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Abstract
In recent years, there has been increased interest in carcinomas of the urologic tract, that demonstrate association with the
polyoma virus BK arising in immunosuppressed individuals, though the nature of this association is uncertain. To begin to
understand this phenomenon, we reviewed the clinical, morphological, and immunohistochemical features of 11 carcinomas
of the urologic tract, mainly urothelial (N= 9) and collecting duct carcinomas (N= 2), occurring during immunosuppres-
sion, and expressing polyoma virus T-antigen by immunohistochemistry. These were compared to a control group of
carcinomas (N= 8), also arising during immunosuppression, but without T-antigen expression. A subset of both groups were
also studied by hybrid capture-based DNA sequencing, probing not only for 479 cancer-related human genes, but also for
polyoma and other viral sequences. Polyoma T-antigen-expressing tumors arose in 7 males and 4 females, at a median age of
66, and were aggressive, high-grade tumors with more than 1 variant morphologic pattern identified in 81% of cases, and a
majority (73%) presenting at high stage category (>pT3). Diffuse polyoma T-antigen staining was seen in 91% of cases, with
co-localization of aberrant p53 staining in 89%. Sequencing detected a lower number of deleterious mutations among
T-antigen-expressing cases (average 1.62; 1/8 with TP53 mutation) compared to control cases (average 3.5, 2/4 with TP53
mutation). Only BK virus was detected with clonal integration and breakpoints randomly distributed across the human and
viral genomes in 5/5 of the polyoma T-antigen-expressing carcinomas, and in none of the controls (0/4). In summary, these
findings identify aggressive clinicopathologic features of polyoma T-antigen-expressing carcinomas, document BK as the
strain involved, and associate BK viral integration with T-antigen expression and p53 aberrancy. While the apparent
randomness of viral insertion sites is functionally unclear, the differing rates of mutations between T-antigen-expressing and
control cases is intriguing.

Introduction

Immunosuppressive therapy in the setting of solid organ
transplants can be associated with adverse complications,
especially opportunistic infections and malignancies. An
overall 2-fold increased risk of cancers has been noted in
large population-based studies of patients [1] following
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kidney, liver, heart, and lung transplantation. Many of
these malignancies are due to the direct effect of onco-
genic viruses. It is well known that in the immunocom-
promised setting, oncogenic viruses such as Epstein-Barr
virus, human herpes virus 8, human papilloma virus,
Merkel cell polyoma virus, and hepatitis B and C viruses
are associated with Hodgkin and non-Hodgkin lymphoma,
Kaposi sarcoma and primary effusion lymphoma, ano-
genital cancer, Merkel cell carcinoma, and hepatocellular
carcinoma, respectively. Understanding causative rela-
tionships between oncogenic viruses and specific malig-
nancies can facilitate appropriate screening and foster the
development of diagnostic and/or therapeutic tools, as are
being currently implemented in some of these tumors such
as those caused by hepatitis B and C viruses and human
papilloma virus.

While the oncogenic roles of the above listed viruses are
established, the functional nature of BK virus remains lar-
gely speculative. BK virus is a non-enveloped DNA virus
that belongs to the Polyomaviridae family, members of
which include progressive multifocal leukoencephalopathy-
causing JC virus, Simian virus 40 (SV-40) that causes
subclinical infections, and Merkel cell carcinoma-inducing
Merkel cell virus. BK virus is an established causative agent
of nephropathy and allograft failure in renal transplant
recipients. The virus has 6 genotypes based on DNA
sequence variations; genotype 1 is the most common
worldwide (80%) [2, 3], followed by genotype IV (15%).
Reactivation of the virus can occur in immunocompromised
hosts and in up to 30–50% of renal transplant recipients in
the first 3 months after transplantation, irrespective of the
type of immunosuppressive therapy. Viral shedding is seen
in 16–35% [2] of renal transplant recipients and up to 43%
of those patients with high level BK virus infection (>4 log
copies/mL) go on to develop BK virus allograft nephro-
pathy with graft loss occurring in as many as 80%. Other
BK virus-associated urologic complications include ureteral
stenosis which occurs in 2–10.3% of renal transplant reci-
pients [4, 5] and hemorrhagic cystitis that can involve
6–29% of bone marrow transplant recipients [6, 7]. BKV-
related neoplasms are relatively rare.

In recent years, increased attention has focused on
ascertaining the role of BK virus in urologic malignancies
arising in immunosuppressed post-transplant patients,
especially renal transplants [8, 9]. These tumors have gen-
erally been detected by immunohistochemistry techniques
using antibodies raised against the large T-antigen of the
polyoma virus SV-40, which also detects the T-antigen of
BK and JC virus, and is used routinely to detect reactivation
of BK virus seen in post-transplant kidney biopsies per-
formed to evaluate allograft function. However, whether
expression of this viral protein in carcinomas reflects an
epiphenomenon of proximity of reactivated virus to

genomically unstable carcinomas, or has a direct causative
or contributory role in carcinogenesis, remains unclear
[9, 10].

The reported malignancies in this setting have com-
prised a spectrum of high-grade urothelial carcinomas,
collecting duct carcinomas, and renal cell carcinomas
occurring up to several years post-transplant [9, 11, 12].
The tumors have occurred primarily in donor kidneys, and
in one instance in a native kidney [13], and have
demonstrated diffuse expression of the viral large T-
antigen by immunohistochemistry. In SV-40 transgenic
mice, morphologically similar tumors are thought to arise
through inactivation of p53 and Rb protein by the viral
large T-antigen leading to uncontrolled cell proliferation
[14, 15], although evidence of such a mechanism in
human tumors is still lacking. The presence of the virus at
high levels in the tumor, although suggestive, could imply
either a true oncogenic role or passenger status in an
actively proliferating tumor milieu. This is further con-
founded by the early acquisition of the viral infection
during childhood with seroconversion in ~50% of chil-
dren by 3–4 years of age [16] and in 80% of adults [17],
with persistence in a latent form in the urogenital tract
even in healthy individuals. Viral integration into the
nuclear genome of these tumors has been demonstrated in
recent studies, resulting in disruption of the viral VP-1
gene and expression of T-antigen, interpreted as sup-
porting a pathogenic role for viral integration in onco-
genesis in this subset of tumors [9, 10].

In this study, we describe the clinical and morpholo-
gical spectrum of 11 polyoma virus T-antigen-expressing
urologic carcinomas (urothelial and collecting duct car-
cinomas) with an aim of describing the morphologic
features and outcomes, and with comparison to a cohort of
non-expressing carcinomas also occurring in the setting
of immunosuppression. Further, targeted sequencing of
paired tumor and normal genome was performed in a
subset of both groups of cases, with a goal to identify any
molecular alterations that might define these tumors and
to begin to assess the clinical and potential pathogenetic
significance of BK virus in this unique cohort of urologic
carcinomas.

Materials and methods

Case selection

A retrospective search of the electronic database of 4
tertiary centers including the consultation files of senior
author (MBA) was performed to identify cases of poly-
oma T-antigen-expressing urologic carcinomas arising in
immunocompromised individuals. One of the cases has
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been previously reported [18]. Detailed evaluation of
clinical charts was undertaken to identify underlying
tumor risk factors, duration and cause of immunocom-
promised status, clinical presentation, associated infec-
tions and follow up. At one of the centers, Cedars Sinai
Medical Center (CSMC), additional search was performed
to identify polyoma T-antigen non-expressing urologic
carcinomas occurring during immunosuppression and
record total number of solid organ and bone marrow
transplants over the same time-period (January 2000 to
December 2015). All available slides for cases were
reviewed by two genitourinary pathologists (SCS and
DS). This study was approved by respective Institutional
Review Boards of each institution.

Morphology and immunohistochemistry

Tumor morphologies were evaluated for classification,
variant patterns, necrosis, tumor giant cells, tumor stage
and viral cytopathic changes in neoplastic and adjacent
benign epithelium. Variant morphological patterns in the
tumor greater than 5% were recorded. Immunohis-
tochemistry for p53 and SV-40 polyoma virus large T-
antigen (MRQ4 clone, Sigma- Aldrich, Inc., St Louis,
MO) were performed in all cases following the manu-
facturer’s protocols with appropriate positive and negative
controls utilizing CLIA compliant protocols. Staining
pattern of SV-40 and its relationship to p53 staining, if
any, was assessed in neoplastic and benign epithelium.
Staining for SV-40 was considered focal if there was
immunoreactivity in <10% of the lesional cells. Staining
for p53 was considered aberrant when it was diffusely
positive or completely absent and wild type when there
was patchy staining.

Targeted gene sequencing

Targeted gene sequencing was performed on a subset of
cases. For the test cohort of 8 polyoma T-antigen-
expressing urologic carcinomas, matched normal and
tumor tissues were selected for 7 tumors, and tumor only
for 1 case (as normal tissue was not available) for
sequencing. A control group comprised 4 post-transplant
cases of polyoma T-antigen non-expressing urothelial
carcinomas (tumor and normal pair) that were negative for
SV-40 by immunostaining. Capture-based next-genera-
tion sequencing was performed at the University of
California, San Francisco Clinical Cancer Genomics
Laboratory, using an assay (UCSF500 panel) that targets
the coding regions of 479 cancer-related genes, select
introns from approximately 40 genes, and the TERT
promoter with a total sequencing footprint of 2.8 Mb as
previously described [19]. The assay also targets 10

polyoma viruses and 6 other viruses known to have
association with cancers in humans. Viruses targeted on
the panel include Hepatitis B, Human Herpes virus 4,
Human immunodeficiency virus 1, Human papilloma
virus 16, Human papilloma virus 18, Human T-
lymphotropic virus type 1, Merkel cell polyoma virus,
BK polyoma virus, JC polyoma virus, KI polyoma virus,
WU polyoma virus, Trichodysplasia-spinulosa-
associated-polyoma virus, Human Polyoma virus 6,
Human Polyoma virus 7, Human Polyoma virus 9, and
MW-polyoma virus.

Variants were classified as pathogenic, likely patho-
genic or variants of uncertain significance after filtering
for population-based frequency greater than 1% and
assessing frequencies in urologic cancers in c-Bioportal
and COSMIC databases and pubmed search for prior
established role as pathogenic.

Viral detection, quantitation, and phylogenetic
analysis

Viral detection was done using the research version of the
SURPI (“sequence-based ultra-rapid pathogen identifica-
tion”) computational pipeline for automated detection of
pathogen sequences previously reported by some of the co-
authors [20]. The March 2015 build of NCBI GenBank was
used as the reference database for comparison. The pre-
established criteria for viral pathogen identification was
coverage of at least 2 non-contiguous/non-overlapping gene
regions of size greater than the read length (140 bp). Viruses
corresponding to non-pathogenic flora were not reported.
Quantification of polyoma virus was done in both tumor
and normal tissue by real-time polymerase chain reaction
(PCR) for BKV using the Focus Diagnostic BKV assay
containing a primer pair specific for the BK virus VP2 gene.
The genome corresponding to the isolated BK virus was
aligned together with selected BK virus genome sequences
available in NCBI GenBank as of March 2017 using the
MAFFT program in Geneious (Biomatters, Inc.) to identify
the viral genotypes.

Viral integration

Viral integration analysis was performed by BamBam [21,
22] by two co-authors (CV and ZS). Sequence was aligned
using bwa [23], marked for duplicates using superDeDuper
[24], and GATK [25] was used for indel realignment and
quality recalibration (see supplemental data for details). All
viral integration sites were verified in Integrative Genomics
Viewer (IGV). Nucleotide blast of sequence of reads
unmapped to the human genome was performed to confirm
viral sequences in the chimeric reads using the NCBI Basic
Local Alignment Search Tool (BLAST).

Polyoma virus-associated carcinomas of the urologic tract: a clinicopathologic and molecular study 1431



Results

Clinicopathologic studies

Cohorts

We identified 19 cases of carcinomas of the kidney and
urinary bladder occurring in immunocompromised indivi-
duals, across 4 tertiary centers. Of these, 11 expressed
polyoma virus T-antigen by immunohistochemistry and
were defined as polyoma T-antigen-expressing urologic
carcinomas, while 8 were negative, providing a control
cohort of T-antigen non-expressing carcinomas, defining
our test and control cohorts respectively.

Since the majority of the cases in our series were con-
tributed from one institute (CSMC), we estimated the
incidence of urologic malignancies and BK-associated
malignancies in immunocompromised setting at this cen-
ter. The total number of transplants over the same period
(2000–2015) were 4087; with 2169 renal transplants, 975
liver transplants and 943 heart transplants. At this center, we
identified 11 cases of urologic carcinomas occurring in
individuals immunocompromised for various underlying
causes. Of these, 10 cases were post-transplant, with 1 being
status post bone marrow transplant and 9 status post solid
organ transplants (renal and/or heart). None of the liver
transplant patients at this center upon review of their records
developed a subsequent urologic malignancy. The incidence
of urologic carcinomas developing in individuals following
renal and/ or heart transplant was 9/3112 (0.3%) over 15
years. Of the 11 cases of urologic carcinomas occurring in
immunocompromised setting, 5 were positive for T-antigen
by immunohistochemistry (31%), and of the 9 post solid
organ transplant cohort, 4 were positive for T-antigen
(44%).

Five previously confirmed cases of T-antigen-expressing
urologic carcinomas were submitted by collaborators, and
one additional retrieved from consultation files of one of the
authors (MBA), all of which were status post renal trans-
plant. Additionally, one case was previously encountered on
clinical service at CSMC in a patient who had a history of
colorectal adenocarcinoma and bullous pemphigoid treated
by prolonged immunosuppressive steroid therapy (pre-
viously reported) [18], resulting in a cohort of 11 cases of T-
antigen-expressing carcinomas. Paraffin blocks were avail-
able for 8 of these cases for sequencing studies.

Clinical features

The 11 cases of T-antigen-expressing carcinomas in immu-
nocompromised individuals occurred at a mean age of 60
years (range 37–80, median 66), and showed a slightly
higher predilection for males with a male: female ratio of

1.75:1 (Table 1). Risk factors for development of conven-
tional type urologic neoplasms were identified in 2 cases; one
with a long history of smoking and another being a painter by
occupation. The mean time of detection of malignancy post
immunosuppression was 7 years (range 1–11). BK viremia
antedated the tumor in 5 cases averaging 5.6 years (range
2–10). BK viral loads were not monitored in other cases. The
cause of immunosuppressed status included solid organ
transplants: combined heart and renal (N= 3), heart only (N
= 1), renal only (N= 6); and 1 case was on prolonged
immunosuppressive steroid therapy. Eight of eleven (73%)
cases were high stage (pT3 or greater), pT2a for 1, pT1 for
1, which was incidentally detected at autopsy, and 1 non-
transplant case presented with in situ disease (pTiS). Follow
up was available for 10 patients over a mean of 24 months
(range 1–132, median 12). One patient died of metastatic
disease, two died of unrelated causes, three had recurrent/
metastatic disease, and four were alive with no recurrences.

In comparison, the 8 polyoma T-antigen non-expressing
carcinomas showed a similar age and sex distribution
occurring at a mean age of 66.6 years (range 48–87, median
68); with a male: female ratio of 1.7. The mean duration of
immunosuppression before onset of carcinoma was longer
at 8.6 years (range 0.16–26). These tumors occurred fol-
lowing renal transplant in 3 cases, heart transplant in 2,
bone marrow transplant in 1, and following radiotherapy in
1. These cases were distributed across stages pTis (n= 1),
pTa (n= 2), pT1 (n= 3), pT2a (n= 2) with no pT3 or
higher stage tumors. Follow up was available over a mean
duration of 17.9 months (range 1–48, median 12) with no
recurrence in 2 cases, alive with local disease recurrence in
5 and death due to metastatic disease in 1. While the other
parameters were not statistically different between the two
cohorts, the stage distribution was statistically significant
with 73% of cases being T3 or higher stage in the T-
antigen-expressing carcinomas and none of the cases in the
T-antigen non-expressing carcinomas (p= 0.0034).

Microscopic features

In the polyoma T-antigen-expressing group, tumors were
found in the bladder (N= 8), ureter (N= 1) and renal pelvis
(N= 2) and were classified as urothelial carcinoma (N= 9)
and collecting duct carcinoma (N= 2) (Table 1). All uro-
thelial carcinomas showed variable degrees of variant
morphologic patterns (including glandular-not otherwise
specified, villoglandular, enteric, plasmacytoid, micro-
papillary, signet ring) with more than one pattern present in
9 of 11 (81%) cases (Table 2, Fig. 1). Sarcomatoid differ-
entiation was identified in 3 cases, tumor necrosis in 4, and
tumor giant cells in 3. Except for 1 case with focal staining
in 10% cells, the cases showed strong and diffuse SV-40
immunoreactivity in more than 90% of the lesional cells.
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p53 expression was diffusely aberrant in 8 of 9 cases stu-
died (Fig. 1) and wild-type expression was seen in 1 case.
Background non-neoplastic epithelium was focally positive
for SV-40 in 2 of 10 cases. Importantly, in the polyoma T-
antigen non-expressing cohort, 4 of 5 cases tested showed
diffuse aberrant expression of p53 (diffusely positive in 3
and completely absent in 1) while 1 showed a wild-type
staining pattern. In the T-antigen non-expressing group all
cases were identified in the bladder. The spectrum of neo-
plastic lesions in this group included 6 high-grade urothelial
carcinomas, 1 low grade papillary urothelial carcinoma and
1 urothelial carcinoma in situ. The urothelial carcinomas
were conventional high-grade urothelial carcinomas with
variant morphology seen in 1 of 6 cases, which was sig-
nificantly less than the variant morphologic patterns seen in
the T-antigen-expressing group (p= 0.035).

Molecular analyses

Targeted next-generation sequencing data was used to iden-
tify missense variants, insertions, deletions, structural rear-
rangements, and copy number changes. These studies were
completed in 8 polyoma T-antigen-expressing carcinomas
and 4 non-expressing cases. TERT promoter mutations were
the most frequent pathogenic alteration in the polyoma T-
antigen-expressing group (4 of 8 cases, 50%) as compared to
100% in the 4 non-expressing controls (Table 3). The aver-
age number of pathogenic or likely pathogenic mutations was
1.62 (range 0–5) in the T-antigen-expressing cohort and 3.5
in the non-expressing cohort (range 1–7), (p= 0.17). For
reference, the average number of pathogenic/likely patho-
genic mutations in urothelial carcinomas occurring in non-

immunosuppressed individuals in our internal database of 18
(unselected for immunocompromised setting) urothelial car-
cinomas tested using the same molecular platform is 6.82
(range 3–10, data not shown). The differences were not
statistically significant across the groups. A TP53 inactivat-
ing mutation was seen in 1 of 8 cases in the T-antigen-
expressing carcinomas, 2 of 4 in the non-expressing cohort,
and in 10 of 18 cases in the non-immunosuppressed cohort
(internal database). The TP53 mutation positive case (case 8)
showed complete lack of staining with p53 and had focal SV-
40 staining of the lesional cells.

Importantly, given that polyoma immunohistochemistry
might detect viral T-antigen from several closely related
polyoma viruses, sequencing studies detected BK virus, in
both normal and tumor samples of all T-antigen-expressing
carcinomas (including one with only focal expression) and
from none of the T-antigen non-expressing tumors. No
other viruses were detected in any cases. Phylogenetic
analysis assigned the BK virus genotypes to genotype VI in
5 cases, 1a in 2, and IV in 1 (Table 4).

Since the virus was detected in both tumor and normal
samples of polyoma T-antigen-expressing cases, a quanti-
tative PCR for BK virus was done in 4 paired normal and
tumor samples. In 4 cases, viral detection could not be
performed due to technical limitations. The mean viral load
was 12,439,554 copies/mL in tumor samples and 426,039
copies/mL in normal samples.

Next, the viral sequences were analyzed for chimeric
human and viral reads, indicative of viral integration in the
human genome. In 3 cases, the ratio of viral reads to human
reads in normal and tumor was too low to detect any chi-
meric reads. In 5 cases, an average of 3 (range 1 to 6) clonal

Table 2 Morphologic and immunohistochemical features of the polyoma T-antigen-expressing carcinomas

Case # Pathology Aggressive histologic features p53 lesion SV-40 background
epithelium

1 HGUC Sarcomatoid, signet ring cell, necrosis Aberrant (diffusely +) −

2 HGUC Villoglandular, micropapillary, signet ring cell Aberrant (diffusely +) −

3 CDC CDC Aberrant (diffusely +) −

4 CDC CDC Not done +, focal

5 HGUC Glandular-NOS Not done −

6 HGUC upper renal
calyx

Sarcomatoid, glandular-NOS, papillary non-invasive,
micropapillary, solid

Aberrant (diffusely +) +, focal

7 HGUC Glandular-NOS, necrosis Aberrant (diffusely +) −

8 HGUC Glandular-NOS, micropapillary, sarcomatoid, tumor
giant cells, necrosis

Aberrant (completely
negative)

−

9 HGUC Glandular-NOS, tumor giant cells, mucin, necrosis Aberrant (diffusely +) −

10 HGUC Glandular-NOS WT −

11 HGUC Glandular-NOS, enteric, micropapillary. bizarre giant
cells, mucin

Aberrant (diffusely +) N/A

CDC Collecting duct carcinoma, HGPUC high-grade papillary urothelial carcinoma, HGUC high-grade urothelial carcinoma, N/A not available,
WT wild type, NOS not otherwise specified
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chimeric viral and human reads were identified in the tumor
samples that were not detected in the normal samples. Each
of the chimeric reads was visualized in IGV (Fig. 2) and
nucleotide blast performed on the sequences of unmapped
reads that mapped to BK viral genome, confirming viral
integration in the human genome. Additionally, an average
of 7 (range 1–13) internal structural rearrangements were
identified within the viral genomes.

The breakpoints in the human genome included exonic,
intronic and intergenic regions (Table 5). The breakpoints
occurred in 6 different genes, TSTD1, CHKA, MUC6,
MACROD2, CAPN1, and SCAPER. The chimeric reads on
mapping to the reference BK viral genome (NC_001538.1)
demonstrated breakpoints distributed across the viral genome,
including within VP-1, VP-2, VP-3, and small and large T-
antigens (Figs. 3 and 4). The number of viral reads in the
chimeric fusions ranged from as low as 4 to 402 reads. The
integration sites were clonal but not site specific and were
randomly distributed across both the viral and the human
genome. Though no integration sites were identified in nor-
mal tissue, the possibility of low-level integration below the
limit of sequencing detection cannot be entirely excluded.

Discussion

The study cohort, though small, expands rare observations
about BK virus-associated tumors, extends prior clinical

and molecular observations [9, 10] and compares the T-
antigen-expressing carcinomas to a relevant control group
of T-antigen non-expressing but immunosuppression-
associated carcinomas. Moreover, our use of capture-
based high-throughput sequencing, including of viral
sequences, yields key, complimentary molecular findings,
confirming the specificity of T-antigen expression to BK
viral integration into the genome of these tumors, and
beginning to shed light on important questions regarding the
relationship of BK to tumorigenesis.

Immunohistochemistry for SV-40 T-antigen was
employed to define the T-antigen-expressing and non-
expressing carcinomas that were the test and control
cohorts, respectively. The immunohistochemical stain
(MRQ4 clone, Sigma- Aldrich, Inc., St Louis, MO) is
directed at the polyoma virus large T-antigen and detects the
T-antigen of the BK and JC virus. For the former reason, it
is employed in routine clinical practice to detect BK virus-
associated nephropathy. Similar antibody clones have been
used in most reported studies to diagnose BK virus-
associated carcinomas. In evaluating the efficacy of the SV-
40 immunohistochemical stain by comparing with viral
detection and integration data, all T-antigen-expressing
carcinomas that were tested demonstrated BK virus, and
viral integration in a subset, while none of the T-antigen
non-expressing carcinomas showed BK or any other viral
integration, despite the high prevalence of BK viral reacti-
vation in post-transplant patients. Moreover, no other

Fig. 1 BKV-associated urologic malignancies: morphologic spectrum.
a–e Variant morphologies seen in these tumors include: a Sarcomatoid
pattern, (h&e, ×4); b enteric pattern, (h&e, ×10); c micropapillary
pattern, (h&e, ×10); d signet ring cell features, (h&e, ×10); e mucinous

pattern, (h&e, ×4); f–i immunohistochemical findings; f diffuse SV-40
positivity is seen in tumor cells. g In contrast the adjacent benign
urothelium is negative for SV-40. h, i SV-40 (h) and p53 (i) immu-
nohistochemistry stains showing diffuse positivity and co-localization
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viruses or known pathogens were identified in the T-
antigen-expressing or the non-expressing groups. These
findings validate the specificity of the SV-40 polyoma virus
large T-antigen immunohistochemistry assay for BK viral
large T-antigen when used in the right clinical context. They
also further support the specificity of the association of BK
virus carcinoma in prior reports of urologic carcinomas in
post-transplant patients established on basis of immuno-
histochemical assays.

Although the incidence of urothelial carcinomas in the
current study in post heart and/or renal transplant (0.02%)
was not different from that in the general non-transplant

population in US (19.8 per 100,000 per year), what draws
attention is that almost half of these were associated with BK
virus-expressing polyoma T-antigen [26]. Similar to earlier
reports, the morphologic spectrum of polyoma T-antigen-
expressing urologic carcinomas in this study was varied and
included both primary urothelial carcinomas of the urinary
bladder and upper urothelial tract as well as carcinomas with
collecting duct pattern, arising in the renal collecting system.
The clinical features for both the T-antigen-expressing and
non-expressing carcinomas cohorts in this study were simi-
larly distributed with respect to age, sex and types of
transplants/ immunosuppressed states. However, the vast
majority (73%) of carcinomas occurring in the T-antigen-
expressing group presented with pT3 or higher stage disease
in contrast to 0% in the negative cohort (p= 0.0034). These
findings are consistent with prior reports of high-grade
urothelial carcinomas with conventional and/or variant
morphologies and collecting duct carcinomas occurring in
transplant recipients that show polyoma virus T-antigen
expression but lack evidence of viral replication [8, 9]. The
variant morphologies seen, generally deemed in urothelial
carcinoma to be reflective of aggressive tumor biology
included glandular, villoglandular, enteric, plasmacytoid,
micropapillary, signet ring, and sarcomatoid differentiation,
also consistent with prior case reports and series [9, 12, 27].
In particular, more than one variant morphology was seen in
81% of the T-antigen-expressing cases, in contrast to 17% in
the T-antigen non-expressing group. The high-grade tumors,
presence of more than one variant pattern and tumor giant
cells were important findings not routinely encountered in
urothelial carcinomas that might serve as clues prompting

Table 3 Pathogenic and likely pathogenic mutations in the polyoma
T-antigen-expressing and non-expressing carcinomas

Polyoma T-antigen-expressing
carcinomas

Polyoma T-antigen non-
expressing carcinomas

Case # Pathogenic/likely
pathogenic variants

Case # Pathogenic/likely
pathogenic variants

1 PIK3R1 c.1299+2T>A 13 MYC amplification
KRAS p.G12D
TERT promoter mutation
(−124C>T)
IGF2R c.6068+1G>A
TP53 structural variant
(intron 1)

2 None 14 FGFR3 p.Y373C
ARID1Ap.G1178fs
KDM 6Ap.5637fs
TSC1 p.E31fs
KMT2D c.16339-2A>G
KMT2D p.2708fs
TERT promoter
c.−146C>T

3 TERT promoter
c.−124C>T
KDM6A p.E1102K

15 TERT promoter
c.−124C>T

6 None 16 TERT promoter
c.−124C>T
TP53 p.E285*
KDM6A p.E153*
RB1 p.V654fs
DUSP4 p.V2fs
ARID1A p.W337*

7 TERT promoter
c.−124C>T

8 PIK3CA p.Q546K
TP53 p.R213*
RB1 p.S780*
KMT2D p.P2499fs
NCOR1 p.R190*

9 TERT promoter
c.−124C>T
KDM6A p.G156

11 TERT promoter
c.−124C>T
ERBB3 p.Q788*

Table 4 BK viral detection across tumor and normal samples

Case # Sample
designation

# of BKV
reads

BK viral
detection
by “Surpi”

BKV
viral
load-PCR
copies/mL

Viral
genotype

1 Normal 187 + 17,572 1a

Tumor 41,634 + 57,453,631

2 Normal 2575 + 92,426 VI

Tumor 4382 + 486,885

3 Normal 3393 + 430,508 VI

Tumor 49,849 + 4,153,309

6 Normal 2482 + 1,163,650 1a

Tumor 436,762 + 103,679

7 Normal 1167 + ND VI

Tumor 1,218,735 + ND

8 Normal 76 + ND VI

Tumor 16 + ND

9 Normal 2453 + Not done VI

Tumor 8675 + Not done

11 Tumor 6675 + 266.379 IV
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evaluation for viral studies in an appropriate clinical setting.
The similar demographics of the T-antigen-expressing and
non-expressing groups is reflective of the clinical profile of
individuals undergoing organ transplants. On the other hand,
the high stage and aggressive disease morphology in the T-
antigen-expressing group is likely related to the underlying
immunosuppressed state further exacerbated by secondary
BK viral infection.

The T-antigen of BK virus is thought to function by
binding to tumor suppressors of the Rb family including
p53. As in many earlier case reports, immunohistochemical
expression of p53 closely paralleled that of SV-40. Aberrant
diffuse expression of p53 was seen in all cases, except one
that showed complete lack of staining and a corroborative
inactivating TP53 mutation. Viral integration was not fea-
sible in this case because of low level of viral reads in both
the tumor and normal sample. It is possible that this case
with focal SV-40 positivity and inactivating TP53 mutation
was not truly a polyoma T-antigen-expressing carcinoma,
but instead had incidental viral co-infection of the tumor.
Additionally, aberrant p53 expression was also seen in the 4
of 5 negative controls, both with and without TP53 gene
alterations. TP53 and Rb gene alterations were rare in the
T-antigen-expressing and non-expressing groups present in
1/8 and 2/4 cases respectively, while present in more than
half of the non-transplant carcinomas (10/18). The lack of
TP53 and Rb gene alterations and aberrant diffuse expres-
sion of p53 protein in both the polyoma T-antigen-
expressing and non-expressing cohort suggests alternate

mechanisms of gene inactivation and/or protein sequestra-
tion. The paucity of alterations in these 2 key genes of the
cell cycle regulatory pathway would be biologically rele-
vant, given that T-antigen disrupts their functioning. In light
of the morphologic overlap of collecting duct carcinomas
and fumarate hydratase (FH)-deficient renal cell carcinomas
[28, 29], it is also worth noting that the collecting duct

Fig. 2 BK viral integration sites visualized in Integrated Genome
Viewer. The top panel represents the normal and the lower tumor. A
chimeric fusion is identified in the tumor with breakpoint in intron 9 of

MACROD2 gene on chr 20. The fusion maps across half the reads to
the human genome (gray) and the other half (colored) is unmapped.
Blast of the unmapped sequences align to the BKV genome

Table 5 BK viral integration sites in human and viral genome

Case # Integration sites in
human genome

Integration sites in
viral genome

1 TSTD1: exon2
Intergenic UNC5D/
DUSP26

VP-2/3
VP-1

3 Intergenic C1QTNF7/
CPEB2

Large T- antigen

6 CHKA: intron 4
CHKA: intron 5
CHKA: intron 6
MACROD2: intron 9
CAPN1: exon 10/11
Intergenic NXT1/CD93

Large T- antigen
Large T- antigen
Small T- antigen
Small T- antigen
Large T- antigen
Large T- antigen

7 SCAPER: intron 23
SCAPER: intron 15
Intergenic ZNF703/
KCNU1
Intergenic
CCCDC144NL/
CDRT15L2
Intergenic RPE65/WLS

Small T-antigen
Large T-antigen
Large T-antigen
NCCR
NCCR

11 MUC6: intron 24 VP-2/3
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carcinoma case that was sequenced did not show any
alterations of the FH gene.

Interestingly, although the spectrum of molecular
alterations across the two test groups were similar and
consistent with those seen in urothelial carcinomas, the
average number of pathogenic mutations in the T-antigen-
expressing carcinomas was less than those seen in the
T-antigen non-expressing carcinomas and conventional
urothelial carcinomas occurring in non-immunosuppressed
individuals. This difference, although not statistically sig-
nificant in this small cohort is intriguing and raises the
possibility of alternate molecular pathways to oncogenesis
in these tumors.

Further viral detection and integration demonstrated that
in contrast to the serologic prevalence of the most common
genotypes I and IV [2, 3] and prior report of genotypes 1b
[10, 12, 27] and IV [12] in urothelial carcinomas; genotype
VI (5/8 cases) was the most prevalent in this cohort of
polyoma T-antigen-expressing carcinomas. The small size
of the study cohort precludes interpretation of significance
of this skewed genotype prevalence or, ascertainment
whether specific BK virus genotypes might be more onco-
genic warranting additional prospective studies.

On evaluating the integration sites in our study, break-
points of viral integration involved exonic, intronic and
intergenic sites in the human genome. The exonic and
intronic viral integration created fusions with 6 different
human genes: TSTD1, CHKA, MUC6, MACROD2, CAPN1,
and SCAPER, 5 of which have been implicated in cancers
[30–35]. SCAPER is a Cyclin A substrate that forms a
complex with it to regulate its kinase activity and may have
a role in G1/S and G2/M phases of cell cycle [36]. No

recurrent breakpoint hotspots were identified in these spe-
cimens warranting prospective analysis of additional cases.
The viral integration site in these cases was random in both
the viral and human genome, and in some cases, multiple
exonic, intronic, and intergenic integration sites were
identified. The clonal integration sites were detected in the
tumor samples but not in normal samples, suggesting clonal
expansion of cells with viral integration. The significance of
intergenic fusions is uncertain at this time. Similarly, in the
viral genome the integration sites were random, involving
almost every key genomic region of the virus.

Viral integration in the tumor genome with disruption of
the lytic cycle is a key feature of viral oncogenesis [37]. The
circular double stranded DNA genome of BK virus has 3
main regions: an early region transcribed prior to DNA
replication, a late region transcribed after DNA replication
and a non-coding control region with transcription factors
for early and late genes. The genes encoded by the early
region include the large (T-antigen) and the small (t-anti-
gen) tumor antigen and the late region encodes for the viral
capsid proteins VP1, VP2, VP3, and agnoprotein [38]. The
polyoma viral life cycle is regulated by coordinated tran-
scription of both the early T-antigen and late VP regions of
the viral genome enabling a lytic life cycle. With the
uncoupling of the early and the late region, the lytic life
cycle is disrupted allowing continued survival of the virus
within non-permissive host cells, promoting oncogenesis
[12]. Like many oncogenic viruses, inactivation of cell
cycle regulators such as TP53 and RB1 by large and small
T-antigen is thought to drive oncogenesis.

Data for integration sites of other known oncogenic
viruses have shown that integration sites have varied from

Fig. 3 BK viral integration sites. Breakpoints across viral genomic regions and corresponding sites in human genome are depicted. The breakpoints
are distributed across all key regions and multiple integration sites are seen in most cases

1438 D. Sirohi et al.



0 1000 2000 3000 4000 5000

1
10

10
0

10
00

R
ea

d 
de

pt
h 

(m
ap

q 
>

=
 1

0)

0 1000 2000 3000 4000 5000

1
10

10
0

10
00

R
ea

d 
de

pt
h 

(m
ap

q 
>

=
 1

0)

0 1000 2000 3000 4000 5000

1
10

10
0

10
00

R
ea

d 
de

pt
h 

(m
ap

q 
>

=
 1

0)

Case 1

Case 3

Case 6

Case 7

Case 11

0 1000 2000 3000 4000 5000

1
10

10
0

10
00

R
ea

d 
de

pt
h 

(m
ap

q 
>

=
 1

0)

0 1000 2000 3000 4000 5000

1
10

10
0

10
00

BKV coordinate

R
ea

d 
de

pt
h 

(m
ap

q 
>

=
 1

0)

Fig. 4 Coverage plots of viral reads across BK viral genome are depicted. The sharp drop offs are the sites of breakpoints in the viral genome that
are more readily visualized at this magnification for integration sites with greater read depths (representative highlighted with arrows)
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recurrent hotspots to random integration [39, 40]. In the
context of BK virus-associated urologic malignancies, viral
integration sites have been investigated by 2 studies in renal
and bladder cancers. Kenan et al. analyzed two cases of
renal and UC. They identified a fusion with breakpoint
involving the VP-1 region of the viral CH-1 isolate and
exon 26 of human MYBPC1 gene and resultant linearization
of the viral genome in UC. While genes encoding for the
large and small T-antigens were intact, there was deletion of
the Q and R sequencing blocks of the NCCR gene. In the
renal carcinoma, the breakpoint involved intron 5 of the
BRE human gene and VP-1 region of the BK virus. They
hypothesized host cell survival and neoplastic transforma-
tion consequent to T-antigen expression with loss of late
gene replication [9, 10]. The second study identified two
integration sites in one of their 2 cases analyzed [27]. The
integration sites were located between the C-terminal end of
the BKV VP1 gene and the human DPY19L2 gene on
chromosome 12 (intron 18). The second integration site was
the human RAB8B (intron 1) gene on chromosome 15, and
the large T-antigen side of the NCCR of the viral genome.
Viral particles were not identified on electron microscopy in
the tumor cells [27]. Another study looking at urothelial
carcinomas identified BK viral integration using nested
PCR in two cases, and again viral particles were not iden-
tified in the tumor cells on electron microscopy [12].

While in our study the breakpoints in the viral and
human genome created by viral integration occurred ran-
domly, nevertheless these would result in uncoupling of the
early and late viral genes and be disruptive to a lytic viral
cycle. Although the binding and inactivation of cell cycle
regulatory proteins p53 and pRb to the T-antigen have been
previously established [41], the disruption of T-antigen in 3
of 5 cases would be inconsistent with such a mechanism, as
would be the functional effect of random insertions seen in
these 5 cases and prior reports. Random tumor integration is
a well-established phenomenon in many of the known
oncogenic viruses, but these typically involve interruption
of known viral oncoproteins that were not identified in this
study. Yet, the p53 expression was diffusely aberrant in all
polyoma T-antigen-expressing cases, as also in polyoma T-
antigen non-expressing cases suggesting alternate mechan-
isms of p53 sequestration in these tumors.

The long latent period between viral infection and onset
of malignancies, presence of infection before oncogenic
transformation, lack of viral particles in tumor and immu-
nohistochemical and molecular evidence of virus in the
tumor raises the possibility of polyoma virus being onco-
genic in a small subset of urologic carcinomas. This study
validates the efficacy of the UCSF500 targeted next-
generation sequencing assay that incorporates viral probes
in identifying viral integration in tumors. It further
demonstrates aggressive clinicopathologic features of

polyoma virus-associated carcinomas with T-antigen and
p53 expression, showing clonal viral integration in the
human genome with random distribution of breakpoints
across the human and viral genome, internal structural
rearrangements in the virus, and lack of recurrent hotspots.
While the functional significance of the viral integration
remains unclear, the clonal nature of viral integration and
the differing rates of mutations between T-antigen-
expressing and non-expressing carcinomas are intriguing
given that T-antigen functions to interrupt several pathways
frequently mutated in urothelial carcinoma. Future studies
to understand the functional significance of viral integration
and disruption of human and viral genome are warranted to
fully understand the precise role of BK virus in these neo-
plasms. As data continues to accumulate to ascertain the
mechanistic role of BK virus in post-transplant urologic
carcinomas and establish management strategies, the
aggressive outcomes seen in these cases suggests that sur-
veillance is warranted to monitor BK viral loads and pro-
vide close follow up for patients with high viral loads for
development of carcinomas.
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