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Abstract
Chronic BK polyomavirus (BKPyV) infection is recognized as a potential oncogenic factor of urothelial carcinoma (UC) in
renal transplant recipients. Recent studies have reported a positive correlation among BKPyV integration, persistent
overexpression of viral large T antigen (TAg), and malignancy, yet little is known about the specific integration mechanisms
and the impacts of viral integration. Here, we performed whole-genome sequencing (WGS) and viral capture-based
sequencing on high-grade immunohistochemically TAg-positive UCs in two renal transplant recipients. A total of 181
integration sites, including the three found by WGS, were identified by viral capture-based sequencing, indicating its
enhanced sensitivity and ability in identifying low-read integration sites in subpopulations of the tumor cells. The
microhomologies between human and BKPyV genomes were significantly enriched in the flanking regions of 84.5% the
integration sites, with a median length of 7 bp. Notably, 75 human genes formed fusion sequences due to viral insertional
integration. Among them, the expression of 15 genes were statistically associated with UC based on GEO2R expression
analysis. Our results indicated a multisite and multifragment linear integration pattern and a potential microhomology or
nonhomologous end joining integration mechanism at the single-nucleotide level. We put forward a potential selection
mechanism driven by immunity and centered on viral integration in the carcinogenesis of BKPyV.

Introduction

Oncogenesis has gradually become one of the major factors
influencing the long-term survival of renal transplant reci-
pients [1–4]. In recent years, BK polyomavirus (BKPyV)
infection has been recognized as a potential risk factor for
urothelial carcinoma (UC) in renal transplant recipients
[5, 6]. Several studies have demonstrated that overexpression
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of viral large T antigen (TAg) promotes oncogenesis by
inactivating both p53 and pRb [7–9].

Recent studies suggested a positive correlation among
chronic infection of BKPyV, incidence of BKPyV inte-
gration, and persistent overexpression of viral TAg in
immunosuppressed individuals [1, 10]. The immunohisto-
chemically BKPyV TAg-positive UC has been regarded as
BKPyV-associated carcinoma. Three seminal publications
by Kenan et al. [11, 12] and Müller et al. [13] identified
viral integration sites on host chromosomes using next-
generation sequencing, providing compelling evidence of
the essential role of BKPyV in the pathogenesis of high-
grade carcinomas arising in the urogenital tract of kidney
transplant recipients. The specific BKPyV integration
mechanisms and the impacts of viral integration on the
deregulation of viral oncogene expression, host gene
expression, and genomic instability needs further validation,
based on Wang et al.’s work [14].

In this study, we performed whole-genome sequencing
(WGS) and capture-based sequencing on both tumor and
uninvolved tissue of two renal transplant recipients with
immunohistochemically-confirmed TAg-positive high-
grade UC. Our results shed new light on the potentially
critical steps in the carcinogenesis of BKPyV-associated
carcinoma.

Results

Clinical cases

The research was approved by the ethical committee of
Nanfang Hospital (NFEC-2020-044) and the Institutional
Review Board at Massachusetts General Hospital. The
study was performed in accordance with the Declaration of
Helsinki. Informed consent was obtained from all subjects.

Case 1

A 42-year-old female with end-stage renal disease received
a kidney transplant from a deceased young male donor who
died in a motor vehicle accident at the Nanfang Hospital in
Guangzhou, China, in August 2009. The immunosuppres-
sion induction included rabbit antihuman thymocyte glo-
bulin 0.1 g daily within 3 days and methylprednisolone
(1 000/500/250/250 mg, daily); her maintenance immuno-
suppression consisted of tacrolimus, mycophenolate mofe-
til, and prednisone. Nine years after transplantation, in
January 2018, the patient presented with gross hematuria,
while the graft function was normal (serum creatinine,
0.91 mg/dL). Abdominal ultrasound and contrast-enhanced
computed tomography (CT) demonstrated a 3.5 × 2.4 cm
solid mass in the bladder (Fig. 1A, B). The patient

underwent cystoscopy and transurethral tumor resection in
January 2018. The tumor was pathologically classified as a
high-grade papillary UC invading the lamina propria (Fig.
1C, D) and was staged T1N0M0 according to the AJCC
Cancer Staging Manual 8th edition. Immunohistochemistry
showed strong nuclear staining of polyomavirus TAg in the
tumor cells (Fig. 1E, F).

Case 2

The clinical profile of this case has been previously reported
in the study describing the muti-stage carcinogenesis of
BKPyV [14]. A 76-year-old female with end-stage renal
disease secondary to systemic lupus erythematosus received
a kidney transplant in Massachusetts General Hospital in
Boston in 2006. The maintenance immunosuppression
consisted of tacrolimus, mycophenolate mofetil, Plavix, and
prednisone. In March 2018, the patient presented with
persistent Escherichia coli urosepsis, uric acidosis, and
increased serum creatinine (2.6 from 1.3 mg/dL baseline).
Ultrasound indicated hydronephrosis of the transplant kid-
ney and a bladder mass. Cystoscopy showed a 2.4 × 4.2 ×
4.3 cm dominant tumor arising from the right anterior
bladder wall, and 5–10 additional tumors throughout the
bladder. Radical cystectomy following a positive bladder
biopsy revealed an invasive high-grade papillary UC
invading through the muscularis propria to involve the
uterus with metastasis in two lymph nodes, staged at
T4N2M0 according to the 8th edition of AJCC Cancer Sta-
ging Manual (Fig. 2A, B). Immunohistochemistry showed
strong polyomavirus TAg staining in the nuclei of tumor
cells (Fig. 2C, D).

Distribution of breakpoints in the human and
BKPyV genomes

Both WGS (>30× coverage) and capture-based viral gene
sequencing (>500× coverage) were conducted on tumor
tissue and uninvolved tissue of two BKPyV-associated UC
samples using the NovaSeq platform (Illumina Genome
Network). A total of 181 BKPyV integration breakpoints
were detected in the two tumor samples (Supplementary
Table S1), with 7 in case 1 and 174 in case 2. Twenty of
them were further verified via targeted PCR amplification
and Sanger sequencing (Supplementary Fig. S1).

Case 1

We detected 682.46 million clean reads by WGS, 99.49%
of which were successfully mapped to human reference
sequence 19 (hg19) and BKPyV reference sequences with
an average depth of 64.76×; 638 reads were successfully
mapped to viral sequences, with an average depth of
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Fig. 1 CT images and
pathology of case 1. (A, B) CT
images. Plain scan (A) and
contrast-enhanced (B) CT show
local thickening of the left
posterior wall and a sessile soft-
tissue mass intruding into the
bladder cavity (white arrow).
The surface of the tumor is not
smooth and has shallow
lobulation ranging 29 × 30 mm.
C–F Histology and
immunohistochemistry of
bladder tumor. Hematoxylin and
eosin (H&E) staining of the
tumor tissue at ×40 (C) and
×200 (D) show high-grade
urothelial carcinoma invading
the lamina propria;
immunohistochemistry at ×40
(E) and ×200 (F) with
antibodies against SV40 TAg
show strong staining in the
nuclei of tumor cells.

Fig. 2 Pathological features in
case 2. (A, B) Histology and
immunohistochemistry of
bladder tumor. Hematoxylin and
eosin (H&E) staining of tumor
tissue at ×200 shows high-grade
urothelial carcinoma invading
muscularis propria (A) and
metastatic to the lymph nodes
(B); immunohistochemistry with
antibodies against SV40 TAg at
×200 shows strong nuclear
staining in the tumor cells
invading muscularis propria (C)
and metastatic to lymph nodes
(D).
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17.30×. Three viral integration sites were identified by
WGS. By viral capture-based BKPyV gene sequencing on
the tumor tissue sample, on average, 2 780 (range 23–9 630)
reads were mapped to each site with an average sequencing
depth of 5711.08×. Seven integration sites, including the
three viral integration sites identified by WGS, were iden-
tified from BKPyV genotype Ic (THK-9a, GenBank:
AB217921) (Fig. 3A, B).

Case 2

We detected 712 million clean reads by WGS, 91.81% of
which were successfully mapped to hg19 and viral reference

sequences with an average depth of 31.53×; 85 reads were
successfully mapped to pure viral sequences, with an
average depth of 1.75×. No viral integration sites were
identified by WGS. Data of capture-based BKPyV gene
sequencing showed that 138 (range 5–10 462) reads on
average mapped to each site with an average sequencing
depth of 1 053.65×, while 174 integration sites from
BKPyV genotype Ib-1 (Dik, GenBank: AB211369) were
distributed on 22 human chromosomes (Fig. 3C, D). For
control of the sequencing specificity, two separate cases of
non-BKPyV-associated bladder UC (negative TAg expres-
sion by immunohistochemistry), with clinicopathological
characteristics similar to cases 1 and 2 in respect to age, sex,

Fig. 3 Distribution of breakpoints on human chromosomes and
BKPyV genomes. (A) Broad distribution of breakpoints mapped to
BKPyV genome. Orange histograms: depth of coverage of BKPyV
genome in each position; black dots: position of BKPyV insertional
breakpoints; size of dots: larger dots correspond to higher number of
supporting discordant reads. (B) Broad distribution of breakpoints
mapped to human genome. Outer circles: human chromosomes; black

dots and size of dots: the same as (A). All the data were obtained from
virus capture sequencing. (A, B) are from case 1, while (C, D) are
from case 2. According to the sequencing depth and coverage of the
BKPyV genome, portions of the viral sequences were not detected in
the sequencing. Integration sites existed at both ends of the missing
segments, indicating their integration into the host chromosomes.
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tumor grade, and stage were sequenced by viral capture-
based sequencing, and no integration site was detected. The
integration data has been previously reported in the study
describing the muti-stage carcinogenesis of BKPyV [14]
and used here to study viral integration pattern.

BKPyV breakpoints in the cases were significantly
gathered in the non-translated region of the large T gene,
which indicated possibly functional TAg expression (χ2 test,
P < 0.05) (Fig. 3). As to the human genome, the analysis of
nucleotide sequences at the integration sites showed that
BKPyV integration could occur in both intrageneric and
intergeneric regions. A total of 74 genes (5 exons and 69
introns) formed fusion genes with viral genes due to viral
integration. Certain regions of genes such as repeating
elements, transcription factors binding sites, DNase hyper-
sensitivity clusters, etc. were interrupted by viral integration
(Supplementary Table S2). By comparing gene expression
between UC and normal tissues using GEO2R expression
analysis, we found that differential gene expression of 15
genes was statistically associated with UC, including genes
NOTCH4, CNTNAP2, KCNQ3, DLG2, APOH, PRLR,
PDE4D, SLC9A5, ARHGAP6, AMBRA1, PTPRT, PELI2,
DGKB, SCN7A and NEIL2. Elements of these 15 genes
involved in the integrations can be found in Supplementary
Table S2 for speculating the possible change in gene
expression.

Mechanisms of BKPyV genome integration at the
nucleotide level

A total of 153 integration sites (84.5%, 153 of 181) of
the integration sites, the franking DNA sequence share
homology between the cellular DNA and viral DNA. The
length of the homologous regions ranged from 3 to 16 bp,
with a median of 7 bp in the homologous flanking regions,
which we termed microhomologous type or type I integra-
tion sites (Fig. 4A). Exogenous gene fragment, a segment of
DNA that does not match either human or BKPyV sequence
was found in 6.6% (12 of 181) integration sites, which we
defined as type II integration sites (Fig. 4A). In type II
integration sites, the length of exogenous gene fragments
ranged from 2 to 10 bp, with a median of 3.5 bp (Fig. 4B).
Six sites (3.3%, 6 of 181) were not associated with any
specific pattern and were temporarily classified as type III
integration sites (Supplementary Table S3). The remaining
10 sites (5.5%, 10 of 181) whose length of the homologous
regions was 2 bp could not be well discriminated.

Discussion

BKPyV is ubiquitous, with 70% of children seropositive to
BKPyV by the age of 10 [9]. The epidemiological survey

showed a worldwide seroprevalence in adults of 75%
(46–94%) and of 30–90% in the United States and Europe,
respectively [13, 15, 16]. BKPyV infection is usually
asymptomatic as the virus remains latent in the urothelium
[12]. However, BKPyV can be reactivated and causes a
series of urinary system diseases in the setting of immu-
nosuppression [17, 18]. In allogeneic hematopoietic cell
transplant recipients, BKPyV reactivation primarily causes

Fig. 4 A potential viral integration pattern revealed by nucleotide
analysis. (A) Alignment of the sequence around the integration site
between the human genome and the BKPyV genome. Junction
boundaries are shown as vertical lines. All BKPyV sequences are from
the reference strand. Blue, human gene partner; red, viral gene partner;
yellow, nucleotides that align to both reference sequences (micro-
homologies); green, nucleotides that did not align to either reference
sequence (exogenous molecular scar). (B) The analysis of micro-
homology and exogenous fragments adjacent to integration segments.
(C) Two potential viral integration mechanisms mediated by micro-
homology end joining (MMEJ) or nonhomologous end joining
(NHEJ).
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hemorrhagic cystitis [19]. Additionally, BKPyV has been
associated with urinary tumors, usually high grade, in
immunosuppressed patients [20–23]. Recent studies sug-
gested the persistent expression of TAg encoded by BKPyV
and viral integration contribute to oncogenesis [11–13, 20],
but the exact integration pattern and carcinogenic mechan-
ism remain unknown.

In this study, we performed and compared WGS and
viral capture-based sequencing techniques on immunohis-
tochemically TAg-positive high-grade UC in two female
renal transplant recipients. In most genomic studies,
sequencing depth of WGS stays at around 30–50×. In this
study, the sequencing depth is 30× in case 1 and 65× in case
2. Three viral integration sites were found in case 1 and
none in case 2. WGS can only determine the respectively
frequent viral integration sites but fail to identify those with
low reads. Many potential viral integration information may
be lost. By contrast, the viral capture-based sequencing
technology is set to design probes for viral genome and
screen the amplified integrated fragments after library-
building. It has a major advantage on increasing the
sequencing depth and identifying viral integration sites,
particularly those in subpopulations of tumor cells [24, 25].
In this study, the depth of capture targeted sequencing depth
was 5 711 and 1 053, respectively, in the two cases,
enabling us to identify 178 extra viral integration sites, in
addition to the three identified by WGS, in these two
tumors.

The graft function of the case 1 patient maintained
relatively well, except for mild gross hematuria after car-
cinogenesis, but for case 2, transplant kidney hydrone-
phrosis and lymph node metastasis occurred due to high-
volume bladder tumors. By sequencing data, we mapped
181 BKPyV integration sites between the two patients, with
7 sites in case 1 tumor mainly in chromosome 20 and
chromosome 3, and 174 sites in case 2 tumor distributed
widely across all chromosomes. There appears to be a
correlation between the number of integration sties in the
tumors and clinical progression in these two patients.
Therefore, we postulate that the frequency of BKPyV
integration may impact the tumor aggressiveness.

Distinct from published studies, 181 different insertional
breakpoints mapped broadly across both human and
BKPyV genomes were observed, which could not be
explained by the previously proposed linear integration
model [11–13]. Therefore, we proposed a new integration-
oncogenesis pattern (Fig. 5). The BKPyV-related tumor
contained a heterogenous population of tumor cells with
various viral integration patterns and integration sites,
representing different clones of the tumor. Clonal pro-
liferation of the tumor cells generated a series of subgroups
that diverged in number and integration patterns, leading to

the divergence of sequencing depths and supporting reads at
each integration site (Fig. 5).

Microhomology is a series of nucleotide sequences
(<70 bp) that are identical at the junctions of the two
genomic segments [26, 27]. A significant enrichment of
microhomologies was shown in the flanking regions of
type I integration sites, which might be generated by DNA
double-strand break repair pathway in the phase of the cell
cycle [28, 29]. We observed microhomologies in the
flanking regions at most integration sites (84.5%) in our
study. Immunosuppressants can arrest cells in the G0/G1
phase, preventing them entering S phase [29, 30]. The
replication fork stalled at the DNA lesion in host cells
harboring double-strand break repair, and replication was
temporarily paused. Repair protein and regulatory protein
in the G0/G1 phase contributed to the initiation of the
repair mechanisms, such as fork stalling and template
switching and microhomology-mediated break-induced
replication [28, 31]. Type I integration might be achieved
by that BKPyV coopted the microhomology-mediated end
joining (MMEJ) DNA repair pathway to fuse its sequence
into the host genome by aligning the microhomologies
flanking the breakpoint.

Another DNA repair pathway, the nonhomologous end
joining (NHEJ) mechanism, is error-prone and could result
in the addition or deletion of DNA sequences at the repair
junction [32, 33]. The exogenous sequence at type II inte-
gration site might be derived from NHEJ-mediated inser-
tion. It is possible at the type II and type III integration sites,
BKPyV may use another DNA repair pathway as NHEJ,
leaving a fragment of exogenous sequence between the
fusion gene (Fig. 4C and Supplementary Table S3).

We previously reported a patient with BKPyV-associated
sarcomatoid UC in the graft kidney who recovered
8 months after surgical resection of allograft and cessation
of immunosuppressants [1]. Over 80 cases of BKPyV-
associated urinary carcinoma in transplant recipients have

Fig. 5 Diagrammatic representation of a hypothetical BKPyV
integration pattern. BKPyV-associated carcinoma is initially trans-
formed from BKPyV-integrated urothelial cells. After the production
of tumor cell, its monoclonal proliferation accompanied by viral
integration, results in the presence of several tumor cell subgroups
with different integration patterns.
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been reported to date. Michel et al. suggested that immu-
nosuppression was a major risk factor for the development
of malignancy in transplant recipients [34]. BKPyV-
associated carcinomas appear to be characterized by a
higher frequency of upper urinary tract involvement, high
grade, and variant histology compared to these in non-
immunosuppressed patients [35]. Therefore, BKPyV-
associated malignancy is associated with immunosuppres-
sion. The immunosuppressive therapy triggers lymphocyte
clearance, cellular immunity and humoral immune failure,
permits the survival of BKPyV-infected host cells, and
leads to the structural alterations in host chromosomes.
After that, BKPyV has the chance to integrate into the
chromosomes of host cells [36–38].

Based on our finding of viral integration affecting gene
expression and Kenan’s previous model of BKPyV patho-
genic process [11, 12, 20], we proposed a mechanism driven
by immunity and emphasizing the role of viral integration
during oncogenesis (Fig. 6). The diversity of viral integra-
tion patterns resulted in a heterogeneity of the host cells;
some host cells with growth advantages gained by viral

integration at certain genes would survive during immune
suppression, providing opportunities for neoplastic trans-
formation. Recovery of immunity will break the subtle
balance of the tumor microenvironment and affect the sur-
vival of tumor cells.

In summary, through DNA integration in the host cell
chromosome, BKPyV can disrupt host gene expression and
alter gene structure by forming fusion genes and this pro-
cess may contribute to the viral tumorigenesis. The fre-
quency of BKPyV integration may impact tumor
aggressiveness and disease course. Therefore, timely mon-
itoring and reducing BKPyV load in immunocompromised
populations is an effective way to prevent BKPyV-
associated carcinoma.

Materials and methods

Histopathology

Histological examination and standard diagnostic immu-
nohistochemistry for the characterization of the tumor were
performed following routine pathology procedures. Immu-
nohistochemical detection of polyomavirus-associated
antigens was performed on formalin-fixed paraffin-embed-
ded tissue, with mouse monoclonal antibodies directed
against the SV40 TAg (ab16879, Abcam, Cambridge, MA).

BKPyV load measurement

BKPyV genome loads in blood and urine specimens were
tested by quantitative real-time PCR using a BKPyV PCR
Kit (SinoMD Gene Co. Ltd, Beijing, China) with TaqMan
fluorescence probe techniques; the assay was performed on
the ABI 7500 System (Applied Biosystems, CA, USA).

DNA extraction and whole-genomic library
preparation

Formalin-fixed paraffin-embedded samples with over 80%
tumor content were collected for isolation of genomic
DNAs with QIAamp MinElute Virus Spin Kit (57704,
Qiagen, Germany). The whole-genomic library containing
the target genes was established using Library Construc-
tion Kit (MyGenostics Inc, Chongqing, China). Briefly,
3–5 μg of genomic DNA was sheared into 150 bp frag-
ments by ultrasonication, which were then end blunted,
“A” tailed, adapter ligated and amplified for ten cycles by
PCR. One microliter of prepared library samples was
quantified using a Nanodrop 2000. Three microliters of
prepared library samples were visualized on a 1% agarose
gel, and the size of the electrophoresis fragment was
300–500 bp.

Primary infection

Persistent infection

Latent infectionLytic infection

Reactivation

Reticence
Cell lysis Viral integration/rearrangement

Inflammation/Fibrosis

Viruria/Viremia
Hemorrhagic cystitis

BKPyV associated nephrology

TAg overexpression Fusion genes
Dysregulation of host gene

Inhibition of p53 and pRB Genomic instability

Oncogenesis

Fig. 6 Hypothesis of pathogenic model based on BKPyV integra-
tion. Based on the results in this study, we proposed a potential
pathogenesis pattern in immunocompromised patients. The patient was
initially infected by BKPyV during childhood and then formed
adaptive immunity while the virus entered the latency period with no
significant viral replication. BKPyV reactivation and productive
infection occur in settings of immunosuppression. The host-infected
cells release mature daughter virions, resulting in cell death or cell
lysis. The virus invades the urothelium, causing local inflammation
and fibrotic scar formation, resulting in further BKPyV viruria or
viremia, hemorrhagic cystitis, BKPyV-associated nephropathy
(BKVAN) or other complications, which finally leads to irreversible
renal dysfunction or graft loss. At the same time, the BKPyV genome
is fragmented by continuous replication of the virus, and some sites in
the host genome are broken by external factors, such as viral infection
and immunosuppression. As viral infection progresses, BKPyV may
coopt MMEJ repair pathways or NHEJ repair pathways to fuse itself
into the broken host genome. At the preliminary stage, virus fragments
with different lengths integrate into various parts of the human chro-
mosomes. Multiple integration patterns lead to the heterogeneity of
host cells, resulting in the production of a series of subgroups with
difference.
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Capture targeted gene regions and sequencing

BKPyV probes were designed according to the full-length
genome of pre-evaluated BKPyV types by MyGenostics
(MyGenostics Inc, Chongqing, China). The reaction system
consisted of the DNA library constructed, 1 000 ng; block-
ing agent BL 12 μL; virus DNA probe, 5 μL; and hybridi-
zation buffer, 19 μL. Enrichment products of the library
were adsorbed onto the beads via biotin and streptavidin
magnetic beads, and uncaptured DNA fragments were
removed by washing. Then, the eluted targeted gene frag-
ments were enriched by 18 cycles of PCR, purified and
sequenced using the Illumina NovaSeq 6000 sequencer
(Illumina Inc., San Diego, CA).

Specifically, the following genotypes of the BKPyV
were used for sequence alignment and viral genotyping.

AB211369.1 BK polyomavirus DNA, complete genome,
isolate: Dik;

AB217919.1 BK polyomavirus DNA, complete genome,
isolate: TW-3a;

AB217920.1 BK polyomavirus DNA, complete genome,
isolate: TW-8a;

AB217921.1 BK polyomavirus DNA, complete genome,
isolate: THK-9a;

DQ305492.1 BK polyomavirus strain UT, complete
genome;

DQ989796.1 BK polyomavirus isolate PittVR2, com-
plete coding regions;

DQ989798.1 BK polyomavirus isolate PittVM3, com-
plete coding regions;

DQ989802.1 BK polyomavirus isolate PittNP4, com-
plete coding regions;

DQ989804.1 BK polyomavirus isolate PittNP5, com-
plete coding regions;

DQ989806.1 BK polyomavirus isolate PittVR8, com-
plete coding regions;

DQ989812.1 BK polyomavirus isolate PittVR4, com-
plete coding regions;

DQ989813.1 BK polyomavirus isolate PittNP1, com-
plete coding regions;

KY487998.1 Human polyomavirus 1 strain BK-2,
complete genome;

M23122.1 BK polyomavirus strain AS, complete
genome.

Bioinformatics analysis

Low-quality, short sequences, and duplicate reads were
filtered using the Trim Galore program in quality control,
and then 3′/5′ adapters were trimmed using the Cutadapt
program. Reads with a sequencing quality greater than 20

and read lengths greater than 80 bp were retained. Illumina
clean reads were aligned to each BKPyV reference genome
with Burrows-wheeler Aligner (BWA), and the data were
screened with an average sequencing depth of more than 10
and over 4× coverage of more than 50%.

For the potential BKPyV integrated sites in human gen-
ome, we aligned the Illumina clean reads with the reference
human genome hg19 using the BWA program. In addition,
recalibration and realignment were also performed using the
GATK software. The pair-end reads are uniquely mapped
with one end to the one human chromosome and the BKPyV
reference genome, and the read pair was identified as a dis-
cordant read pair. If a specific position has more than three
discordant read pairs, it will be considered as a potential
BKPyV integration site. The breakpoints of the integrated sites
were identified using the BreakDancer program. The annota-
tion of integrated sites was according to the human hg19 and
BKPyV annotation information (NCBI genome database).
The coverage was calculated based on reported reads. Cov-
erage= reads × 100 bp/genome size of the BKPyV genome.

Detection of BKPyV DNA signals

If a paired-end read was not able to map to the human
genome, but was able to map to BKPyV genome, it would
be reported as a signal of BKPyV DNA for subsequent
analysis. The coverage, depth, and mapping ratio on the
BKPyV genome were calculated based on these reported
reads. A sample was considered BKPyV-positive if cover-
age of the sample on BKPyV genome was higher than 50%
of the BKPyV genome.
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