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Abstract

BK virus (BKV) is a polyomavirus that ubiquitously infects the human population. Following a
typically subclinical primary infection, BKV establishes a lifelong persistent infection in the kidney
and urinary tract. BKV is known to reactivate and cause severe disease in immunosuppressed patients,
particularly renal and bone marrow transplant patients. Infection of BKV in rodent animal models
or cells in culture often results in tumor formation or transformation, respectively. When co-
expressed with activated oncogenes, BKV large tumor antigen drives the transformation of primary
human cells. An etiological role of BKV in human cancer, however, remains controversial. Multiple
reports have demonstrated conflicting results in regards to the presence of BKV sequences and/or
proteins in various tumor types. This review compiles the most recent findings of BKV detection in
a number of human cancers. Due to the lack of conclusive causality data from these studies, there
does not appear to be a definitive association between BKV and human cancers.
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BK virus (BKV) is a human polyomavirus first isolated in 1971 from the urine of an
immunocompromised renal transplant patient [1]. It has a non-enveloped, icosahedral capsid
containing a small, circular double-stranded DNA genome (~ 5 Kb) [2-4]. The icosahedral
capsid is made up of 72 pentamers of the major capsid protein VP1 arranged in a T=7
icosahedral lattice, with each pentamer interacting with a single copy of the minor capsid
protein VP2 or VP3 [5-9]. This interaction also links the viral genome to the VVP1 outer shell.
The BKV genome can be divided into three functional regions, the early region, the late region,
and the viral regulatory or non-coding control region (NCCR). The early genes and the late
genes are transcribed from opposite strands of the genome (Figure 1). Initiation of transcription
occurs from the NCCR, which contains sequences involved in transcriptional regulation of
both the early and late genes and also includes the origin of DNA replication [reviewed in 3,
10]. Like that of SV40 and JC virus (JCV), the other two well-studied primate polyomaviruses,
the BKV genome codes for at least seven viral proteins, three from the early region and four
from the late region (Figure 1). The early proteins include the large tumor antigen (TAg), the
small tumor antigen (tAg), and the recently discovered truncated tumor antigen (TruncTAQ)
[11]. The early proteins are translated from alternatively spliced transcripts derived from a
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common precursor early mRNA (Figure 1). The four late proteins include the capsid proteins
VP1, VP2, and VP3, and the agnoprotein [reviewed in 10].

BK virus infection in humans

The life cycle of BKV begins with the interaction of the capsid protein VP1 with cellular
ganglioside receptors [12]. The virus then enters the cell through caveolae-mediated
endocytosis, passes through a yet-to-be-defined acidic compartment and the caveosome,
travels along the microtubule network, and finally reaches the endoplasmic reticulum (ER)
[13-15]. Viral uncoating is likely to occur in the ER, which finally leads to the delivery of the
genome into the nucleus and subsequent early gene expression. TAg, in particular, performs
functions essential for viral replication, including unwinding of the viral origin of replication
and recruitment of the host DNA polymerase a/primase complex [16]. At the same time, TAg
represses early gene transcription and stimulates late gene expression [reviewed in 10]. After
viral DNA replication and structural protein production, new viral particles are assembled and
released from the cell.

When a polyomavirus infects a cell, there are two possible outcomes: 1) the host is permissive
to viral replication, in which case entry results in viral DNA amplification, production of
progeny virions, and cell lysis; 2) the host is nonpermissive to viral replication, leading to an
abortive infection or cell transformation, otherwise known as oncogenesis, through the
continued expression of the early genes [2-4].

Serological studies indicate that primary BKV infection occurs early in childhood and
seroconversion reaches more than 90% by age 10 [17]. The natural transmission route has not
been established for BKV. The early age of seroconversion, along with the detection of the
virus in tonsillar tissue, has pointed to a respiratory transmission route [18]. Other speculated
modes of transmission include urine, semen, blood transfusion, and organ transplantation
[19-21]. Primary exposure to BKV is usually asymptomatic and is accompanied by the
establishment of a life-long persistent infection, particularly in the kidney and urinary tract
[22-25]. Many cells types, including urogenital cells, peripheral blood mononuclear cells, and
brain cells, have been suggested to be involved in the dissemination and persistence of BKV
[26-32]. Sporadic virus replication resulting in viruria can occur during the persistent state of
BKYV in a small percentage of healthy individuals and pregnant women [33-36].

Reactivation of BKV infection occurs when the immune response is compromised, mainly due
to immunosuppressive treatments, and can result in viruria, viremia and cause severe disease
[reviewed in 37]. Reactivation is most commonly seen in bone marrow and Kidney transplant
patients, and can lead to serious complications such as hemorrhagic cystitis and polyomavirus
nephropathy, respectively [38-42]. Moreover, the introduction of new, more potent
immunosuppressive regimens in the past decade has led to an increase in the cases of BKV-
associated disease [24,43,44]. BKV reactivation has also been observed in other altered
immune conditions, such as non-renal solid organ transplant recipients and patients with
autoimmune diseases [45,46]. Specific anti-viral treatment is currently unavailable. The usual
strategy to treat virus reactivation is to reduce the degree of immunosuppression to allow the
immune system to regain control over the infection. Antivirals such as cidofovir and
fluoroquinolone are now being tested in cases of BKV-associated disease [47].

Oncogenicity of BK virus

BKYV has been implicated as a tumor virus because of its behavior in vitro and in animal models.
Expression of the BKV early region oncogenically transforms rodent cells in culture and

immortalizes human cells alone or in the presence of other oncogenes including ras, myc and
adenovirus E1A [48-62]. Inoculation of BKV into young or newborn hamsters, mice, and rats
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leads to the development of several different types of tumors, including ependymoma,
neuroblastoma, glioma, nephroblastoma, tumors of pancreatic islets, fibrosarcoma,
liposarcoma, and osteosarcoma [reviewed in 4,63]. These studies are further discussed
elsewhere in this issue.

The early region of BKV encodes two known oncoproteins: TAg and tAg [reviewed in 3,64].
TAGg, a nuclear phosphoprotein of 695 amino acids, is a crucial player in both the viral life
cycle and transformation of nonpermissive cells. TAg exerts its transforming activities by
interacting with and functionally inactivating cellular tumor suppressor proteins including p53,
the retinoblastoma susceptibility protein (pRb), and the pRb family members, p107 and p130,
leading to uncontrolled host cell proliferation [65,66]. tAg is a cysteine-rich protein of 172
amino acids, the first 80 of which are shared with TAg. tAg plays an important role in
transformation by inhibiting protein phosphatase 2A (PP2A), resulting in the stimulation of
the MAP kinase pathway and subsequent cellular proliferation [67,68]. A more detailed
discussion of the transforming activities of TAg and tAg can be found elsewhere in this issue.

BK virus and human tumors

Reports of the presence or absence of BKV sequences and proteins in human tumors have been
accumulating over the past three decades. Technological advances in polymerase chain
reaction (PCR) have made it possible to detect DNA and RNA in small biopsy samples with
a high degree of sensitivity, and to distinguish BKV sequences from those of JCV and SV40.
Extreme care must be taken, however, when using a PCR-based assay to detect viral sequences.
Increasing the number of PCR cycles to develop a more sensitive assay can result in a greater
susceptibility to false positives due to laboratory contamination. Furthermore, using PCR-
based screens of biopsy samples examines a heterogeneous population of cells, in which a
small number of normal, BKV-harboring cells in a tumor sample can make the tumor look
BKV-positive. Other techniques being used that are less susceptible to contamination include
in situ PCR, in situ hybridization (ISH), immunohistochemistry (IHC), or Southern blotting.
In addition, in situ methods of analysis help in determining the exact cellular location of the
virus in tissue sections, allowing investigators to avoid false positives resulting from nearby
normal BKV-infected cells. Despite numerous studies, the role of BKV in human neoplasia is
still highly controversial. There are many contradictory reports on the presence of BKV DNA
and proteins in human tumor tissues. The following paragraphs and Table 1 summarize the
major reports investigating an association between BKV and human tumors.

BKYV is known to persist in the kidney and urinary tract [22,23], therefore urinary tract
carcinomas would be likely candidates to be associated with BKV. Some earlier studies using
immunofluorescent staining for TAg or DNA hybridization analyses on tumor samples or cells
derived from tumors did not identify a link between BKV and various urogenital carcinomas
[69,70]. More recent reports, however, tend to point to the participation of BKV in the
pathogenesis of these tumors, possibly due to improvements in the detection methods. Among
all the urinary tract tumors, prostate cancer is one of the leading causes of death from cancers
in men worldwide. The relationship between BKV and prostate cancer has been studied by
several groups over the years. Monini et al. reported the detection of BKV sequences by PCR
and Southern blotting in more than 50% of both normal and tumor tissues obtained from the
urinary tract and prostate [28]. In addition, viral DNA load was found to be significantly higher
in the neoplastic tissues compared to non-neoplastic tissues, suggesting that there may be a
selection for BKV-containing tumor cells [28]. Moreover, BKV DNA in these tumor samples
seems to exist in a rearranged episomal and/or integrated form, and the simple restriction
pattern of these sequences is suggestive of early acquirement of viral DNA during cancer
progression and subsequent clonal expansion [28]. All attempts to rescue virus by transfection
of tumor DNA into permissive cells, however, failed, indicating that the viral sequences in

Semin Cancer Biol. Author manuscript; available in PMC 2010 August 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Abend et al.

Page 4

these samples may not be capable of productive infection. Interestingly, the sequences of the
viral origin of replication obtained from nine positive samples were identical except for two
point mutations in one of the samples. They represent a novel strain of BKV designated as
UROL1, which has NCCR rearrangements that may affect viral DNA replication. Several studies
have shown that mutants in this region have altered replication ability and increased
transformation potential in cell culture [71-73]. Inhibition of replication in the presence of
continued expression of T antigens could prevent host cell death and lead to transformation. It
remains to be determined, however, whether the mutations in URO1 have an effect on
replication or transformation.

Since that report, five groups have examined prostate tissue for the presence of BKV. Zambrano
et al. examined paraffin-embedded and fresh frozen tissue using PCR [74]. While they found
the results from fixed tissue to be inconsistent, in frozen tissue they found BKV DNA in three
out of twelve patient specimens analyzed. Two of these were tumor tissues and one was normal.
JCV and HPV DNA, however, were found at a higher frequency in these samples, leading to
the hypothesis that the prostate was a habitat for multiple viral infections.

Prostate cancer develops in several steps, with proliferative inflammatory atrophy (PIA)
occurring as the initial stage, which can then progress to prostatic intraepithelial neoplasia
(PIN) and/or carcinoma, both of which represent later stages of prostate cancer development
[75,76, reviewed in 77,78]. Based on the studies conducted by Das et al., it is speculated that
BKYV has an etiological role in early stage prostate cancer progression [79,80]. Several lines
of evidence support this hypothesis. First, BKV DNA sequences were specifically found in the
epithelium of benign ducts and PIA lesions of more than 70% of the neoplastic prostate tissues
examined by both PCR and ISH [80]. The frequency of BKV DNA was much lower (< 30%)
in normal prostates, ruling out the possibility that the detection of BKV DNA in cancerous
tissues was due to its ubiquitous presence in humans [79].

Second, IHC analysis revealed that the percentage of TAg-positive samples was also
significantly higher in cancerous prostates than in normal prostates. BKV DNA was found in
both the normal ducts and PIA, but not in PIN or tumor cells; TAg was only found in PIA
lesions, but not in normal or tumor cells [79,80]. This suggests that BKV may first persistently
infect normal epithelium and either the expression of TAg triggers the transition from normal
tissues to atrophic lesions or the transition to PI1A induces TAg expression. The loss of TAg
expression and viral DNA in tumor cells is consistent with a previous report of the loss of TAg
expression in prostatic epithelial cell lines derived from TRAMP mice (TRansgenic
Adenocarcinoma of Mouse Prostate) [81], and with another report showing that cells cultured
from 12 prostate carcinomas were negative for BKV TAg expression by immunofluorescence
[69]. It has been postulated that TAg expression might be necessary to initiate transformation,
but that continuous TAg expression might not be required for the maintenance of the
transformed state in vitro or in vivo [81,82]. A similar loss of viral sequences in tumors has
been reported for bovine papillomavirus type 4 [83]. To explain the loss of viral DNA or TAg,
itis possible that the ability of TAg to induce chromosomal damage or its pro-apoptotic effects
mediated through interactions with the pRb family of proteins, are incompatible with cell
growth at advanced stages of carcinogenesis [84-86]. Alternatively, viral sequence loss could
be due to dilution of episomal DNA or selection against TAg by the immune system.

Third, the TAg detected in these studies was cytoplasmic, and p53 was found to colocalize
with TAg in the cytoplasm. In samples where TAg was not detected, p53 was nuclear when
observed. Using laser capture microdissection, it was demonstrated that the p53 gene in laser-
captured TAg-positive PIA cells was wild-type, whereas tumor cells expressing nuclear p53
contain a mixture of wild-type and mutant p53 genes [79]. In addition, the cytoplasmic
localization of both proteins was not due to mutations in their nuclear localization sequences.
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Taken together, this indicates that the wild-type p53 may be inactivated by TAg sequestration
in the cytoplasm, which can then lead to accumulation of mutations and loss of growth control.
Finally, consistent with the cytoplasmic localization of TAg, no VP1 expression was detected
in the TAg-positive samples, indicating a lack of viral replication [79].

A recent report by Russo et al. also suggests the role of BKYV in the pathogenesis of prostate
cancer [87]. BKV DNA was detected in 85% of the prostate cancer specimens but in none of
the benign prostatic hyperplasia control group by PCR. Moreover, IHC analysis revealed that
both TAg and p53 were present in the cytoplasm in 77% of the cancer samples, whereas in the
TAg-negative tumors, p53 was found in the nucleus. These results are consistent with the
findings by Das et al. [79,80,87].

Lau et al. used ISH and IHC to examine 30 cancerous prostate tissues [88]. While they did not
observe positive TAg expression by IHC in any of their samples, their ISH results detected 4
samples containing BKV DNA in non-neoplastic cells, 2 samples in neoplastic cells and 1
sample in PIN. Using nested PCR, Sfanos et al. analyzed a total of 338 samples from 200
patients for BKV. Surprisingly, only one sample was positive for BKV [89]. It is not clear why
there is such a variation in the percentages of BKV DNA- and TAg-positive prostates among
different groups.

There are a number of contrasting reports regarding BKV association with the development of
bladder cancer [28,90-96]. In studies by Fioriti et al. and Monini et al., BKV sequences were
found to be present at a high frequency in bladder carcinoma [28,90]. Renal transplant patients
have a higher risk of developing urothelial carcinoma, thereby implicating BKV as a causal
transforming agent of metastatic bladder carcinoma in an immunocompromised setting [97,
98]. In one case report of arenal and pancreas transplant recipient, TAg expression was detected
in almost every single cell in the primary tumor and the metastasis but not in the surrounding
stromal cells or in the non-neoplastic urothelium [91]. The presence of BKV was confirmed
by PCR followed by dot blot hybridization. p53 showed an identical nuclear staining pattern
as the TAg in this sample. In addition, sequence analysis of the p53 gene revealed the absence
of mutations, suggesting stabilization and inactivation of this protein by TAg binding.
Similarly, in a recent report by Roberts et al., strong nuclear staining for TAg was seen in the
urothelial carcinoma of one renal transplant patient, although the percentage of TAg-positive
samples among all the urothelial carcinomas was low (1/8 among renal transplant patients and
0/20 among immunocompetent patients) [92]. Herawi et al. detected TAg by immunostaining
in both benign and cancerous bladder tissues [94]. Only urothelial carcinoma cells, however,
showed strong and diffuse nuclear TAg signals [94]. In another investigation, it was found that
immunocompetent patients with detectable BKV-infected “decoy” cells in urine were more
likely to develop bladder carcinoma than patients lacking such cells, suggesting BKV may be
a risk factor for bladder carcinoma [95]. The caveat of this study, however, is that some
urothelial carcinoma cells can be mistaken for decoy cells. In contrast, Rollison et al. concluded
that BKV did not play a major role in the pathogenesis of bladder carcinoma, as only 5.5% of
the bladder cancer samples were BKV-positive by PCR and none of them showed TAg
expression [96].

The involvement of BKV in kidney cancer is also not well established. There are several case
studies reporting the presence or absence of BKV DNA sequences or protein expression in
renal carcinomas that developed after renal transplants [99-101]. The presence of BKV
sequences in larger studies of kidney cancer samples also seem to vary among different groups
[28,102].

BKYV DNA sequences have also been reported in different tumors that do not correlate with
anatomical sites thought to be infected by the virus in humans, including brain tumors,
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pancreatic tumors, lymphomas, adrenal tumors, colorectal tumors, and Kaposi’s sarcoma
[reviewed in 2-4,64,103]. Even the earliest studies investigating the association of BKV and
human tumors had conflicting reports of the presence of BKV sequences in similar tissue
samples and cell lines. During a five-year span, several groups examined a selection of human
tumors, including samples from Wilms’ tumors, lung carcinomas, and brain tumors, as well
as a variety of human cell lines, including those derived from lung carcinoma,
rhabdomyosarcoma, glioblastoma, and melanoma. The tumors sampled were among those
frequently induced by BKV in experimental animals and thus were relevant for examination
[104-108]. As these studies pre-dated PCR, the detection methods employed were either
nucleic acid reassociation assays or Southern blot analyses. Two of these studies reported BKV
sequences in 5 out of 12 human tumors, 3 out of 4 human tumor cell lines, and 43 out of 105
total tissues (tumor and normal) and cell lines [109,110]. In contrast, three other groups using
the same or similar tumor tissue types and often the same cell lines reported no BKV DNA
sequences present in any of the samples assayed [70,111,112].

Since the closely related polyomavirus JCV naturally infects and causes disease in the brain,
researchers also began to look for the presence of BKV in brain tissues and tumors. One study
reported that 11 out of 24 brain tumor tissues contained BKV sequences associated with high
molecular weight DNA by Southern blot analysis, suggesting integration of the viral genome
into chromosomal DNA; normal brain tissue controls were negative [113]. Another group
detected BKV sequences in 18 out of 18 neuroblastoma tumors by PCR followed by Southern
blot analysis and in 17 out of 18 tumors by ISH; 16 out of 18 tumors also showed cytoplasmic
staining for TAg by immunofluorescence [114]. The same group demonstrated that BKV TAg
and p53 were cytoplasmic in neuroblastoma cell lines and that reduction of TAg expression in
these cells resulted in the restoration of function and nuclear localization of p53 [115]. Other
studies using PCR followed by Southern blot analysis detected BKV sequences in 85% of brain
tumors and in all normal brain tissues [116], in 57-100% of brain tumors and brain tumor-
derived cell lines [117], and in 15% of brain tumor tissues, including astrocytoma,
glioblastoma, and meningioma by PCR alone [118], suggesting the possibility of BKV
association with brain tumors. Although these reports argue for the involvement of BKV in
human tumors, the use of PCR to enhance assay sensitivity, either alone or prior to Southern
blot analysis, greatly increases the risk of false positives.

The absence of BKV sequences in human brain tumors and neuroblastoma cell lines has also
been extensively reported [119-122]. Rollison et al. attempted to address the inconsistencies
of BKV sequence detection in human tumors by conducting an investigation of 225 brain tumor
tissues analyzed in two different laboratories. One laboratory reported 3 BKV-positive samples
using PCR followed by Southern blot analysis, while the other reported no BKV-positive
samples using a real-time PCR assay [123]. This study demonstrates that variability can occur
between labs examining the same tumor samples; therefore, it is difficult to claim an association
between BKV and brain tumors.

Few studies have made detailed examinations of BKV sequences to attempt to characterize the
viruses present in tumor samples. In one report, investigators detected BKV DNA in a
pancreatic islet adenoma by Southern blot analysis, and went on to transfect total tumor DNA
into human embryonic fibroblasts and rescue infectious BKV (BKV-IR strain). This strain was
significantly different from the common laboratory strain (BKV-Dunlop) by restriction
endonuclease mapping [124]. Several years later, another study reported that 19 out of 74 brain
tumors and 4 out of 9 pancreatic islet tumors contained BKV DNA by Southern blot analysis;
transfection of total tumor DNA into human embryonic fibroblasts resulted in the rescue of
virus similar to BKV-IR [125]. These findings suggest the possible association of a particular
strain of BKV with human tumors. Upon further characterization, it was reported that the BKV-
IR strain was less efficient at transformation of hamster cells in culture and induction of tumors
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in hamsters in vivo, but had a higher propensity for metastasis [126]. BKV-IR contains
insertions within its NCCR that, in the context of the genome, resemble a stem-loop structure
[126]. It has been suggested that this stem-loop structure may result in excision of the NCCR
from the viral genome and integration into cellular DNA, potentially aiding in oncogenic
transformation either by activating the expression of cellular oncogenes or by acting as a
mutagen by random insertion into cellular genes [126,127].

Other tumors that have been investigated for the presence of BKV sequences include
lymphomas, adrenal tumors, melanoma, colorectal tumors, and Kaposi’s sarcoma. Since BKV
has been convincingly detected in peripheral blood cells of normal individuals [30,32,128],
investigators began to look for an association between BKV and lymphoma. Only 5 out of 83
lymphoma samples were positive for BKV DNA using standard and real-time PCR [129].
Based on the higher percentage of normal BKV-positive lymphocytes routinely observed, this
study does not support an association between BKV and lymphoma [30,32,128]. Another study
examined adrenal glands and adrenal tumors for the presence of viral sequences, since the
adrenal gland is located on top of the kidney, a major site of BKV persistence. This study found
4 out of 107 adrenal tumor samples positive for BKV by both real-time PCR and IHC for TAg
[130]. Normal tissue samples were all negative, suggesting that BKV may be associated with
adrenal tumors, possibly due to the proximity of the adrenal gland to the kidney and its ability
to produce hormones known to stimulate BKV gene expression [131]. There is no clear link
between BKV and melanoma, as one study found that 38 non-UV light associated melanomas
were all negative for BKV sequences by PCR-based assays [132]. Casini et al. demonstrated
the presence of BKV sequences using ISH, in 11 out of 18 colorectal tumors [128]. Out of the
11 BKV-positive samples, 10 samples exhibited positive staining in healthy cells adjacent to
cancer cells, suggesting that BKV may contribute to the development of colorectal cancer.

The presence of BKV DNA in Kaposi’s sarcoma (KS), a malignancy associated with
immunosuppression, has also been analyzed. A study by Barbanti-Brodano et al. detected BKV
sequences by Southern blot analysis in 3 out of 5 KS samples from Uganda but not in 4 KS
samples from Italy [133]. Transfection of cellular DNA from KS tissues into human embryonic
fibroblasts resulted in the rescue of infectious virus similar to the BKV-IR strain [133,134].
The presence of BKV sequences was also reported in 100% of KS skin lesions, 75% of KS
cell lines, and 57-95% of genital tissues and sperm samples, which were examined as potential
evidence for a route of transmission [135]. However, given the well-established role of
Kaposi’s sarcoma-associated herpesvirus in KS, itis likely that any role for BKV in this disease
is secondary.

There are several studies that monitored anti-BKV antibody levels in patient serum samples
as a marker for the presence and association of BKV with specific cancers. In these assays,
anti-VP1 antibodies are measured by an enzyme-linked immunosorbent assay (ELISA) using
yeast- or bacteria-derived virus-like particles as the antigen. Using this assay, there was no
association between maternal BKV antibody levels and the development of neuroblastoma in
children [122], or between antibody levels and the development of non-Hodgkin lymphoma
[136]. Newton et al. observed that anti-BKV antibody levels in patients with prostate cancer
were 20% higher than in normal controls, while patients with oral cancer had 17% lower serum
antibody levels [137]. In a separate sero-epidemiologic study, the ELISA data did not support
a relationship between BKYV antibody titers and prostate, kidney, or bladder cancer [138]. A
case-controlled study involving 386 male colorectal cancer patients and matching control
subjects also did not identify BKV as a risk factor [139]. The shortcomings of using ELISA to
detect VP1 antibodies, however, are that polyomaviruses are involved in tumor formation in
situations when productive infection is restricted, leading to an over-abundance of TAg but a
lack of late protein expression. Furthermore, according to the ‘hit-and-run’ hypothesis (see
below), viral genome may be lost from infected cells during different stages of tumor
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development. Thus, high levels of VP1 expression, and consequently anti-VP1 antibodies,
would not be expected during BKV-mediated oncogenesis. Instead, it would be more
appropriate to examine anti-TAg antibody levels, as TAg expression would be required at some
point during tumor development.

The presence of TAg in a high percentage of cells within a tumor sample would strongly argue
for the involvement of BKV in tumor development. The lack of consistent observation of TAg
expression, however, could be explained in two ways. First, TAg expression may not be
required in every cell due to secretion of paracrine growth signals by TAg-positive cells that
act on neighboring and distant cells, stimulating proliferation. This has been shown for S\V40-
positive mesothelioma cells, where SV40 TAg induces production and release of vascular
endothelial growth factor [140-143]. Alternatively, the lack of BKV TAg-positive cells in
tumor samples can be explained by the ‘hit-and-run” mechanism [144]. According to this
hypothesis, BKV induces mutations in human cells before the transformed phenotype appears.
This could result in irreversible chromosomal damage in host cells, leading to oncogenic
transformation. Henceforth, viral sequences may not be required for maintenance of the
transformed phenotype and could be eventually lost from the tumor cells.

Conclusions

The clinical studies described above have demonstrated both the presence and absence of BKV
sequences in cancerous tissues. As a member of the polyomavirus family, it can be stated that
BKYV has all the qualifications to be a cofactor in the induction and/or progression of human
tumors. A causal role for BKV in human neoplasia, however, still remains to be established.
There are several concerns when considering a role for BKV in carcinogenesis: (a) BKV DNA
sequences are often found in normal human tissues, thus whole tumor samples must be carefully
examined because they contain both normal and tumor cells; (b) the expression of TAg, the
viral protein that drives transformation, is infrequently analyzed and reported in cancerous
tissues; (c) the inability of BKV to replicate in animal models severely restricts key studies
relating to causality; (d) epidemiological studies are impaired by the presence of BKV in nearly
the entire population, thus the design of more quantitative studies may help define the role, if
any, of BKV in cancer.

Due to these concerns, it is very difficult to apply classical Koch’s postulates to BKV [145].
An alternative set of criteria to define an oncogenic role for viruses in humans has been
proposed: (a) epidemiological and clinical evidence that a viral infection puts one at risk for
tumor development; (b) presence of the nucleic acid and/or the expression of viral proteins in
specific tumor cells; (c) induction of cell transformation or immortalization upon transfection
of either the viral genome or its individual sub domains; and (d) demonstration that the
phenotypic characteristics of the tumor and the changes caused in cultured cells from the tumor
are dependent on the expression of viral proteins [146-151]. Future investigations should be
aimed at achieving more consistent detection of BKV DNA and TAg in human tumor samples,
developing an animal model that accurately mimics BKV persistent infection and reactivation,
and determining whether BKV transitions from a benign persistent pathogen to a virulent
infectious agent that causes cancer.
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Figure 1. BKV genome

Schematic view of the double-stranded, circular DNA genome of BKV, showing the early and
late regions, and the non-coding control region (NCCR). The solid arrows indicate open reading
frames and the dashed lines are early region introns. Transcription of the early and late regions
proceeds in the direction of the arrows.
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Table 1
Detection of BKV in human tumors, tumor cell lines, and normal tissues
Tissues/Cell lines BKYV DNA-positive samples/samples BKV TAg- Method Reference
analyzed (%) positive samples/
samples
analyzed (%)
Tumor tissues
Brain 50/58 (86) PCR/SBH [116]
Brain 74/83 (89) PCR/SBH [117]
Brain 4/5 (80) SBH [134]
Brain 11/24 (46) SBH [113]
Brain 19/74 (26) SBH [125]
Brain 0/80 (0) PCR [119]
Brain 0/274 (0) PCR [121]
Brain 0/80 (0) IHC [120]
Brain 3/225 (1) PCR/SBH, PCR [123]
0/225 (0)
Brain 6/40 (15) PCR [118]
Brain 0/103 (0) DDrk/SBH [70]
Medulloblastoma 0/15 (0) PCR/SBH [152]
Neuroblastoma 18/18 (100) 16/18 (89) PCR, ISH, IFA [114]
17/18 (94)
SPNET 0/5 (0) PCR/SBH [152]
Meningioma 0/10 (0) PCR/SBH [153]
Osteosarcoma 11/25 (44) PCR/SBH [116]
Osteosarcoma 0/7 (0) DDrk/SBH [70]
Bladder 15/26 (58) PCR/SBH [28]
Bladder 1/1 (100) SBH [93]
Bladder 0/15 (0) PCR/SBH [153]
Bladder 1/1 (100) 1/1 (100) PCR/DBH, IHC [91]
Bladder 4/21 (19) IHC [94]
Bladder 4176 (5) 0/4 (0) PCR, IHC [96]
Bladder 0/8 (0) DDrk/SBH [70]
Bladder 1/28 (4) IHC [92]
Kidney 10/15 (67) PCR/SBH [28]
Kidney 1/83 (1) PCR [102]
Kidney 0/1 (0) ISH [100]
Kidney 1/1 (100) 1/1 (100) PCR, ISH, IHC [99]
Kidney 0/18 (0) DDrk/SBH [70]
Kidney 0/1 (0) 1/1 (100) ISH, IHC [101]
Wilms’ tumor 0/14 (0) PCR/SBH [116]
Renal pelvis 9/55 (16) PCR [102]
Adrenal 4/107 (4) 414 (100) PCR [130]
Hepatoblastoma 0/60 (0) PCR [121]
Prostate 417 (57) PCR/SBH [28]
Prostate 3/12 (25) PCR [154]
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Tissues/Cell lines BKYV DNA-positive samples/samples BKV TAg- Method Reference
analyzed (%) positive samples/
samples
analyzed (%)
Prostate 13/16 (81), 9/21 (43) PCR, ISH, IHC [80]
15721 (72)"
Prostate 7/30 (23) 0/30 (0) ISH, IHC [88]
Prostate 1/200 (0.5) PCR [89]
Prostate 22/26 (85) 20/26 (77) PCR, IHC [87]
Ureter 2/4 (50) PCR/SBH [28]
Cervix 9/14 (64) PCR/SBH [29]
Vulvar 17 (14) PCR/SBH [29]
Cervix and vulva 32/42 (76) PCR/SBH [135]
Pancreatic islets 0/4 (0) DDrk/SBH [70]
Pancreatic islets 4/9 (44) SBH [125]
Pancreatic islets 1/1 (100) SBH [124]
Colon rectum 11/18 (61) ISH [128]
Kaposi’s sarcoma 4/20 (20) SBH [134]
Kaposi’s sarcoma 38/38 (100) PCR/SBH [135]
Kaposi’s sarcoma 3/9 (33) SBH [133]
Kaposi’s sarcoma 0/2 (0) PCR/SBH [153]
Lymphoma 0/5 (0) PCR/SBH [153]
Lymphoma 5/83 (6) 0/5 (0) PCR, IHC [129]
Extracutaneous melanoma 0/38 (0) PCR [132]
Tumor cell lines
Neuroblastoma 0/10 (0) PCR [122]
Medulloblastoma 0/2 (0) PCR/SBH [152]
Glioblastoma 2/2 (100) PCR/SBH [155]
Multiple brain 21/26 (81) PCR/SBH [117]
Multiple brain 4/19 (21) SBH [134]
Multiple 3/30 (10) SBH [134]
Multiple 28/30 (93) PCR/SBH [116]
Multiple 3/4 (75) DDrk [109]
Kaposi’s sarcoma 6/8 (75) PCR/SBH [135]
Kaposi’s sarcoma 0/14 (0) PCR/SBH [153]
Normal tissues
Adrenal glands 0/20 (0) PCR [130]
Adrenal glands 0/5 (0) 0/5 (0) PCR, ISH, IHC [114]
/5 (0)"
PBMC 25/35 (71) PCR/SBH [116]
PBMC 22/40 (55) PCR [30]
PBMC 53/70 (76) PCR/SBH [117]
PBMC 17/28 (61) SBH [32]
Lymphocytes 12/18 (67) ISH [128]
Lymphocytes 27/30 (90) PCR/SBH [117]
Lymphocytes 0/52 (0) PCR [129]
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Tissues/Cell lines BKYV DNA-positive samples/samples BKV TAg- Method Reference
analyzed (%) positive samples/
samples
analyzed (%)

Serum 0/115 (0) PCR [122]
skin 25/33 (76) PCR/SBH [135]
Brain 13/13 (100) PCR/SBH [117]
Brain 13/13 (100) PCR/SBH [116]
Brain 0/31 (0) PCR [121]
Brain 0/29 (0) SBH [113]
Bone 2/5 (40) PCR/SBH [116]
Colon rectum 11/18 (61) ISH [128]
Bladder 5/10 (50) PCR/SBH [28]
Bladder 3/9 (33) IHC [94]
Bladder 1/46 (2) 0/1 (0) PCR, IHC [96]
Kidney 0/6 (0) DDrk/SBH [70]
Kidney 5/6 (83) PCR/SBH [28]
Prostate 4/15 (27) 4/29 (14) ISH, IHC [79]
Prostate 11/19 (58) PCR/SBH [135]
Prostate 0/12(0) 0/12 (0) PCR, IHC [87]
Ureter 0/1 (0) PCR/SBH [28]
Urethra 0/1 (0) PCR/SBH [28]
Sperm 18/20 (90) PCR/SBH [117]
Sperm 5/6 (83) PCR/SBH [29]
Sperm 18/19 (95) PCR/SBH [135]

Cervix 13/14 (93) PCR/SBH [29]

Vulva 6/7 (86) PCR/SBH [29]

Cervix and vulva 15/21 (71) PCR/SBH [135]

Abbreviations used in Table 1: PCR, polymerase chain reaction; SBH, Southern blot hybridization; IHC, immunohistochemistry; IFA,

immunofluorescence; ISH, in situ hybridization; DDrk, DNA-DNA reassociation kinetics; SPNET, supratentorial primitive neuroectodermal tumor; DBH,
dot blot hybridization; PBMC, peripheral blood mononuclear cells;

*
, ISH data in cases in which both PCR and ISH were performed.
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