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Analysis of DNA methylation in human BK virus
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Abstract Human BK virus may cause nephropathy due to
viral replication in patients who have undergone renal
transplantation. However, the mechanism regulating repli-
cation of BKYV is still not clear. Previous studies have sug-
gested that epigenetic modifications may play a crucial role
in virus replication. In this study, the DNA methylation
profiles of five CpG sites located within the promoter/
enhancer regions and nine CpG sites located within the early
and late coding regions of the replicating BKV genome were
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investigated. BKV genomic DNA from mature virions and
from the early and late phases of replicating BKV were
examined for DNA methylation by bisulfite sequencing that
covered 14 CpG sites. Our results showed that none of the
examined BKV DNA from the various different stages of
replication was methylated. This is the first report to analyze
the methylation of BKV genomic DNA during viral repli-
cation. The results seem to indicate that methylation is not
involved in regulation of BKV replication.
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Abbreviations

BKV BK virus

ICvV JC virus

MCV Merkel cell polyomavirus

TSV Trichodysplasia spinulosa polyomavirus
HPyV ~ Human polyomavirus

PVN Polyomavirus nephropathy
HBV Hepatitis B virus

HPV Human papillomavirus

EBV Estein—Barr virus

HIV Human immunodeficiency virus

IFA Immunofluorescent assay

KSAV  Kaposi’s Sarcoma-associated herpesvirus
DNMT DNA methyltransferase

LATs  Latent-associated transcripts
Introduction

Polyomaviruses are small DNA viruses with circular double-
stranded viral genome. The virus infects various different
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mammals that are hosts for replication. There are at least 17
members of the polyomavirus family, of which nine are
human polyomaviruses, namely BK virus (BKV) [1], JC
virus (JCV) [2], KI virus [3], WU virus [4], Merkel Cell
polyomavirus (MCV) [5], Human polyomavirus 6 and
Human polyomavirus 7 [6], Trichodysplasia spinulosa
polyomavirus (TSV) [7], and Human polyomavirus 9 [8].
BKYV has been isolated from the urine of a renal transplant
recipient [1] and is now known to be widespread in human
populations [9]. During early childhood, asymptomatic pri-
mary infection with BKV occurs, and the virus remains latent
in human body. Upon immune suppression, BKV may be
reactivated and cause lytic infection that can be associated
with kidney and urinary tract disorders, such as hemorrhagic
cystitis or polyomavirus nephropathy (PVN); these may
cause renal dysfunction and graft loss in transplant patients
[10-12].

Epigenetic modifications, including DNA methylation,
histone modifications, nucleosome positioning, and expres-
sion of non-coding RNA influence gene expression without
any change in the DNA sequence. The most widely studied
epigenetic modifications in humans are cytosine methylation
of DNA in CpG dinucleotides (CpG site). It has been found
that 60-90% of vertebrate genomic CpG sites are methylated
[13, 14]. In contrast, only 3—6% of all cytosines are meth-
ylated in normal human DNA [15]. In this context, DNA
methylation plays a crucial role in the control of gene activity
in higher eukaryotes [16, 17]. For example, DNA methyla-
tion within the promoter region of genes has been shown to
repress gene transcription, and it has been postulated that
such methylation acts as a mechanism that controls gene
expression in a tissue-specific manner [18].

There are several lines of evidences showing that DNA
methylation can play a role in viral life cycle. For example,
evidence shows that integrated adenoviral and retroviral
DNA are regulated by methylation [19, 20]. Particularly,
hepatitis B virus (HBV) DNA can be methylated in human
tissues in both its integrated and nonintegrated forms [21,
22]. Once methylated, HBV DNA undergoes alterations in
viral protein production, which suggests that methylation
of CpG sites is functionally relevant to viral gene expres-
sion [23]. In addition, only some human papillomavirus
(HPV) promoters are regulated by methylation [24, 25], but
methylation of the HPV E2 promoter hinders E2 protein
binding and subsequent inhibition of the viral life cycle
[26, 27]. Furthermore, it is thought that DNA methylation
changes may switch Epstein—Barr virus (EBV) between
reactivation and latency status [28]. Human immunodefi-
ciency virus 1 (HIV-1) silencing seems to be regulated by
methylation within the 5’LTR region that contains pro-
moter and enhancer sequences [29, 30]. On the contrary,
CpG sites in human adenovirus isolated from purified
adenovirus or non-integrated viral DNA extracted from
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nuclei of infected cells remains unmethylated [19, 20].
Further, studies also demonstrated that CpG sites of several
retrovirus including lentivirus are resistant to DNA meth-
ylation in mammalian cell [31-33].

Several groups have demonstrated the hypermethylation
of tumor suppressor gene promoter in the various human
cancers [34-36]; however, the role of CpG methylation of
BKYV is currently unknown. In this study, we examined the
methylation of BKV DNA at the early and late phases of
replication as well as in the mature virion.

Materials and methods
Propagation of BKV

BKYV [UT genotype; accession no. DQ305492] was propa-
gated in African green monkey kidney or Vero cells [ATCC:
CCL-81]. Vero cells infected by BKV were maintained in
MEM (Minimum Essential Medium; Invitrogen) containing
10% fetal bovine serum (FBS; Biological Industries),
20 mM L-glutamine (Invitrogen), and 100 U/ml penicillin—
streptomycin (Invitrogen). Cells from confluent dishes were
trypsinized, and the cells were collected in a 1.5 ml centri-
fuge tube. The cells were centrifuged at 2500 rpm at 4°C,
resuspended in capsid buffer (0.5 mM CaCl,, 10 mM Tris,
pH 7.2, 150 mM NaCl, 5% glycerol) and then lysed by
freeze/thawing three times. The BKV was partially purified
by a 20% sucrose cushion. The BKV was quantified using
quantitative real-time PCR with BKV VP2 specific primers
(F: 5-CACTTTTGGGGGACCTAGT-3; R: 5'-CTCTA-
CAGTAGCAAGGGATGC-3'). Quantitative real-time PCR
was performed under the following conditions: 2 min at
50°C, 10 min at 95°C, and 40 cycles of 15 s at 95°C and
1 min at 60°C using 0.5 pl of the viral DNA, 2X SYBR
Green Realtime PCR Master Mix (Toyobo) in StepOne
(Applied Biosystems). Vero cells were infected by BKV
with 100 multiplicity of infection (MOI) and harvested every
5 days to detect DNA methylation and viral protein
expression.

Immunofluorescent assay

The BKYV infected Vero cells were rehydrated and incubated
with normal rabbit serum. The cells were washed with PBS
three times and incubated with rabbit anti-BKV VP1 serum
(1:1000 dilution) or with monoclonal antibody against SV40
LT (Abcam) for 30 min at room temperature. After washing,
the cells were then incubated with FITC-labeled goat anti-
rabbit IgG antibody (1:160 dilution) (Sigma). DAKO™
FLUORESCENT Mounting Solution (DaKo) was used for
mounting. The cells were observed under a confocal fluo-
rescent microscope, Axioplan2 (ZEISS).
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Bisulfite conversion

Sample DNA was bisulfite modified using an EZ DNA
methylation kit (ZYMO research) according to the manu-
facturer’s protocol. In total, 5 pl of M-Dilution buffer was
added to 500 ng of DNA in a sample tube, and water
was used to adjust the total volume to 50 pl. The mixture
was incubated at 37°C for 15 min. Then, 100 pl of CT
conversion reagent was added to each sample and mixed
thoroughly. The mixtures were then incubated in a ther-
mocycler and with the following program setting: 50°C for
2 h, switch to 95°C for 15 s, back to 50°C for 4 h, and then
switch to 95°C for 10 s. Finally, the mixtures were incu-
bated at 50°C for 9 h and 30 min. The mixtures were next
placed on ice for 10 min and mixed with 400 pul M-Bind-
ing Buffer. The mixture was then loaded into a Zymo-Spin
IC Column. The columns were washed with 200 pl of
M-Wash Buffer and columns incubated at room tempera-
tures for 20 min with 200 pl M-Desulphonation Buffer.
Next, the columns were washed with M-Wash Buffer
twice, and finally, the DNA was eluted using 50 pl ddH,O
twice. The positive control for methylation was generated
by methylation of BKV genome-containing plasmid using
CpG methyltransferase, M.SssI (NEB).

Identification of DNA methylation by bisulfite
sequencing

CpG sites in the BKV genome and primers for amplification
were designed by using MethPrimer software (http://www.
urogene.org/methprimer/index1.html). Plasmid, pGEM-
Teasy, containing the BKV genomic DNA, was used as a
negative control. A total of 10 pl of bisulfite modified BKV
DNA was amplified in a 50 pl PCR solution containing
0.25 uM of each forward and reverse primers (Table 1),
which were specific for various different regions of the BKV
genome. The mixture used contained 250 pM dNTP,
2.5 mM MgCl,, and 0.025 units Platinum Taq DNA poly-
merase (Invitrogen). A GeneAmp PCR system 2500 thermal
cycler (Applied Biosystems) was employed for the

amplification. The cycling conditions were 1 cycle of 95°C
for 5 min, 35 cycles of 95°C for 30 s, 57°C for 30 s, 72°C for
30 s, and 1 cycle of 72°C for 5 min. The PCR products were
cloned into the pGEM-Teasy vector (Promega). Five ran-
domly picked clones were sequenced by Genomics Bio-
technology Company (Taipei, Taiwan). Results of the
sequencing were analyzed using a web-based tool, namely
Biology Workbench (http://workbench.sdsc.edu/).

Results
CpG sites in BKV genome

Methylation within a CpG site in a promoter region of a
gene may inhibit gene expression [37]. In addition, meth-
ylation may also regulate gene expression when it occurs
within a coding region [38]. We analyzed the methylation
status of 14 CpG dinucleotides within the BKV genome
(Fig. 1). With respect to their position, these 14 CpG
dinucleotides are located within promoter/enhancer regu-
latory regions (5 CpGs), the agno protein coding region
(3 CpGs), the VP2/3 common region (3 CpGs), and the
coding region of the major capsid protein VP1 (1CpG) as
well as at the early and common region for the large tumor
antigen and small tumor antigen (2 CpGs).

BKYV life cycle

DNA methylation may regulate gene expression at various
phases of virus life cycle. To investigate DNA methylation
of BKV at different stages of propagation, Vero cells were
infected with BKV and harvested at 3, 8, 13, 18, 23, and
28 days post-infection. Since a complete life cycle of BKV
is approximately 14 days [39], a total of 28 days post
infection of BKV covers the early and late phases of BKV
replication. Results of immunofluorescent assay (IFA)
showed that about 1% of the infected cell expressed LT
protein at day 8 post-infection. The LT positive cells
gradually increased from 1% at day 8 to 70% at day 28

Table 1 Primers used for the amplification of the bisulfite converted BKV genomic DNA

Pair no. Sequence Flanking region (bp) CpG position

1 F:5-TAGGGTATTTGGGTAAAGAGGA-3’ 4912-158 (437) 5046, 5049, 107, 113
R:5-ACAACTCCTCCCTATAACCTTTT-3'

2 F:5-GAAGGAAAGTGTATGATTGGGT-3’ 193-688 (497) 246, 349, 377, 434, 446, 565
R:5-TCCCCCAAAAATACTAAAACAA-3'

3 F:5-TTTTGGAGGAAATTATTTGGAT-3’' 1246-1773 (527) 1378, 1566, 1663
R:5-TCCCCCATTTCTAAATTTAAAA-3'

4 F:5-ATAGGAGGGGAAAATGTTTTTT-3’ 2276-2557 (282) 2468

R:5-CCCATCCACTCTCTAAATTCTC-3’
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Fig. 1 CpG sites in the BKV genome. CpG sites in the BKV genomic
DNA were identified by MethPrimer software. Numbers represent
CpG positions in the BKV genome

(Fig. S1a). A similar expression profile was also found for
VP1 (Fig. S1b). The percentage of positive cells were
quantified and shown in Fig. Slc. These findings indicate
that BKV successfully replicated in the Vero cells and
completed the virus life cycles.

Detection of methylation on BKV genomic DNA

DNA methylation may be dynamically regulated during
different replication stages [40, 41]. To analyze the DNA
methylation pattern of BK virus, viral DNA was extracted
from mature virion at 18, 23, and 28 days of post-infection
corresponding to the early to late phases of the life cycle.
Four pairs of primers (Table 1) flanking all CpG sites
(Fig. 1) were used for bisulfite-PCR. After bisulfite

BKV BKV pl

Me BKV pl

conversion, PCR was performed to amplify DNA frag-
ments containing the CpG sites. As expected, the fragment
sizes of the PCR products using the specific primers
(Table 1) were 437, 497, 527, and 282 bp, respectively,
after amplification from different BKV genomes (Fig. 2).
The DNA fragments were then cloned into pGEM-Teasy
replicative plasmid for further sequencing (Fig. 3). The
results showed that all of the BKV genomic DNAs,
including those from virion particles and from early phase
replication to late phase (18, 23, and day 28) were devoid
of any methylation. For positive control of methylation,
in vitro methylated BKV genomic DNA containing plas-
mid showed methylation at all CpG sites (Fig. 3). In con-
trast, plasmid BKV genomic DNA which was extracted
from E. coli was essentially unmethylated. The findings
suggest that BK viral DNA is not modified by methylation
during the virus replication life cycle.

Discussion

In this study, we analyzed the DNA methylation status of
BKV genomic DNA from the early to the late phase of
infection, as well as the mature virus particles. The results
from bisulfite sequencing showed that BKV DNAs from
these different sources were devoid of any methylation.
This is the first report on the methylation of BKV genomic
DNA during various different stages of replication. These
results indicate that DNA methylation is not involved in the
regulation of BKV replication.

A previous study using murine polyoma virus to infect
mouse kidney cells found that both viral and cellular DNA
seems to be methylated [42]. Further studies have also
demonstrated that polyoma and SV40 DNA are methylated
in vitro and when microinjected into cells for early and late
gene expression [43, 44]. Furthermore, recent studies dem-
onstrated that DNA methylation in the coding region of
several genome of DNA viruses are presented in human
cancers and correlates with expression level of viral genes
and disease progression [38, 45]. However, the expression of

d18 d23 d28 (]

M 1 2 3 4 1

2 3 4 1

500 bp—

Fig. 2 Amplification of various BKV genomic DNA fragments after
bisulfite conversion. BKV genomic DNAs extracted from virion
particles (BKV), viral plasmid DNA (BKV pl), in vitro methylated
viral genome (Me BKV pl) and post-infection on day 18 (d18), day 23
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(d23), and day 28 (d28). After bisulfite conversion, the viral DNAs
were amplified by PCR using primer pairs 1-4 as listed in Table 1.
(—) PCR negative control, M DNA markers
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Fig. 3 Sequencing of CpG sites within the BKV genomic DNA. CpG
sites within the BKV genomic DNA were sequenced after bisulfite
conversion (a). The viral genomic DNAs were extracted from BKV
virion particles, plasmid BKV DNA, in vitro methylated BKV

only late genes and not early genes was affected by DNA
methylation [43]. Similar results were found for integrated
polyomavirus DNA in polyoma-transformed rat cells, where
only late genes were methylated [46]. Similarly, LTR of
several retroviruses are also found to be unmethylated in
human cancer cells [32, 33, 47]. Taking the previous findings
and our current results together, it may concluded that
methylation does not seem to be involved in polyomavirus
gene regulation during productive infection but this leaves
open the possibility that methylation is involved in trans-
formation or non-productive infection. However, further
experiments are underway to confirm if BK viruses are
resistant to DNA methylation in human cells.

DNA viruses, such as Kaposi’s sarcoma-associated
herpesvirus (KSAV) [48], HBV [49, 50], and EBV [51],
may trigger cellular DNMT expression, and this may
subsequently affect promoter methylation of cellular genes
and thus their expression. However, in this context, it is
important to note that viral DNA can also be methylated
after activation of DNMT [52]. Viral DNA methylation
may be associated with the innate immune response. For
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genome (Me plasmid BKV DNA), and post-infection on day 18
(d18), day 23 (d23), and day 28 (d28). Methylation of viral DNA was
summarized in b. Open circle unmethylated, Filled circle methylated

example, unmethylated HBV DNA may stimulate Toll-like
receptor expressing cells and subsequently cause the
activation of the NF-xB pathway [53]. It is known that the
NF-«xB pathway may inhibit HBV replication via the innate
immune system. A similar mechanism for immune escape
has also been found for KSAV infection [54]. During BKV
infection, it would seem that LT may activate DNMT1
[55]. However, BKV viral DNA does not seem to be
methylated during the viral replication process based on the
findings of this study. However, further studies are needed
to clarify whether BKV infection can affect the methyla-
tion of cellular DNA through activation of DNMT.

In addition to DNA methylation, histone modifications
may also be involved in gene regulation. It has been reported
that the viral expression of the latent-associated transcripts
(LATs) of herpes simplex virus type 1 is regulated by histone
acetylation in the area of the promoter region of the LAT genes
[56]. Therefore, it is possible that the viral gene expression of
BKYV may be regulated by histone modification.

It is also possible that microRNA may also play a role in
viral gene regulation. Previous reports have shown that
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microRNA can be detected during polyoma virus infection
without affecting viral protein expression [57]. Notwith-
standing this, it is still possible that microRNA may play a
role in the autoregulation of viral gene expression during
polyoma virus infection [57]. During SV40 infection, the
presence of viral microRNA does not impair the yield of
infectious virus but does reduce the production of LT,
which results in the effect of cytotoxic T cells on the virus-
infected cells being hindered [58]. More recently, produc-
tion of viral microRNA has also found to occur during
BKYV, JCV, and MCYV infection [59, 60]. MicroRNA would
seem to regulate the amount of early protein present during
the late phase of infection to promote late protein expres-
sion. Similarly, a “switch” from early to late phases during
lytic infection may be regulated by viral transcripts. During
the polyoma virus life cycle, it was found that the viral late
transcripts annealed with early transcripts to form dsRNA
and this results in a switch into late phase [61]. Therefore,
viral microRNA and late transcripts may also be involved
in the regulation of viral replication and this needs to be
investigated. In conclusion, our result showed that the
examined BKV CpG sites were devoid of any methylation,
which suggests that DNA methylation is not involved in
the regulation of BKV replication. Nonetheless, the effect
of BKV infection on methylation of cellular genes seems to
deserve further investigation.
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