements. Nature
400, 464-468.
Helt AM and Galloway DA (2003) Mechanisms by which DNA
tumor virus oncoproteins target the Rb family of pocket
proteins. Carcinogenesis 24, 159-169.
Hirsch HH and Steiger J (2003) Polyomavirus BK. Lancet
Infect Dis 3, 611-623.
IOM report (2002) Immunization Safety Review. SV40
Contamination of Poliovaccine and Cancer. Stratton, K.,
Almario, D.A., McCormick, M. (Eds.). The National
Academy of Sciences. www.nap.edu

Jay G, Nomura S, Anderson CW, Khoury G (1981) Identification
of the SV40 agnogene product: a DNA binding protein.
Nature 291, 346-349.
Kalderon D, Richardson WD, Markham AF, Smith AE (1984)
Sequence requirements for nuclear location of simian virus
40 large-T antigen. Nature 311, 33-38.
Kelley WL, Georgopoulos C (1997) The T/t common exon of
simian virus 40, JC, and BK polyomavirus T antigens can
functionally replace the J-domain of the Escherichia coli
DnaJ molecular chaperone. Proc Natl Acad Sci USA 94,
3679-3684.
Khalili K, Del Valle L, Otte J, Weaver M, Gordon J (2003b)
Human neurotropic polyomavirus, JCV, and its role in
carcinogenesis. Oncogene 22, 5181-5191.
Khalili K, Del Valle L, Wang JY, Darbinian N, Lassak A, Safak
M, Reiss K (2003) T-antigen of human polyomavirus JC
cooperates with IGF-IR signaling system in cerebellar
tumors of the childhood-medulloblastomas. Anticancer Res
23, 2035-2041.
Kim J, Woolridge S, Biffi R, Borghi E, Lassak A, Ferrante P,
Amini S, Khalili K, Safak M. (2003) Members of the AP-1
family, c-Jun and c-Fos, functionally interact with JC virus
early regulatory protein large T antigen. J Virol 77, 52415252.
Kohrman DC, Imperiale MJ (1992) Simian virus 40 large T
antigen stably complexes with a 185-kilodalton host protein.
J Virol 66, 1752-1760.
Krynska B, Del Valle L, Croul S, Gordon J, Katsetos CD,
Carbone M, Giordano A, Khalili K, (1999) Detection of
human neurotropic JC virus DNA sequence and expression
of the viral oncogenic protein in pediatric medulloblastomas.
Proc Natl Acad Sci USA 96, 11519-11524.
Krynska B, Gordon J, Otte J, Franks R, Knobler R, DeLuca A,
Giordano A, Khalili K (1997) Role of cell cycle regulators in
tumor formation in transgenic mice expressing the human
neurotropic virus, JCV, early protein. J Cell Biochem 67,
223-230.
Kung AL, Rebel VI, Bronson RT, Ch'ng LE, Sieff CA,
Livingston DM, Yao TP (2000) Gene dose-dependent control
of hematopoiesis and hematologic tumor suppression by
CBP. Genes Dev 14, 272-277.
Laghi L, Randolph AE, Chauhan DP, Marra G, Major EO, Neel
JV, Boland CR (1999) JC virus DNA is present in the
mucosa of the human colon and in colorectal cancers. Proc
Natl Acad Sci USA 96, 7484-7489.
Lanford BE and Butel JS (1984) Construction and
characterization of an SV40 nuclear transport of T antigen.
Cell 37, 801-813.
Lassak A, Del Valle L, Peruzzi F, Wang JY, Enam S, Croul S,
Khalili K, Reiss K (2002) Insulin receptor substrate 1
translocation to the nucleus by the human JC virus T-antigen.
J Biol Chem 277, 17231-17238.
Lazutka JR, Neel JV, Major EO, Dedonyte V, Mierauskine J,
Slapsyte G, Kesminiene A (1996) High titres of antibodies to
two human polyomaviruses, JCV and BKV, correlate with
increased frequency of chromosomal damage in human
lymphocytes. Cancer Lett 109, 177-183.
Levine AJ (1997) p53, the cellular gatekeeper for growth and
division. Cell 88, 323-331.
Lill NL, Grossman SR, Ginsberg D, DeCaprio J, Livingston DM
(1997b) Binding and modulation of p53 by p300/CBP
coactivators. Nature 387, 823-827.
Lill NL, Tevethia MJ, Eckner R, Livingston DM, Modjtahedi N
(1997a) p300 family members associate with the carboxyl
terminus of simian virus 40 large tumor antigen. J Virol 71,
129-137.

28

Gene Therapy and Molecular Biology Vol 8, page 29
Martin RG, Setlow VP, Edwards CA, Vembu D (1979) The roles
of the simian virus 40 tumor antigens in transformation of
Chinese hamster lung cells. Cell 17, 635-643.
Melendy T, Stillman B (1993) An interaction between replication
protein A and SV40 T antigen appears essential for
primosome assembly during SV40 DNA replication. J Biol
Chem 268, 3389-3395.
Mitchell PJ, Wang C, Tjian R (1987) Positive and negative
regulation of transcription in vitro: enhancer-binding protein
AP-2 is inhibited by SV40 T antigen. Cell 50, 847-861.
Neel JV, Major EO, Awa AA, Glover T, Burgess A, Traub R,
Curfman B, Satoh C (1996) Hypothesis: “Rogue cell”-type
chromosomal damage in lymphocytes is associated with
infection with the JC human polyoma virus and has
implications for oncogenesis. Proc Natl Acad Sci USA 93,
2690-2695.
Ng SC, Mertz JE, Sanden-Will S, Bina M (1985) Simian virus 40
maturation in cells harboring mutants deleted in the
agnogene. J Biol Chem 260, 1127-1132.
Nomura S, Khoury G, Jay G (1983) Subcellular localization of
the simian virus 40 agnoprotein. J Virol 45, 428-433.
Ogryzko VV, Schiltz RL, Russanova V, Howard BH, Nakatani Y
(1996) The transcriptional coactivators p300 and CBP are
histone acetyltransferases. Cell 87, 953-959.
Okada Y, Endo S, Takahashi H, Sawa H, Umemura T,
Nagashima K (2001) Distribution and function of JCV
agnoprotein. J Neurovirol 7, 302-306.
Padgett BL, Walker DL, ZuRhein, GM, Eckroade RJ (1971)
Cultivation of papova-like virus from human brain with
progressive mutifocal leucoencephalopathy. Lancet 1, 12571260.
Pallas DC, Shahrik LK, Martin BL, Jaspers S, Miller TB,
Brautigan DL, Roberts TM (1990) Polyoma small and
middle T antigens and SV40 small t antigen form stable
complexes with protein phosphatase 2A. Cell 12, 167-176.
Papadopoulos N, Nicolaides NC, Wei YF, Ruben SM, Carter
KC, Rosen CA, Haseltine WA, Fleischmann RD, Fraser CM,
Adams MD, et al (1994) Mutation of a mutL homolog in
hereditary colon cancer. Science 263, 1625-1629.
Pipas JM (1992) Common and unique features of T antigens
encoded by the polyomavirus group. J Virol 66, 3979-3985.
Pipas JM and Levine AJ (2001) Role of T antigen interactions
with p53 in tumorigenesis. Semin Cancer Biol 11, 23-30.
Prisco M, Santini F, Baffa R, Liu M, Drakas R, Wu A, Baserga R
(2002) Nuclear translocation of insulin receptor substrate-1
by the simian virus 40 T antigen and the activated type 1
insulin-like growth factor receptor. J Biol Chem 277, 3207832085.
Raj GV, Khalili K (1995) Transcriptional regulation: lessons
from the human neurotropic polyomavirus, JCV. Virology
213, 283-291.
Ray FA, Meyne J, Kraemer PM (1992) SV40 T antigen induced
chromosomal changes reflect a process that is both
clastogenic and aneuploidogenic and is ongoing throughout
neoplastic progression of human fibroblasts. Mutat Res 284,
265-273.
Ray FA, Peabody DS, Cooper JL, Cram LS, Kraemer PM (1990)
SV40 T antigen alone drives karyotype instability that
precedes neoplastic transformation of human diploid
fibroblasts. J Cell Biochem 42, 13-31.
Recnic A, Gordon J, Otte J, Curtis M, Kovatich A, Zoltick P,
Khalili K, Andrews D (1996) Detection of JC virus DNA
sequence and expression of the viral oncoprotein, tumor
antigen, in brain of immunocompetent patient with
oligoastrocytoma. Proc Natl Acad Sci USA 93, 7352-7357.
Ricciardiello L, Baglioni M, Giovannini C, Pariali M, Cenacchi
G, Ripalti A, Landini MP, Sawa H, Nagashima K, Frisque
RJ, Goel A, Boland CR, Tognon M, Roda E, Bazzoli F

(2003) Induction of chromosomal instability in colonic cells
by the human polyomavirus JC virus. Cancer Res 63, 72567262.
Ricciardiello L, Chang DK, Laghi L, Goel A, Chang CL, Boland
CR (2001) Mad-1 is the exclusive JC virus strain present in
the human colon, and its transcriptional control region has a
deleted 98-base-pair sequence in colon cancer tissues. J
Virol 75, 1996-2001.
Ricciardiello L, Laghi L, Ramamirtham P, Chang CL, Chang
DK, Randolph AE, Boland CR (2000) JC virus DNA
sequences are frequently present in the human upper and
lower gastrointestinal tract. Gastroenterology 119, 12281235.
Rinaldo CH, Traavik T, Hey A (1998) The agnogene of the
human polyomavirus BK is expressed. J Virol 72, 62336236.
Saenz-Robles MT, Sullivan CS, Pipas JM (2001) Transforming
functions of Simian Virus 40. Oncogene 20, 7899-7907.
Safak M and Khalili K (2003) An overview: Human
polyomavirus JC virus and its associated disorders. J
Neurovirol 9 Suppl 1, 3-9.
Safak M, Barucco R, Darbinyan A, Okada Y, Nagashima K,
Khalili K (2001) Interaction of JC virus Agno protein with T
antigen modulates transcription and replication of the viral
genome in glial cells. J Virol 75, 1476-1486.
Safak M, Khalili K (2001) Physical and functional interaction
between viral and cellular proteins modulate JCV gene
transcription. J Neurovirol 7, 288-292.
Safak, M., B. Sadowska, R. Barrucco, and K. Khalili (2002)
Functional interaction between JC virus late regulatory
Agnoprotein and cellular Y-box binding transcription factor,
YB-1. J Virol 76, 3828-3838.
Sawai ET, Butel JS (1989) Association of a cellular heat shock
protein with simian virus 40 large T antigen in transformed
cells. J Virol 63, 3961-3973.
Schrump DS, Waheed I (2001) Strategies to circumvent SV40
oncoprotein expression in malignant pleural mesotheliomas.
Semin Cancer Biol 11, 73-80.
Sears RC and Nevins JR (2002) Signaling networks that link cell
proliferation and cell fate. J Biol Chem 277, 11617-11620.
Shenk TE, Carbon J, Berg P (1976) Construction and analysis of
viable deletion mutants of simian virus 40. J Virol 18, 664671.
Shivapurkar N, Harada K, Reddy J, Scheuermann RH, Xu Y,
McKenna RW, Milchgrub S, Kroft SH, Feng Z, Gazdar AF
(2002) Presence of simian virus 40 DNA sequences in
human lymphomas. Lancet 359, 851-852.
Sleigh MJ, Topp WC, Hanich R, Sambrook JF (1978) Mutants of
SV40 with an altered small t protein are reduced in their
ability to transform cells. Cell 14, 79-88.
Small JA, Khoury G, Jay G, Howley PM, Scangos GA (1986)
Early regions of JC virus and BK virus induce distinct and
tissue-specific tumors in transgenic mice. Proc Natl Acad
Sci USA 83, 8288-8292.
Sontag E, Fedorov S, Kamibayashi C, Robbins D, Cobb M,
Mumby M (1993) The interaction of SV40 small tumor
antigen with protein phosphatase 2A stimulates the map
kinase pathway and induces cell proliferation. Cell 75, 887897.
Sontag E, Sontag JM, Garcia A (1997) Protein phosphatase 2A is
a critical regulator of protein kinase C zeta signaling targeted
by SV40 small t to promote cell growth and NF-kappaB
activation. EMBO J 16, 5662-5671.
Sontag, E (2001) Protein phosphatase 2A: the Trojan Horse of
cellular signaling. Cell Signal 13, 7-16.
Soriano, F., Shelburne, C.E., Gokcen, M., 1974. Simian virus 40
in a human cancer. Nature. 249, 421-424.

29

White and Khalili: Signaling pathways and polyomavirus oncoproteins
Srinivasan A, McClellan AJ, Vartikar J, Marks I, Cantalupo P, Li
Y, Whyte P, Rundell K, Brodsky JL, Pipas JM (1997) The
amino-terminal transforming region of simian virus 40 large
T and small t antigens functions as a J domain. Mol Cell Biol
17, 4761-4773.
Stewart N, Bacchetti S (1991) Expression of SV40 large T
antigen, but not small t antigen, is required for the induction
of chromosomal aberrations in transformed human cells.
Virology 180, 49-57.
Sullivan CS, Pipas JM. (2002) T antigens of simian virus 40:
molecular chaperones for viral replication and tumorigenesis.
Microbiol Mol Biol Rev 66, 179-202.
Sweet BH and Hilleman MR (1960) The vacuolating virus,
SV40. Proc Soc Exp Biol Med 105, 420-427.
Testa JR, Carbone M, Hirvonen A, Khalili K, Krynska B,
Linnainmaa K, Pooley FD, Rizzo P, Rusch V, Xiao GH
(1998) A multi-institutional study confirms the presence and
expression of simian virus 40 in human malignant
mesotheliomas. Cancer Res 58, 4505-4509.
Theile M, Grabowski G (1990) Mutagenic activity of BKV and
JCV in human and other mammalian cells. Arch Virol 113,
221-233.
Tognon M, Casalone R, Martini F, De Mattei M, Granata P,
Minelli E, Arcuri C, Collini P, Bocchini V (1996) Large T
antigen coding sequences of two DNA tumor viruses, BK
and SV40, and nonrandom chromosome changes in two
glioblastoma cell lines. Cancer Genet Cytogenet 90, 17-23.
Trabanelli C, Corallini A, Gruppioni R, Sensi A, Bonfatti A,
Campioni D, Merlin M, Calza N, Possati L, BarbantiBrodano G (1998) Chromosomal aberrations induced by BK
virus T antigen in human fibroblasts. Virology 243, 492-496.
Trojanek J, Ho T, Del Valle L, Nowicki M, Wang JY, Lassak A,
Peruzzi F, Khalili K, Skorski T, Reiss K (2003) Role of the
insulin-like growth factor I/insulin receptor substrate 1 axis
in Rad51 trafficking and DNA repair by homologous
recombination. Mol Cell Biol 23, 7510-7524.
Trowbridge PW, Frisque RJ (1995) Identification of three new
JC virus proteins generated by alternative splicing of the
early viral mRNA. J Neurovirol 1: 195-206.
Tsai SC, Pasumarthi KB, Pajak L, Franklin M, Patton B, Wang
H, Henzel WJ, Stults JT, Field LJ (2000) Simian virus 40
large T antigen binds a novel Bcl-2 homology domain 3containing proapoptosis protein in the cytoplasm. J Biol
Chem 275, 3239-3246.
Tuan JC, Zhai W, Comai L (1999) Recruitment of TATAbinding protein-TAFI complex SL1 to the human ribosomal
DNA promoter is mediated by the carboxy-terminal

activation domain of upstream binding factor (UBF) and is
regulated by UBF phosphorylation. Mol Cell Biol 19, 28722879.
Vilchez RA, Madden CR, Kozinetz CA, Halvorson SJ, White
ZS, Jorgensen JL, Finch CJ, Butel JS (2002) Association
between simian virus 40 and non-Hodgkin lymphoma.
Lancet 359, 817-823.
Vogelstein B, Lane D, Levine AJ (2000) Surfing the p53
network. Nature 408, 307-310.
Vojtek AB and Der CJ (1998) Increasing complexity of the Ras
signaling pathway. J Biol Chem 273, 19925-19928.
Waheed I, Guo ZS, Chen GA, Weiser TS, Nguyen DM, Schrump
DS (1999) Antisense to SV40 early gene region induces
growth arrest and apoptosis in T-antigen-positive human
pleural mesothelioma cells. Cancer Res 59, 6068-6073.
Watanabe G, Howe A, Lee RJ, Albanese C, Shu IW, Karnezis
AN, Zon L, Kyriakis J, Rundell K, Pestell RG (1996)
Induction of cyclin D1 by simian virus 40 small tumor
antigen. Proc Natl Acad Sci USA 93, 12861-12866.
White MK (2004) Role of Raf isoforms in signal transduction
pathways relevant to leukemia cell proliferation
(Commentary and Mini-Review). Cell Cycle 3, 176-188.
White MK and McCubrey JA (2001) Suppression of apoptosis:
role in cell growth and neoplasia. (Review). Leukemia 15,
1011-1021.
Woods C, LeFeuvre C, Stewart N, Bacchetti S (1994) Induction
of genomic instability in SV40 transformed human cells:
sufficiency of the N-terminal 147 amino acids of large T
antigen and role of pRB and p53. Oncogene 9, 2943-2950.
Yang SI, Lickteig RL, Estes R, Rundell K, Walter G, Mumby
MC (1991) Control of protein phosphatase 2A by simian
virus 40 small-t antigen. Mol Cell Biol 11, 1988-1995.
Zerrahn J, Knippschild U, Winkler T, Deppert W (1993)
Independent expression of the transforming amino-terminal
domain of SV40 large T antigen from an alternatively spliced
third SV40 early mRNA. EMBO J 12, 4739-4746.
Zhai W, Comai L (1999) A kinase activity associated with
simian virus 40 large T antigen phosphorylates upstream
binding factor (UBF) and promotes formation of a stable
initiation complex between UBF and SL1. Mol Cell Biol 19,
2791-2802.
Zhai W, Tuan JA, Comai L (1997) SV40 large T antigen binds to
the TBP-TAF(I) complex SL1 and coactivates ribosomal
RNA transcription. Genes Dev 11, 1605-1617.

30

