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Abstract
It has been suggested that BK-polyomavirus is linked to oncogenesis via high expression levels of large T-antigen
in some urothelial neoplasms arising following kidney transplantation. However, a causal association between
BK-polyomavirus, large T-antigen expression and oncogenesis has never been demonstrated in humans. Here we
describe an investigation using high-throughput sequencing of tumour DNA obtained from an urothelial carcinoma
arising in a renal allograft. We show that a novel BK-polyomavirus strain, named CH-1, is integrated into exon
26 of the myosin-binding protein C1 gene (MYBPC1) on chromosome 12 in tumour cells but not in normal renal
cells. Integration of the BK-polyomavirus results in a number of discrete alterations in viral gene expression,
including: (a) disruption of VP1 protein expression and robust expression of large T-antigen; (b) preclusion of
viral replication; and (c) deletions in the non-coding control region (NCCR), with presumed alterations in promoter
feedback loops. Viral integration disrupts one MYBPC1 gene copy and likely alters its expression. Circular episomal
BK-polyomavirus gene sequences are not found, and the renal allograft shows no productive polyomavirus infection
or polyomavirus nephropathy. These findings support the hypothesis that integration of polyomaviruses is essential
to tumourigenesis. It is likely that dysregulation of large T-antigen, with persistent over-expression in non-lytic
cells, promotes cell growth, genetic instability and neoplastic transformation.
© 2015 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd on behalf of Pathological Society of Great Britain
and Ireland.
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Introduction

Renal transplant patients exhibit an increased incidence
of viral infections, due to the immunosuppressive ther-
apy that is required [1]. Also related to dysfunctional
immune surveillance is an increased incidence of malig-
nancy, with renal transplant patients exhibiting approxi-
mately 4.5-fold increased incidence of cancer across all
sites surveyed [2], and a three- to four-fold increased
incidence of urothelial carcinoma [3,4]. Although it is
often difficult to prove a viral cause of oncogenesis,
there is evidence that some tumours are induced by
viruses. Merkel cell carcinoma, promoted by Merkel
polyomavirus, is one such example [5].

Viral oncogenesis is associated with integration of
viral sequences into the genome of infected cells [6].
Integration can lead to a number of different events,
including both loss of function and gain of function in
genes regulating the cell cycle. Viral promoter activation

of flanking human genomic sequences, or expression
of viral oncogenes, can induce neoplastic growth, as
can acquisition of activating mutations within viral
growth-promoting genes.

Several recent reports suggest an association between
polyomavirus infection and urothelial or collecting
duct carcinoma in renal allograft recipients, affecting
either the transplanted organ or the genito-urinary
tract of the recipient (summarized in Table 1). Such
tumours are characteristically of high grade, express
polyomavirus large T-antigen and show no evidence
of productive polyomavirus infection with viral repli-
cation [7]. Despite abundant circumstantial evidence
that polyomavirus is oncogenic in these cases, proof of
polyomavirus oncogenesis in genito-urinary tumours
remains incomplete.

BK-polyomavirus most commonly causes a produc-
tive viral infection in renal allografts [8–13]. BK and its
close relative, JC-polyomavirus, are nearly ubiquitous in
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Table 1. Large T antigen-positive urological malignancies in transplant recipients as reported in the literature
Site Histology* Year published Reference

Allograft kidney Adenocarcinoma, poorly differentiated 2004 [38]
Allograft kidney RCC, poorly differentiated 2007 [39]
Allograft kidney Collecting duct carcinoma 2008 [40]
Allograft kidney TCC, high grade 2009 [41]
Allograft kidney RCC, poorly differentiated 2012 [42]
Allograft kidney TCC, high grade, micropapillary variant 2013 [43]
Allograft kidney TCC, papillary, nested and sarcomatoid variants 2013 [44]
Bladder UC, high grade 2002 [45]
Bladder UC, high grade 2008 [46]
Bladder UC, micropapillary 2009 [47]
Bladder Adenocarcinoma 2010 [48]
Bladder UC, high grade, nested and sarcomatoid variants 2013 [49]
Bladder TCC grade 3 2013 [50]
Bladder UC, high grade with glandular differentiation 2013 [51]
Bladder UC, high grade with micropapillary differentiation 2013 [51]
Bladder UC, micropapillary 2013 [28]
Bladder UC, micropapillary 2013 [28]
Bladder UC, micropapillary 2015 [54]
Native kidney Collecting duct carcinoma 2013 [52]
Ureter UC, high grade 2014 [53]

*Diagnostic terminology as reported: RCC, renal cell carcinoma; TCC, transitional cell carcinoma; UC, urothelial carcinoma.

human populations, with seroconversion rates approach-
ing 90% by mid-childhood [14,15]. Primary infection
with polyomaviruses is likely via the respiratory route,
often leading to dissemination and establishment of a
latent infection in the urinary tract, especially renal tubu-
lar cells and urothelium. Periodically, polyomavirus can
reactivate and undergo transient, self-limiting and clini-
cally insignificant cycles of replication, leading to shed-
ding of virus in the urine and occasionally transient
episodes of viraemia. Reactivation is more common
in the setting of immunosuppression, and in a minor-
ity of patients can lead to the development of a pro-
ductive intrarenal polyomavirus infection with organ
injury, termed polyomavirus nephropathy [16,17]. In the
renal transplant population, polyomavirus nephropathy
has an incidence of approximately 4% [8,9,11]. In con-
trast, neoplasms associated with polyomaviruses, in both
immunocompetent and immunosuppressed patients, are
exceptionally rare.

Here we describe a patient presenting with a
high-grade urothelial carcinoma arising in a renal
allograft. We show for the first time in a renal allo-
graft tumour that BK-polyomavirus has integrated into
human chromosomal DNA with expression of large
T-antigen but without expression of late genes and lack-
ing viral replication. The molecular details that emerge
from deep sequencing of the tumour suggest several
possible mechanisms of virally mediated oncogenesis,
which are discussed.

Materials and methods

Ethics
This study was performed in accordance with the prin-
ciples expressed in the Helsinki Declaration (1975; as
revised 1983) and was approved by the Institutional

Review Board (IRB) of the University of North Carolina
(Protocol No. 12–0038).

Histopathology
Histological work-up and standard diagnostic immuno-
histochemistry for the characterization of the neoplasm
followed routine pathology procedures.

Antibodies
Immunohistochemical detection of polyomavirus-
associated antigens was performed on formalin-fixed,
paraffin-embedded (FFPE) tissue, with mouse mon-
oclonal antibodies directed against the SV40 large
T-antigen (Clone 416; Calbiochem, San Diego, CA,
USA), the VP1 capsid protein (clone 597) and the
JC-polyomavirus large T-antigen (clone Pab 416)
[18], following standard protocols published previ-
ously [13,17,19,20]. Transmission electron microscopy
studies on glutaraldehyde-fixed tissue were performed
according to standard protocols.

Laser capture microdissection (LCM)
Tissue sections (8 μm) were cut from FFPE blocks onto
Zeiss Membrane Slides (1.0 PEN, cat. no. 415190-
9041-000, Carl Zeiss Microscopy, Thornwood, NY,
USA). The Ambion LCM Staining Kit (Life Sciences,
Grand Island, NY, USA) was employed according to
the manufacturer’s instructions, with modifications as
reported by Cianciolo et al. [21]. Tissue sections were
cleared by incubations in xylene, then briefly air dried
before LCM. The slides were stored at 4 ∘C when not on
the LCM stage.

All LCM was performed using a Zeiss PALM
Microbeam laser microdissection system (Carl Zeiss
Microscopy, Thornwood, NY) with PALMRobo v4.6
software. Tissue was captured into AdhesiveCaps
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(#415190-9201-000, Carl Zeiss Microscopy, Thorn-
wood, NY), and DNA isolated from captured tissue
using the Ambion RecoverAll system as described
below.

Approximately 100 cross-sections from normal
kidney tubules, distant from the neoplasm, were col-
lected by LCM. Each cross-section contained, on
average, approximately 18 (range 6–37) nuclei for a
total recovery of approximately 1800 nuclear equiva-
lents/microdissected sample. Approximately equivalent
numbers of tumour nuclei were also microdissected
from areas of both invasive and in situ urothelial
carcinoma.

Real-time PCR
Load levels of BK- and JC-polyomaviruses were deter-
mined by real-time TaqMan PCR assay, using the ABI
PRISM 7900HT Sequence Detection System (Fos-
ter City, CA, USA), with well-characterized probes
and primers specific for BK- and JC-polyomaviruses
[10,17,18]. Real-time detection of PCR products
was achieved using a fluorescence hydrolysis (Taq-
Man) probe. Primers and probes were purchased
from TIB Molbiol LLC (Adelphia, NJ, USA). The
primer and probe sequences for large T-antigen gene
detection were as follows: BK-virus, forward 5′-AGCA
GGCAAGGGTTCTATTACTAAAT-3′, reverse 5′-GAA
GCAACAGCAGATTCTCAACA-3′; BK-virus Taq-
Man probe, 5′-6-FAM-AAGACCCTAAAGACTTTCC
CTCTGATCTACACCAGTTT-TAMRA-3′; JC-virus,
forward 5′-TTAGTGGTATACACAGCAAAAGAAG
CA-3′, reverse 5′-AAAACACAGGATCCCAACACTC
TAC-3′; and JC virus TaqMan probe, 5′-6-FAM-TC
CTGTAGATCTGCATGCA-MGB-NFQ-3′. The primer
and probe sequences for BK VP1 gene detection were as
follows: BK-virus, forward 5′-GCAGCTCCCAAAAA
GCCAAA-3′, reverse 5′-CTGGGTTTAGGAAGCATT
CTA-3′; BK-virus TaqMan probe, 5′-6-FAM-ACCCG
TGCAAGTGCCAAAACTACTAATAAAAGG-TAM
RA-3′ (6-FAM, 6-fluorescein amidite; TAMRA, tetram-
ethylrhodamine; MGB-NFQ, dihydrocyclopyrroloin-
dole tripeptide minor groove binder non-fluorescent
quencher).

Quantitative linearity of the TaqMan assay exhibited a
dynamic linear range of 250–2.5± 1010 BKV copies/ml
sample (data not shown).

DNA isolation from tissue
Using frozen tissue, total cellular nucleic acids were
isolated from frozen tumour tissue samples using the
Ambion MELT Total Nucleic Acid Isolation System
(Life Sciences, Grand Island, NY, USA). Tissue sections
were cut on a cryostat at 10 μm thickness and were
processed according to the manufacturer’s alternative
instructions for DNA isolation, including an RNase A
incubation step. Isolated DNA was evaluated using an
Agilent Bioanalyzer (Agilent Technologies, Santa Clara,
CA, USA) and was determined to have a concentration
of 166 ng/μl.

Using FFPE tissue, total cellular nucleic acids were
additionally isolated from laser capture-microdissected
samples of FFPE tissue, using the Ambion Recover-
All Total Nucleic Acid Isolation Kit (Life Sciences).
Microdissected samples were processed according to the
manufacturer’s alternative instructions for DNA isola-
tion, including an RNase A incubation step.

Deep sequencing and sequence analysis
Isolated frozen tumour DNA was fragmented by
ultrasonication and libraries prepared prior to
high-throughput sequencing, using an Illumina HiSeq
Sequencing System (Illumina, San Diego, CA, USA).
Approximately 166 million genomic DNA fragments
were sequenced. The fragments were assembled
using the CLC Genomics Workbench 6.5.1 (CLC bio,
Boston, MA, USA), with mappings onto the human
genome and the NCBI database of all viral genomes
(http://www.ncbi.nlm.nih.gov/genome/viruses/).

Of the fragments, 93% mapped onto human chro-
mosomes and BK-polyomavirus sequences, with a cov-
erage of approximately 10-fold, indicating that each
nucleotide in the haploid genome was sequenced 10
times on average. True coverage varies from position
to position, due primarily to significant aneuploidy in
the tumour. The remaining 7% of fragments that did
not map to human and polyomavirus sequences rep-
resent mostly repetitive human sequences that are not
mapped in the database. The only viruses that mapped
with the tumour DNA dataset were BK-polyomavirus
and PhIX174, which is a sequencing control.

Confirmatory PCR reactions were performed using
primers specific for MYBPC1 and BK-polyomavirus
sequences located on both sides of the breakpoints
of viral integration into the tumour genome. The
MYBPC1 primer sequences used were: 5′-GACTG
GGAAAGAAAGTGACCTTGC-3′, 5′-CCTTCTGAAT
GGTATAGCCTGTG-3′ and 5′-GCTGGGGTTTAAGA
CCAGCTCTG-3′. The BK-polyomavirus primer
sequences used were: 5′-TGCTGATATTTGTGGCCT
GTTTACTA-3′, 5′-CATGTGACCAACACAGCTAC
C-3′, 5′-CCCAACAGCCCAGTC-3′, 5′-GAAAATCCT
TACAAAACTCAGAG-3′ and 5′-CTCCACATAGAC
ATAGAGTTTCTGC-3′.

For BK genotype analysis, a multiple sequence align-
ment was calculated from VP1 gene DNA sequences
obtained from BK-polyomavirus isolates, representing
the major genotype subgroups as defined previously
[22–24]. The specific accession numbers used were
as follows: BK-polyomavirus isolate WW (canon-
ical), GenBank No. AB211371.1, genotype group
VI; BK-polyomavirus isolate Dik, GenBank No.
AB211369.1, genotype group VI; BK-polyomavirus
isolate PittNP1, GenBank No. DQ989813.1, geno-
type group VI; BK-polyomavirus isolate PittVR8,
GenBank No. DQ989806.1, genotype group VI;
BK-polyomavirus isolate PittVM3, GenBank No.
DQ989798.1, genotype group V; BK-polyomavirus
isolate PittVR2, GenBank No. DQ989796.1, genotype

© 2015 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd J Pathol 2015; 237: 379–389
on behalf of Pathological Society of Great Britain and Ireland. www.pathsoc.org.uk www.thejournalofpathology.com



382 DJ Kenan et al

group V; BK-polyomavirus isolate PittNP5, GenBank
No. DQ989804.1, genotype group Ia; BK-polyomavirus
isolate PittVR4, GenBank No. DQ989812.1, genotype
group Ia; BK-polyomavirus isolate UT, GenBank No.
DQ305492.1, genotype group Ia; BK-polyomavirus
isolate PittNP4, GenBank No. DQ989802.1, genotype
group 1a; BK-polyomavirus isolate THK-9a, GenBank
No. AB217921.1, genotype group 1c; BK-polyomavirus
isolate TW-8a, GenBank No. AB217920.1, geno-
type group 1c; BK-polyomavirus AS, GenBank No.
M23122.1, genotype group III; BK-polyomavirus
isolate TW-3a, GenBank No. AB217919.1, genotype
group IV; JC-polyomavirus, NCBI Reference Sequence
NC_001699.1. VP1 DNA sequences were aligned
using ClustalW2 via the European Bioinformatics
Institute (EMBL–EBI) [25]. The neighbour-joining
phylogenetic tree calculated by ClustalW2 was then
visualized as a radial tree, using FigTree v 1.4.2 (see
Figure 4; software developed and provided by Andrew
Rambaut, Institute of Evolutionary Biology, University
of Edinburgh: http://tree.bio.ed.ac.uk/).

Results

Clinical history and presentation
A 54 year-old African-American male presented to his
local emergency department in 2012 with severe supra-
pubic and left flank pain. In 2003 he had received a
renal transplant of cadaveric origin for hypertensive
nephropathy. His post-transplant course was uneventful,
with a baseline serum creatinine of 1.5–2.1 mg/dl and
no clinical evidence of polyomavirus nephropathy or
episodes of rejection. His recent maintenance immuno-
suppression regimen included mycophenolate mofetil
(250 mg twice daily), tacrolimus (3 mg three times daily)
and methylprednisolone (6 mg once daily).

On presentation to the emergency department, the
patient showed acute allograft failure (serum creatinine
4.3 mg/dl) and an active urine sediment (3+ haema-
turia, 2+ proteinuria). Imaging studies demonstrated
severe hydronephrosis of the transplanted kidney and
a poorly defined heterogeneous mass in the renal
pelvis. The diagnosis of a malignant neoplasm was
confirmed by urine cytology showing markedly atypical
urothelial cells. No polyomavirus inclusion-bearing
decoy cells were seen. The patient underwent transplant
nephrectomy.

Pathological findings
Gross examination of the explanted renal allograft
demonstrated a completely excised white-tan tumour,
5.0 cm in greatest diameter, that was based in the renal
pelvis, invaded deeply into the medulla and markedly
narrowed the ureteral outlet (Figure 1). The majority
of the renal pelvis revealed urothelial thickening and
papillary nodularity suggestive of an in situ tumour
component.

Figure 1. Allograft nephrectomy specimen, bivalved. The invasive
tumour (*) infiltrates the renal medulla and extends into the inner
cortex; the pelvis shows hydronephrosis; a nephrostomy drain is
seen in situ; the ureter and a portion of the urinary bladder extend
downwards.

Histomorphology and immunohistochemistry
Histological examination of the tumour revealed a
high-grade malignant transitional cell carcinoma deeply
invading the renal medulla and cortex (Figure 2A,
B). Tumour cells showed moderate to severe nuclear
pleomorphism and were arranged in solid nests or cords
with focal glandular and papillary differentiation. Muci-
carmine stain highlighted a few foci of intraluminal
mucin (not shown). Many areas of the tumour displayed
comedonecrosis. Tumour nests were surrounded by
a dense desmoplastic stroma. Viral inclusion bodies
were not present. The pelvic mucosa displayed areas
of papillary urothelial carcinoma and flat urothelial
carcinoma in situ. Adjacent to the tumour, the renal
parenchyma was without diagnostic abnormalities, and
there was no evidence of polyomavirus nephropathy.

Electron microscopy of tumour cells showed highly
pleomorphic epithelial cell elements with vesicular and
partially clumped chromatin. In many tumour nuclei,
so-called ’nuclear granules’ [7] were noted (Figure 3).
Virus particles were not present.

By immunohistochemistry, the tumour displayed dif-
fuse strong staining for GATA3 and diffuse staining for
CK7 and CAM5.2, with a subset of tumour cells staining
for P63 and CD10 (not shown). No diagnostic staining
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Figure 2. Histology of renal allograft tumour (FFPE tissue). (A) Top of image displays an in situ component and the bottom displays an
invasive component; H&E stain; magnification=×100. (B) The invasive carcinoma shows glandular differentiation with central foci of
debris and moderate nuclear atypia; H&E stain; magnification=×200. (C) Immunohistochemistry with an antibody against SV40 large
T-antigen shows strong intranuclear staining; magnification=×200. (D) Immunohistochemistry with an antibody against polyomavirus
capsid protein VP1 shows no expression of VP1 in the tumour; magnification=×200.

Figure 3. Urothelial carcinoma cell nucleus with so-called ’nuclear
granules’ (arrows; N, tumour cell nucleus). There is no evidence of
viral particles. EM magnification=×25 000.

was noted in tumour cells for PAX8, PAX2, Uroplakin
III, CD20, S100, vimentin, racemase or RCC. CK5/6
highlighted only rare tumour cells. This staining pattern
supported a transitional cell origin of the neoplasm. The
tumour was classified as a poorly differentiated invasive

transitional cell carcinoma and was staged as pT3 pNx,
clinical stage III [26].

Special studies to detect polyomaviruses
Immunohistochemical staining was performed
with antibodies against SV40 polyomavirus large
T-antigen (the so-called ‘pan-polyomavirus antigen’),
JC-polyomavirus-specific large T-antigen, and poly-
omavirus VP1 capsid protein. Diffuse and strong
staining limited to the nuclei of invasive and in situ
tumour cells was only noted with the SV40 large
T-antigen incubation (Figure 2C), indicating high levels
of large T-antigen expression in tumour nuclei. No
staining with antibodies specific for VP1 capsid protein
(Figure 2D) or JC T-antigen (data not shown) was
detected in tumour cells. Non-tumour cells did not stain
with any antibodies (data not shown).

Microdissection and real-time PCR analysis
PCR studies on laser-microdissected FFPE tissue were
performed in order to determine which elements within
the allograft nephrectomy contained polyomavirus gene
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sequences. Approximately comparable numbers of cells
were microdissected from tumour tissue and from adja-
cent normal cortical renal tubules, and genomic DNA
was extracted. Microdissected samples of neoplastic
cells contained DNA sequences specific for segments
of BK-polyomavirus large T-antigen and VP1 genes.
In tumour cells, no PCR signals were detected with
primers specific for JC-polyomavirus sequences. No
BK or JC-polyomavirus DNA sequences were detected
in microdissected normal renal parenchyma (data not
shown).

To assess whether full-length BK-polyomavirus
sequences were present in the tumour, additional PCR
reactions were performed on the microdissected DNA
samples, using a set of primer sequences spanning
multiple segments of the BK viral genome. DNA from
tumour tissue yielded amplified bands of expected
sizes, using primer sets spanning all regions of the
polyomavirus genome, with the exception of PCR
reactions using primer sets flanking the 3′ end of the
VP1 gene (data not shown). DNA from adjacent normal
kidney tissue yielded no amplification with any primers
specific for BK-polyomavirus. These findings led us to
suspect that the circular viral genome was linearized
and/or partially deleted in tumour cells, with a break
point near the 3′ end of the VP1 gene. Linearization
would also suggest that the virus was integrated into
the host genome. To further study the possibility of
BK-polyomavirus integration into tumour genomic
DNA, we performed high-throughput DNA sequencing
from fresh-frozen tumour tissue.

Tumour genome sequencing
Genomic DNA sequencing revealed a novel inte-
grated 5039 base pair (bp) BK-polyomavirus, with
sequence phylogenetic features of a previously unde-
scribed variant of genotype 1A (Figure 4; designated
BK-polyomavirus isolate CH-1; GenBank Accession
No. KP984526). The assembled sequence data showed
that the virus was linearized with a breakpoint between
codons 309 and 310 of the VP1 gene. The virus was
inserted into exon 26 of the human MYBPC1 gene at
position 102 069 082 on chromosome 12. Insertion
occurred within codon 890 of the MYBPC1 open read-
ing frame (Figure 5). Every BK-polyomavirus sequence
fragment that spanned the mapped breakpoint was inter-
rupted between VP1 codons 309 and 310 (the 5′ and
3′ termini in the linearized BK-polyomavirus isolate
genome), thereby excluding the presence of circular
episomal BK-polyomavirus in the tumour. No other
chromosomal integration sites were detected.

Targeted PCR assays with specific BK-polyomavirus
and MYBPC1 primers on either side of the BK
breakpoint and MYBPC1 integration sites yielded
bands of expected sizes with tumour DNA (data not
shown; primer sets listed in Materials and methods).
Control PCR assays with normal human DNA and
BK-polyomavirus DNA templates did not show ampli-
fication products for the breakpoint PCR reactions.

Figure 4. Radial phylogenetic tree of VP1 capsid protein DNA
sequences using ClustalW2 and FigTree v 1.4.2, comparing the
Chapel Hill tumour-associated polyomavirus-1 (termed CH-1)
sequence to 14 polyomavirus sequences representing the major
genotype groups of BK and JC-polyomaviruses, as indicated.

These additional PCR assays confirm that the joined
human–viral sequences are not artefacts of library
construction and that a single copy of BK-polyomavirus
is integrated into the tumour genome, as determined by
deep sequencing.

At the integration site within MYBPC1, approxi-
mately half of the human DNA sequencing reads showed
normal uninterrupted MYBPC1 sequences, suggesting
that integration occurred in only one of the two copies of
chromosome 12. The insertion resulted in fusion of the
VP1 coding sequences with MYBPC1 exonic sequences,
predicting a fusion protein consisting of the first 309
codons of VP1, followed by six out-of-frame codons in
MYBPC1 exon 26, followed by a stop codon.

The viral genes encoding small and large T-antigens
were intact. Mutation analysis revealed 41 single
nucleotide differences within the large-T antigen gene,
as compared to canonical BK-polyomavirus sequences
(eg GenBank Accession No. AB211371.1), mainly rep-
resenting silent sequence variations that do not change
amino acid sequences (data not shown).

The non-coding control region (NCCR) of the
integrated BK-polyomavirus demonstrated dele-
tions of sequence blocks, as compared to archetypal
BK-polyomavirus sequences (annotated in GenBank
sequence of the BK-polyomavirus CH-1, Accession No.
KP984526). As compared to the canonical so-called
’OPQRS’ NCCR architecture (where each letter refers
to a short DNA sequence motif that binds cellular pro-
teins regulating viral gene expression and replication),
the tumour variant BK-virus displayed an OPS block
architecture with deletion of the Q and R blocks.

No other polyomaviruses of any strain, or any other
viral gene sequences, were seen in the dataset, confirm-
ing that a single polyomavirus was associated with the
tumour. The human tumour genomic DNA demonstrated
marked aneuploidy that was suggested by variations in
sequencing read densities and was confirmed by cytoge-
netic microarray analysis (data not shown).

Clinical follow-up
The patient tolerated the transplant nephrectomy well
and was discharged on postoperative day 14. Immuno-
suppression was stopped and haemodialysis started. No
aggressive interventions were initiated for treatment of
the neoplasm of donor origin. The patient was last seen
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Figure 5. Schematic of the BKV integration site and molecular details of the virus–host junctions. Human chromosomal integration of the
circular BK-polyomavirus genome results in linearization of the virus, with a breakpoint between codons 309 and 310 of the VP1 gene,
and integration into exon 26 of the MYBVC1 gene at position 102 069 082 on chromosome 12. The coding sequences for capsid protein
VP1 are indicated by a light red arrow in the circular genome. Linearization and integration disrupts the VP1 gene, with the C-terminus
encoded at the left end of the integrated fusion (indicated by # in the small red arrow) and the N-terminus encoded at the right end of the
integrated fusion (larger red rectangle). Integration further results in the generation of a putative fusion protein between the N-terminus of
VP1 and a short six-amino acid segment within out-of-frame MYBPC1 exonic sequences before a stop codon is encountered (indicated by
* in the right green MYBPC1 exon). The blue NCCR (non-coding control region) in the virus is located towards the middle of the integrated
virus, where both the early and late promoters (P-early and P-late, respectively) are expected to remain intact. Likewise, large T-antigen
and small t-antigen sequences remain intact (black arrows), as well as the late gene product agnoprotein (dark red arrow). Transcription
of the MYBPC1 gene proceeds from left to right, and the direction of transcription of the early and late BK-polyomavirus gene products is
indicated by the direction of the arrows representing these genes.

20 months after the nephrectomy and continued to do
well, with no evidence of recurrent tumour or metastasis.

Discussion

Our study shows for the first time that a high-grade
urothelial tumour arising in a renal allograft is asso-
ciated with BK-polyomavirus fully integrated into the
tumour genome at a single location. The integrated
BK-polyomavirus differs from known strains and is
named ’Chapel Hill tumour associated polyomavirus-1’
(or CH-1 in brief). Linearization and integration of CH-1
disrupts the late viral gene encoding the major capsid

protein VP1, while the viral gene for large T-antigen
remains intact, with elevated protein expression. No
other viruses or polyomavirus strains were found within
the tumour. Taken together, these findings suggest that
integration of BK-polyomavirus and sustained expres-
sion of large T-antigen are important steps in tumouri-
genesis in this patient, who lacks any clinical history of
‘productive’ polyomavirus nephropathy.

Integration appears to be an important feature of
tumour-causing polyomaviruses. In recent studies of
Merkel cell polyomavirus isolated from tumoural skin
lesions, 19 of 27 isolates showed viral integration into
the cancer genome [27]. It is possible that technical fac-
tors limited detection in the eight cases where integration
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could not be demonstrated. In Merkel cell carcinoma,
the integration site breakpoints are widely distributed
in both the tumour genome and the viral genome,
with no preferred sites. Only a minority of Merkel
cell polyomavirus genome integration breakpoints
occurred in the VP1 gene [27]. In a study investigating
BK-polyomavirus integration in bladder carcinoma,
one of two cases was shown by nested PCR to have
integrated BK-polyomavirus [28]. Technical limitations
may have prevented detection of viral integration in the
second patient. Integration of other polyomaviruses,
including SV40, BK and JC, has also been reported in
experimental cell culture models [29], but there is no
compelling evidence that polyomaviruses other than
Merkel cell polyomavirus commonly integrate into host
genomes and cause disease in humans [30].

Viral integration could lead to oncogenesis through
a number of mechanisms, including: (a) insertional
inactivation; (b) insertional activation; (c) creation of
fusion proteins with novel properties; (d) mutation of
viral sequences; and (e) increased expression of viral
growth-regulatory proteins. In the case reported here,
insertional inactivation at the integration site could be
caused by disruption of MYBPC1 sequences. MYBPC1,
also known as myosin binding protein C, slow type, is a
structural protein located in the A-bands of vertebrate
striated muscle [31]. Its deletion or mutation is asso-
ciated with disorders of muscle contraction, including
distal arthrogryposis and lethal congenital contracture
syndrome [32]. There is no established oncogenic link
with MYBPC1. Thus, insertional inactivation is unlikely
to play a role in this tumour.

Insertional activation could be caused by fortu-
itous expression of cellular genes via juxtaposition
of integrated viral promoters. The orientation of the
integrated BK-polyomavirus is such that the early viral
promoter is directed towards genes upstream of the
MYBPC1 gene on the non-coding strand, and the late
promoter is directed towards genes downstream on the
MYBPC1-coding strand (Figure 5). Analysis of known
genes both upstream and downstream of MYBPC1
reveals no likely candidates for oncogenic proteins that
could be up-regulated. Thus, insertional activation is
unlikely to play a role in this tumour.

Creation of a novel fusion protein is possible, given
the fusion of DNA sequences of VP1 and ‘nonsense’
out-of-frame sequences from an exon of MYBPC1.
However, there is no evidence that the VP1 fusion pro-
tein is expressed, despite multiple attempts at detection
by western blot analysis (data not shown). It is possi-
ble that the VP1 fusion protein is expressed but is too
unstable to be detected. It is also possible that the late
promoter is not activated due to rearrangements in the
NCCR region (discussed below). Taken together, we
infer that a gain of function from a novel fusion protein
is unlikely to play a role in this tumour.

The integrated BK-polyomavirus isolate shows muta-
tions, including deletion of the Q- and R-blocks within
the NCCR region. We hypothesize that these changes
may be important for oncogenesis. Viral replication and

early and late promoter activity are controlled by NCCR
blocks O, P and S, which are intact in our isolate [33].
Blocks Q and R, deleted in our isolate, contain binding
sites for a number of transcriptional regulatory factors,
including NF-1 (nuclear factor-1) and SP-1 (specificity
protein-1) [33]. Thus, deletion of the Q- and R-blocks
could alter viral promoter activity and could contribute
to the increased expression of viral growth regulatory
proteins, such as small t- and large T-antigens. Small
t-antigen is known to bind to and perturb the function of
the cellular Ser/Thr phosphatase PP2A [34]. This pertur-
bation has been shown to work in concert with activities
of the large T-antigen to promote cell transformation in
cell culture [35].

In productive polyomavirus infections, such as poly-
omavirus nephropathy, the circular episomal virus
undergoes phased gene expression in permissive host
cells, first with early promoter expression of the T anti-
gens that drive viral DNA replication [36]. After viral
DNA replication begins, the late promoter becomes
more active and the late gene products contribute to
down-regulation of large T-antigen expression by a
variety of mechanisms. One mechanism of T antigen
down-regulation is through late promoter-directed
expression of a viral microRNA (miRNA) that is
complementary to the 3′ coding end of the T antigen
mRNA [37]. Such down-regulation is not possible in
the integrated BK-virus, due to the fact that integration
separates the late promoter from the region encoding
BK miRNA. This interruption of miRNA-mediated
down-regulation likely contributes to the high level of
expression of large T-antigen.

Our data suggest that viral integration impedes viral
replication within the tumour. Although large T-antigen
expression is up-regulated and the NCCR O-block is
intact, both supporting viral DNA replication, any viral
replication that is initiated would proceed bidirectionally
from the origin of replication into human sequences
flanking the site of integration. Due to linearization,
BK-VP1 sequences cannot be completely replicated and
transcribed to produce daughter virions, and these were
undetectable in the tumour.

The findings of this study lead us to propose a mech-
anism of oncogenesis in this BKV-associated tumour,
illustrated in Figure 6. In general, polyomavirus infec-
tion can either lead to a productive infection, with viral
replication, host cell lysis and release of mature daugh-
ter virions, or it can lead to a latent infection. Both
types of infection involve a number of virus–host inter-
actions, including promoter activation from the NCCR,
increased expression of large T-antigen, small t-antigen,
inhibition of p53 and Rb growth regulatory proteins by
binding of large T-antigen, and perturbation of PP2A
function by small t-antigen binding. Since cells with
productive polyomavirus infections are lysed, neoplastic
growth is not possible.

In the case of Merkel cell carcinoma, integration of
the MC polyomavirus has been described as a ‘biologi-
cal accident’ [5], in some cases with dire consequences.
The integration of BK-polyomavirus can be thought
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Figure 6. Proposed mechanism of oncogenesis by integration of BK-polyomavirus. Viral infection leads to either productive infection,
resulting in cell death, or latency, resulting in cell survival but with minimal viral replication. Either mechanism may lead to sporadic
viral integration through unknown mechanisms. Once integrated, the virus is no longer replication-competent and cannot produce new
virions. Integration with linearization may occur before or after rearrangement of the NCCR, which can influence BK-polyomavirus gene
expression and transcription of the large T-antigen gene sequence. Large T-antigen or an active fragment thereof is typically expressed and
up-regulated via alteration of the NCCR region and attenuation of negative feedback loops from late gene products. Dysregulated large
T-antigen expression is known to inhibit cellular p53 and Rb function and can thereby promote oncogenesis.

of in similar terms. If the early promoter is active and
the large T-antigen gene is intact, as is the case in our
isolate, then large-T antigen protein expression ensues.
In normal circular polyomaviruses early gene expres-
sion is transient, due to down-regulation by various
mechanisms, including miRNA expression. However,
in the case of rearranged integrated viruses, miRNA
may not be expressed due to uncoupling of the late
promoter. If large T- and small t-antigen expression is
not down-regulated, then sustained expression can drive
host cell proliferation, as well as sustained perturbation
of p53, Rb and PP2A, ultimately leading to a breakdown
in surveillance mechanisms and allowing variant, genet-
ically unstable, neoplastic cell populations to emerge.
Given the prevalence of BK-polyomavirus in the gen-
itourinary system, especially in the transplant setting,
rare biological accidents of viral DNA integration may
account for oncogenesis in kidney transplant recipients.

Acknowledgements

We thank Vincent Moylan for skillful dissection and
photography of the nephrectomy specimen, Scott Smith
MD for information on the diagnosis of this tumour, and
Bruna Brylawski and Lauraine Rivier PhD for expert

technical assistance with the immunohistochemistry
and PCR assays. We acknowledge the High-throughput
sequencing Facility at the University of North Carolina
for generating the sequence data, Robert Bagnell and
the Microscopy Service Laboratory at the University of
North Carolina for help with the laser microdissection,
and the Division of Nephropathology, Department of
Pathology and Laboratory Medicine, at the University
of North Carolina for financial support of this project.

Author contributions

DJK and VN designed experiments, analysed data and
wrote the manuscript; DJK, RBC and PAM conducted
experiments; and VN and HKS interpreted the clinical
data. All authors were involved in writing the paper and
approved the submitted and published version. VN is the
guarantor of this work and, as such, had full access to
all the data in the study and takes responsibility for the
integrity of the data and the accuracy of the data analysis.

References
1. Kotton CN, Fishman JA. Viral infection in the renal transplant

recipient. J Am Soc Nephrol 2005; 16: 1758–1774.

© 2015 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd J Pathol 2015; 237: 379–389
on behalf of Pathological Society of Great Britain and Ireland. www.pathsoc.org.uk www.thejournalofpathology.com



388 DJ Kenan et al

2. Birkeland SA, Storm HH, Lamm LU, et al. Cancer risk after renal
transplantation in the Nordic countries, 1964–1986. Int J Cancer

1995; 60: 183–189.
3. Buzzeo BD, Heisey DM, Messing EM. Bladder cancer in renal

transplant recipients. Urology 1997; 50: 525–528.
4. Vajdic CM, McDonald SP, McCredie MR, et al. Cancer incidence

before and after kidney transplantation. J Am Med Assoc 2006; 296:
2823–2831.

5. Chang Y, Moore PS. Merkel cell carcinoma: a virus-induced human
cancer. Annu Rev Pathol 2012; 7: 123–144.

6. Carrillo-Infante C, Abbadessa G, Bagella L, et al. Viral infections as
a cause of cancer (review). Int J Oncol 2007; 30: 1521–1528.

7. Nickeleit V, Singh HK, Goldsmith CS, et al. BK virus-associated
urinary bladder carcinoma in transplant recipients: productive or
nonproductive polyomavirus infections in tumor cells? Hum Pathol

2013; 44: 2870–2871.
8. Nickeleit V, Hirsch HH, Binet IF, et al. Polyomavirus infection of

renal allograft recipients: from latent infection to manifest disease. J

Am Soc Nephrol 1999; 10: 1080–1089.
9. Nickeleit V, Hirsch HH, Zeiler M, et al. BK-virus nephropathy

in renal transplants-tubular necrosis, MHC-class II expression and
rejection in a puzzling game. Nephrol Dial Transpl 2000; 15:
324–332.

10. Nickeleit V, Klimkait T, Binet IF, et al. Testing for polyomavirus
type BK DNA in plasma to identify renal-allograft recipients with
viral nephropathy. N Engl J Med 2000; 342: 1309–1315.

11. Nickeleit V, True K, Detwiler R, et al. Risk assessment for poly-
omavirus nephropathy using urine cytology and the detection of
decoy cells: cheap and efficient. Transplantation 2012; 94: e42–44;
author reply, e45.

12. Hirsch HH, Knowles W, Dickenmann M, et al. Prospective
study of polyomavirus type BK replication and nephropathy in
renal-transplant recipients. N Engl J Med 2002; 347: 488–496.

13. Nickeleit V, Steiger J, Mihatsch MJ. BK Virus infection after kidney
transplantation. Graft 2002; 5: S46–57.

14. Goudsmit J, Wertheim-van Dillen P, van Strien A, et al. The role of
BK virus in acute respiratory tract disease and the presence of BKV
DNA in tonsils. J Med Virol 1982; 10: 91–99.

15. Knowles WA. Discovery and epidemiology of the human poly-
omaviruses BK virus (BKV) and JC virus (JCV). Adv Exp Med Biol

2006; 577: 19–45.
16. Nickeleit V, Singh HK. Polyomaviruses and disease: is there more to

know than viremia and viruria? Curr Opin Organ Transpl 2015; 20:
348–358.

17. Singh HK, Andreoni KA, Madden V, et al. Presence of urinary
Haufen accurately predicts polyomavirus nephropathy. J Am Soc

Nephrol 2009; 20: 416–427.
18. Sunden Y, Suzuki T, Orba Y, et al. Characterization and application

of polyclonal antibodies that specifically recognize JC virus large T
antigen. Acta Neuropathol 2006; 111: 379–387.

19. Bracamonte E, Leca N, Smith KD, et al. Tubular basement mem-
brane immune deposits in association with BK polyomavirus
nephropathy. Am J Transpl 2007; 7: 1552–1560.

20. Stoner GL, Ryschkewitsch CF, Walker DL, et al. A monoclonal
antibody to SV40 large T-antigen labels a nuclear antigen in JC
virus-transformed cells and in progressive multifocal leukoen-
cephalopathy (PML) brain infected with JC virus. J Neuroimmunol

1988; 17: 331–345.
21. Cianciolo R, Yoon L, Krull D, et al. Gene expression analysis and

urinary biomarker assays reveal activation of tubulointerstitial injury
pathways in a rodent model of chronic proteinuria (doxorubicin
nephropathy). Nephron Exp Nephrol 2013; 124: 1–10.

22. Pastrana DV, Ray U, Magaldi TG, et al. BK polyomavirus genotypes
represent distinct serotypes with distinct entry tropism. J Virol 2013;
87: 10105–10113.

23. Luo C, Bueno M, Kant J, et al. Genotyping schemes for poly-

omavirus BK, using gene-specific phylogenetic trees and

single nucleotide polymorphism analysis. J Virol 2009; 83:
2285–2297.

24. Sharma PM, Gupta G, Vats A, et al. Phylogenetic analysis of poly-

omavirus BK sequences. J Virol 2006; 80: 8869–8879.

25. McWilliam H, Li W, Uludag M, et al. Analysis Tool Web

Services from the EMBL–EBI. Nucleic Acids Res 2013; 41:
W597–600.

26. Edge SB, American Joint Committee on Cancer. AJCC Cancer

Staging Manual, 7th edn. Springer: New York, 2010.

27. Martel-Jantin C, Filippone C, Cassar O, et al. Genetic variability and

integration of Merkel cell polyomavirus in Merkel cell carcinoma.

Virology 2012; 426: 134–142.

28. Bialasiewicz S, Cho Y, Rockett R, et al. Association of micropap-

illary urothelial carcinoma of the bladder and BK viruria in

kidney transplant recipients. Transpl Infect Dis 2013; 15:
283–289.

29. Barbanti-Brodano G, Sabbioni S, Martini F, et al. BK virus, JC virus

and Simian Virus 40 infection in humans, and association with human

tumors. Adv Exp Med Biol 2006; 577: 319–341.

30. DeCaprio JA, Garcea RL. A cornucopia of human polyomaviruses.

Nat Rev Microbiol 2013; 11: 264–276.

31. Weber FE, Vaughan KT, Reinach FC, et al. Complete sequence of

human fast-type and slow-type muscle myosin-binding-protein C

(MyBP-C). Differential expression, conserved domain structure and

chromosome assignment. Eur J Biochem 1993; 216: 661–669.

32. Markus B, Narkis G, Landau D, et al. Autosomal recessive lethal con-

genital contractural syndrome type 4 (LCCS4) caused by a mutation

in MYBPC1. Hum Mutat 2012; 33: 1435–1438.

33. Moens U, Van Ghelue M. Polymorphism in the genome of

non-passaged human polyomavirus BK: implications for cell

tropism and the pathological role of the virus. Virology 2005; 331:
209–231.

34. Cho US, Morrone S, Sablina AA, et al. Structural basis of PP2A

inhibition by small t antigen. PLoS Biol 2007; 5: e202.

35. Ahuja D, Saenz-Robles MT, Pipas JM. SV40 large T antigen targets

multiple cellular pathways to elicit cellular transformation. Oncogene

2005; 24: 7729–7745.

36. Low J, Humes HD, Szczypka M, et al. BKV and SV40 infection of

human kidney tubular epithelial cells in vitro. Virology 2004; 323:
182–188.

37. Seo GJ, Fink LH, O’Hara B, et al. Evolutionarily conserved function

of a viral microRNA. J Virol 2008; 82: 9823–9828.

38. Kausman JY, Somers GR, Francis DM, et al. Association of renal

adenocarcinoma and BK virus nephropathy post transplantation.

Pediatr Nephrol 2004; 19: 459–462.

39. Narayanan M, Szymanski J, Slavcheva E, et al. BK virus associated

renal cell carcinoma: case presentation with optimized PCR and other

diagnostic tests. Am J Transpl 2007; 7: 1666–1671.

40. Emerson LL, Carney HM, Layfield LJ, et al. Collecting

duct carcinoma arising in association with BK nephropathy

post-transplantation in a pediatric patient. A case report with

immunohistochemical and in situ hybridization study. Pediatr

Transpl 2008; 12: 600–605.

41. Saquib R, Barri YM, Saad R, et al. Transitional cell carcinoma of

renal allograft associated with BK virus infection. Dialysis Transpl

2009; 38: 518–519.

42. Neirynck V, Claes K, Naesens M, et al. Renal cell carcinoma in the

allograft: what is the role of polyomavirus? Case Rep Nephrol Urol

2012; 2: 125–134.

43. Li JY, Fang D, Yong TY, et al. Transitional cell carcinoma in a

renal allograft with BK nephropathy. Transpl Infect Dis 2013; 15:
E270–272.

© 2015 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd J Pathol 2015; 237: 379–389
on behalf of Pathological Society of Great Britain and Ireland. www.pathsoc.org.uk www.thejournalofpathology.com



Integration and oncogenesis of BK polyomavirus 389

44. McDaid J, Farkash EA, Steele DJ, et al. Transitional cell carcinoma
arising within a pediatric donor renal transplant in association with
BK nephropathy. Transplantation 2013; 95: e28–30.

45. Geetha D, Tong BC, Racusen L, et al. Bladder carcinoma in a trans-
plant recipient: evidence to implicate the BK human polyomavirus as
a causal transforming agent. Transplantation 2002; 73: 1933–1936.

46. Roberts IS, Besarani D, Mason P, et al. Polyoma virus infection and
urothelial carcinoma of the bladder following renal transplantation.
Br J Cancer 2008; 99: 1383–1386.

47. Hill P, Slavin J, Goodman D. High-grade urothelial carcinoma in a
kidney transplant recipient with BK virus infection. NDT Plus 2009;
2: 246–249.

48. Fernández Rivera C, Alonso Hernández Á, Mosquera Reboredo J,
et al. Association of bladder adenocarcinoma and BK virus infec-
tion in a pancreatico-renal transplant recipient. NDT Plus 2010; 3:
300–302.

49. van Aalderen MC, Yapici U, van der Pol JA, et al. Polyomavirus BK
in the pathogenesis of bladder cancer. Neth J Med 2013; 71: 26–28.

50. Pino L, Rijo E, Nohales G, et al. Bladder transitional cell carcinoma
and BK virus in a young kidney transplant recipient. Transpl Infect
Dis 2013; 15: E25–27.

51. Alexiev BA, Randhawa P, Vazquez Martul E, et al. BK
virus-associated urinary bladder carcinoma in transplant recip-
ients: report of 2 cases, review of the literature, and proposed
pathogenetic model. Hum Pathol 2013; 44: 908–917.

52. Dufek S, Haitel A, Muller-Sacherer T, et al. Duct Bellini carcinoma
in association with BK virus nephropathy after lung transplantation.
J Heart Lung Transpl 2013; 32: 378–379.

53. Oikawa M, Hatakeyama S, Fujita T, et al. BK virus-associated
urothelial carcinoma of a ureter graft in a renal transplant recipient:
a case report. Transpl Proc 2014; 46: 616–619.

54. Lavien G, Alger J, Preece J, et al. BK Virus-Associated Inva-
sive Urothelial Carcinoma With Prominent Micropapillary Carci-
noma Component in a Cardiac Transplant Patient: Case Report
and Review of Literature. Clin Genitourin Cancer 2015; DOI:
10.1016/j.clgc.2015.04.008 (in press).

© 2015 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd J Pathol 2015; 237: 379–389
on behalf of Pathological Society of Great Britain and Ireland. www.pathsoc.org.uk www.thejournalofpathology.com


