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Infection of secondary human embryonic kidney (HEK) cells with human
papovavirus BK (BKV) resulted in cellular lysis and degeneration within 7 days.
After 30 days, multilayered colonies of transformed cells were found and subcul-
tured for analyses. These BK-HEK cells uniformly expressed the BKV T-antigen
but were only 1% V-antigen positive. They produced infectious virus and were
resistant to superinfection by BKV. They reached a saturation density of 1.3 x
105 cells per cm2 in medium with 5% fetal calf serum, were able to grow in medium
containing 2% serum, and did not form colonies in soft agar or tumors in nude
mice. Nonintegrated, superhelical BKV DNA was detected in the noncloned cells
as expected because they were persistently infected and contained RNA tran-
scripts complementary to both early and late regions of the BKV genome.
Analysis of T-antigen-positive clonal isolates of these BK-HEK cells by the
Southern technique revealed an absence of free viral DNA and the presence of
integrated BKV DNA sequences corresponding to the early region of the BKV
genome. These studies demonstrate the stable transformation of human cells by
BKV. However, the transformed human cells which retain and express part of
the BKV genome do not fully manifest the growth properties of other papovavi-
rus-transformed cells.

Human papovavirus BK (BKV) was isolated
by Gardner et al. from the urine of a renal
allograft recipient (9). BKV contains a circular
duplex DNA genome of approximately 5,000
base pairs and exhibits about 20 to 25% base
sequence homology with the late region of sim-
ian virus 40 (SV40) (14, 21) and weaker homol-
ogy in the early gene region (20). Perhaps a
reflection of the close evolutionary relationship
between BKV and SV40 is the remarkable sim-
ilarity of their genomic sequences containing the
origins of DNA replication (5). BKV and SV40
code for T-antigens which cross-react immuno-
logically (9, 27) but different transplantation
antigens (27). Recently, several somatic cell hy-
brids have been formed which produce antibod-
ies specific for SV40 T-antigen without cross-
reacting with BKV T-antigen (18). More re-
cently it was shown that 7 out of 21 methionine-
containing tryptic peptides from their large T-
antigens were similar (23). In vitro transforma-
tion of hamster cells has been achieved with
both BKV and BKV DNA (16, 22,26), and these
cells were capable of tumor production when
inoculated into hamsters (22, 26). The transfor-
mation of monkey cells with BKV has also been
reported (4).
Although antibodies to BKV have been found

in high frequency among the populations of the
U.S. and Great Britain (8, 20), conflicting reports
exist with respect to its role in human neoplasia
(7, 30). We have been investigating the interac-
tion of BKV with various human cell types to
defme how the virus exists within its natural
host. Here we report our studies on the infection
of human embryonic kidney (HEK) cells with
BKV.

MATERUILS AND METHODS
Cells and viruses. Primary HEK cells were pur-

chased from Microbiological Associates, Inc., and sub-
cultured in medium 199 supplemented with 10% fetal
calf serum unless otherwise stated. BK virus from
plaque isolate 218744 was kindly provided by M. Fiori
and G. diMayorca. The virus was purified through
KBr and CsCl density gradients and had a titer of 4.5
x 109 PFU/cm3. Confluent monolayer cultures of sec-
ondary HEK cells were infected with BKV at a mul-
tiplicity of infection of 10 PFU per cell and maintained
in medium 199 with 2% fetal calf serum at 37°C. The
medium was changed every 4 to 6 days, and cells
surviving the acute lytic infection formed colonies
after 3 to 4 weeks. Superinfection of BK-HEK cells
with BKV was carried out at a multiplicity of infection
of 10, and cells were maintained in M199 with 2% fetal
calf serum for 10 days. Cells on cover slips were tested
for BKV capsid antigen by immunofluorescence at 4,
7, and 10 days. Infectious BKV produced by BK-HEK
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cells was demonstrated by inoculating confluent sec-
ondary HEK cells in 25-cm2 flasks or on cover slips
with 2 ml of medium obtained after a 4-day incubation
with BK-HEK cells. The cells were monitored for
cytopathic changes and T- and V-antigens by indirect
immunofluorescence assays. Antisera to BKV T- and
V-antigens were obtained from K. K. Takemoto (19,
26).
DNA extraction. Total cellular DNA was prepared

by washing the cells twice with NaCl-Tris (0.15 M
NaCl-0.01 Tris, pH 7) and were removed from the
culture dish by scraping in STE (0.01 M Tris-0.15 M
NaCl-0.001 M EDTA, pH 7.2). The cells were pelleted
and lysed by addition of sodium dodecyl sulfate (SDS)
to a final concentration of 0.5%. Pronase was added to
100 jig/ml, and the lysate was incubated for 12 h at
370C, extracted three times with STE-saturated
phenol, and precipitated by addition of 2.5 volumes of
ethanol at -20°C. The precipitate was dissolved in
STD (0.01 M Tris-0.001 M EDTA-0.015 M NaCl, pH
7.2) and treated with pancreatic RNase (20,g/ml) for
2 h at 37°C. After two additional phenol extractions,
the DNA was dialyzed against STD for 24 h.

Supercoiled DNA was isolated by the method of
Hirt (12). Superhelical BKV DNA preparations puri-
fied by dye-density gradient centrifugation after ex-
traction from purified virus or infected HEK cells were
generous gifts of G. diMayorca and G. Khoury (Dunlop
strain).
RNA extraction. Cells were labeled in Earle phos-

phate-free medium supplemented with 5% dialyzed
fetal calf serum containing 100 [tCi of [32P]orthophos-
phate (ICN) for 12 h at 370C. The cells were washed
twice with NaCl-Tris and removed from the culture
dishes by scraping in STE. After three washes with
NaCl-Tris, the cells were lysed in 0.01 M Tris (pH 8.0),
2 mM MgCl2, 0.01 M NaCl, 0.5% Nonidet P-40 (Par-
ticle Data Laboratories Ltd.), and 0.5% deoxycholate
for 5 min on ice. The nuclei were pelleted at 4,000 x
g for 5 min, and the supernatant was extracted three
times with phenol-chloroform-isoamyl alcohol (24:24:
1) saturated with STE. After three ethanol precipita-
tions, the RNA was chromatographed on oligodeoxy-
thymidylic acid-cellulose (Collaborative Research, T-
3 grade) as described elsewhere (15). The polyadenylic
acid [poly(A)]-containing RNA was precipitated twice
with ethanol, dissolved in 0.2% SDS, heated for 2 min
at 65°C, and re-chromatographed on oligodeoxythy-
midylic acid-cellulose. The RNA which bound to the
column under these conditions was used for subse-
quent analysis.

Analysis of cellular DNA with restriction en-
donucleases. Restriction endonucleases Bam HI and
EcoRI were prepared as described elsewhere (11, 29).
HindIII was purchased from Bethesda Research Lab-
oratories. Digestion of DNA samples, electrophoresis
through 1% agarose gels, and transfer to nitrocellulose
strips (25) were as described elsewhere (28).
BKV DNA was labeled with 32P to high specific

activities (5 x 107 cpm/ug) by the "nick-translation"
procedure of Maniatis et al. (17). Hybridization of
labeled BKV DNA to nitrocellulose strips containing
the denatured DNA samples was as described previ-
ously (28).
RNA hybridization. [32P]poly(A)-containing

RNA from normal and BKV-infected HEK cells was
hybridized to nitrocellulose disks containing 3 ,ug of
denatured BKV DNA (10) in 50% formamide-0.75 M
NaCl-0.1 M Tris (pH 7.4)-2 mM EDTA-0.5% SDS for
16 h at 370C. To show that the DNA on the filters was
in excess, parallel hybridization experiments were per-
formed with filters containing different amounts of
BKV DNA. The fraction of RNA binding to the filters
remained essentially the same with filters containing
in excess of 3,g of BKV DNA. The filters were washed
five times with buffer A (0.1 M Tris-2 mM
EDTA-0.5% SDS, pH 7.5) for 2 h at 230C and incu,
bated for another hour in hybridization buffer at 37°C.
After five more washes with buffer A, the bound RNA
was eluted by heating at 850C for 3 min in 2 mM
EDTA-0.01 M Tris (pH 7.4)-0.5% SDS. Yeast tRNA
was added to 10 jig/ml, and the RNA was precipitated
with 2.5 volumes of ethanol. Hybridization of 32P-la-
beled poly(A)-containing RNA to nitrocellulose filters
containing separated BKV DNA fragments was as
described elsewhere (1).

For sedimentation analysis, the RNA was dissolved
in 0.01 M Tris (pH 7.4)-0.001 M EDTA-0.2% SDS,
heated at 65°C for 2 min, and sedimented through 5
to 30% sucrose gradients containing 0.15 M NaCl-0.01
M Tris, pH 7.4, for 3 h at 45,000 rpm in a Beckman
SW 50.1 rotor at 5°C. The gradients were collected by
bottom puncture and counted. Cellular 28S and 18S
rRNA's were run in parallel gradients as sedimenta-
tion markers.

RESULTS

Establishment and growth properties of
BK-HEK cells. Secondary HEK cells were in-
fected with BKV at a multiplicity of 10. After 4
to 5 days, extensive cytopathic effects were ob-
served, and the cell monolayer rapidly degener-
ated. Within 30 days, small foci of cells appeared;
these cells were trypsinized, pooled, and ex-
panded. We have been carrying these cells for
13 months at split ratios of 1:5 every 4 days in
M-199 medium supplemented with 10% fetal calf
serum. The establishment of persistently-in-
fected BK-HEK cells has been repeated suc-
cessfully twice with both virus and viral DNA
infections. Maintenance of the acutely infected
cells in medium containing 0.5% anti-BKV rab-
bit serum has also been effective for selection of
T-antigen-positive, transformed BK-HEK cells;
however, little difference was observed in the
growth properties or time of appearance of these
cells compared with cultures lacking the antise-
rum.
BK-HEK cells grew well in both 10 and 2%

serum, reaching a saturation density of 1.3 x 105
cells per cm2. Secondary HEK cells grew poorly
in medium with serum concentrations less than
5% or at cell split ratios greater than 1 to 5. The
saturation density of BK-HEK cells was gener-
ally at least fourfold greater than that of second-
ary HEK cells. The cells had an epithelioid
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morphology and formed several dense foci of
multilayered cells per 75-cm2 flask, but they did
not form colonies in soft agar (4). The cell dou-
bling time was approximately 24 h in 10% fetal
calf serum.
Expression of virus-specific antigens.

The BK-HEK cells were all uniformly positive
for BKV T-antigen as assayed by the indirect
immunofluorescent procedure. They were about
1% positive for BKV V-antigen. The cells pro-
duced infectious virus as assayed by infecting
HEK monolayers with cell extracts and testing
for T- and V-antigen expression. However, they
were resistant to superinfection with BKV as
judged by a lack of cytopathic effects or an
increase in expression of BKV V-antigen after
inoculation with BKV at high multiplicities.
Arrangement ofBKV DNA sequences. As

a first step in analyzing the state of the BKV
genome in these cells, we prepared superhelical
DNA by the Hirt procedure (12) and analyzed
these samples by cleavage with various restric-
tion enzymes, electrophoresis through agarose
gels, and UV illumination of ethidium bromide-
stained bands. Figure 1A shows the presence of
two superhelical DNA species which are cleaved
to the linear form by EcoRI and Bam HI (two
single-hit enzymes for BKV DNA [13, 31]).
Cleavage with HindIII and HindIII + EcoRI
gives the expected banding pattern. The EcoRI
and HindIII cleavage sites for prototype BKV
DNA are shown in Fig. 1D.
To examine the total cellular DNA, we

cleaved it with restriction enzymes, fractionated
the digests on agarose gels, transferred the DNA
to nitrocellulose filters by the method of South-
ern (25), and hybridized it to 32P-labeled BKV
DNA. Fig. 1B shows the results of such an
analysis with the enzymes EcoRI and Bam HI
which cleave BKV DNA at single sites (13, 31).
Track 1 shows BKV DNA cleaved with EcoRI.
Cleavage of BK-HEK DNA with either EcoRI
or Bam HI results in two major bands (tracks 2
and 3), one of which migrates with the BKV
DNA marker; the other migrates just ahead of
wild-type BKV DNA. Because we obtained the
same pattern with two single-hit enzymes which
cleave BKV DNA at different locations (13, 31),
we conclude that at least a portion of these cells
(presumably those producing virions) contain
BKV DNA primarily in a free (nonintegrated)
state. Cleavage of BK-HEK cellular DNA with
HindIII and subsequent analysis of the digests
as described above indicates that no gross rear-
rangement of the BKV DNA has taken place
with respect to these cleavage sites because the
pattern observed corresponds closely to that for
wild-type BKV DNA (Fig. 1A to C). The

HindIII-C and -D fragments do not transfer well
at the low DNA concentrations used in Fig. 1C,
but are observed in Fig. 1A. The fastest migrat-
ing band seen in track 1 of Fig. 1C is due to a
partial digestion product and consists of frag-
ment C + D (Fig. 1D).

In the HindIII digests, we observed that the
A fragment is less intense than the B fragment
(Fig. 1A, track 4, Fig. 1C, track 2). Cleavage with
HindIII and EcoRI (Fig. 1A, track 5) shows that
the Al fragment is less intense than the A2
fragment. The simplest interpretation of these
data is that the shortened genomes migrating
more rapidly than wild-type BKV have incurred
a deletion in the late gene region. These two
DNA species have been maintained without ad-
ditional rearrangements for over 1 year of con-
tinuous culturing of these cells.
Analyses ofBKV specific RNA. When pa-

povavirus particles are being produced in a nor-
mal lytic infection, there is a preponderance of
late mRNA synthesized relative to the early
mRNA species. One mechanism for a persistent
virus infection such as this one might involve a
translational barrier to expression of late mRNA
species in a large fraction of the cells. Evidence
in support of this possibility would involve dem-
onstrating relatively normal amounts of cyto-
plasmic late mRNA species. To analyze the cy-
toplasmic viral transcripts, we purified 32P-la-
beled poly(A)-containing RNA and hybridized
it to BKV DNA immobilized on a nitrocellulose
filter (10). To minimize thermal degradation of
the RNA, we performed the hybridization in
50% formamide at 37°C. The RNA was then
eluted from the filter and sedimented on a neu-
tral sucrose gradient as described above. As the
legend to Fig. 2 indicates, about 0.085% of the
total poly(A)-containing RNA was virus specific.
Figure 2 shows that this RNA sedimented at
about 18S with a shoulder at 15 to 16S.
We analyzed this RNA further by hybridizing

it to nitrocellulose filters containing separated
fragments of BKV DNA cleaved with EcoRI
and HindIII (Fig. 1D). Fragments A1 + A2 code
for late mRNA, and fragments C, D, and B code
for early mRNA (G. Khoury, personal commu-
nication). Hybridization of 32P-labeled BK-HEK
poly(A)-containing RNA to these is shown in
Fig. 3. The RNA hybridized to both early and
late regions, suggesting that these cells contain
both species of viral mRNA. Densitometry anal-
ysis of this autoradiogram indicated that equal
amounts of early and late transcripts are present
(data not shown). The two bands seen above
band B in Fig. 3 are due to partial digestion
products of BKV DNA in this reaction. The
apparent failure of hybridization to fragments C
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FIG. 1. Restriction endonuclease analysis of superhelical and total cellular DNA from EK-HEK cells. (A)
Superhelical BKV DNA was isolated from BK-HEK cells by selective extraction and dye-density gradient
centrifugation (12, 14). Samples were cleaved with various restriction enzymes, subjected to electrophoresis
through a 1% agarose gel, stained with ethidium bromide, illuminated with UV light, and photographed.
Track 1, uncleaved DNA; track 2, DNA cleaved with EcoRI; track 3, DNA cleaved with Bam HI; track 4,
DNA cleaved with HindIII; track 5, DNA cleaved with HindIII + EcoRI; track 6, SV40 form I DNA; track 7,
SV40 DNA cleaved with EcoRI. All samples contained 1 pg ofDNA except tracks 6 and 7, which contained
1.5 pLg of DNA. Cleavage of wild-type BKV DNA by HindIII and EcoRI yielded fragments having the same
electrophoretic mobilities as those in track 5. (B) Samples of 5 pg of total cellular DNA were digested with
EcoRI, Bam HI, or HindIII, fractionated on a 1% agarose gel, transferred to nitrocellulose filters, and
hybridized to 32P-labeled BKV DNA. Track 1, 300pg ofBKVDNA digested with EcoRI; track 2, 5 pg ofBK-
HEKDNA digested with EcoRI; track 3, 5,pg ofBK-HEK DNA digested with Bam HI. (C) Track 1, 300pg of
BKV DNA digested with HindIII; track 2, 5 pLg of BK-HEK DNA digested with HindIII. (D) Cleavage sites
for EcoRI and HindIII on the BKV (MM strain) genome (13, 31).

and D can be accounted for by the small size of
these fragments which span the proximal, 5'
parts of the early and late gene regions. Since
the RNA used for hybridization was of high
molecular weight, it would preferentially hybrid-
ize with the large DNA fragments containing the

longest regions of homology with it (fragments
B, Al, and A2).
Analysis ofBK-HEK clones. The BK-HEK

cells were cloned by serial dilution and plating
in multiwell dishes. Individual colonies were

isubcultured as clonal isolates. All clones exam-
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FIG. 2. Sedimentation of BK-specific poly(A)-con-
taining RNA from BK-HEK cells. Totalpoly(A)-con-
taining 32P-labeled RNA (107 cpm, specific activity, 5
x 105 cpm/llg) from normal and BKV-infected HEK
cells was hybridized to filters containing denatured
BKVDNA in 50% formamide at 37°C. The RNA was
eluted, and a sample of each was counted: 1,300 cpm
of normal HEK RNA and 9,800 cpm of BK-HEK
bound to the filters. The RNA was precipitated with
ethanol, dissolved in 0.01 M Tris-0.001 M
EDTA-0.2% SDS (pH 7.2), heated for 2 min at 650C,
and sedimented through a 5 to 30%o neutral sucrose
gradient as described in the text. 32P-labeled 28 and
18S were run in parallel gradients as sedimentation
markers: 0, BK-HEK RNA; 0, uninfected HEK
RNA.

ined were T-antigen positive. Analysis of the
BKV DNA in these cells, however, showed a
striking difference from the parental BK-HEK
cell line. We were unable to detect any BKV
DNA in the Bam HI and EcoRI digests of total
cellular DNA (data not shown) due, presumably,
to the BKV sequences residing in very high-
molecular-weight DNA fragments. Figure 4
shows a HindIII digest of the cellular DNA from
two of our clones. Cleavage with this enzyme
reveals one prominent band from both clones
corresponding to part of the early region of the
BKV DNA genome. Thus, these two clones ap-
pear to have lost all free BKV genomes and have
retained early region sequences in an integrated
form. This is supported by the detection in Fig.
4 of two HindIII fragments of high molecular
weight which presumably correspond to BKV-
cellular DNA junction fragments and may in-
clude sequences from the late gene region.

B

A

C/D

12
FIG. 3. Hybridization of [*P]poly(A)-containing

RNA from BK-HEK cells to nitrocellulose filters con-
taining separated fragments of BKV DNA. BKV
DNA (2 pig) was digested with EcoRI and HindIII,
fractionated on a 1% agarose gel, transferred to ni-
trocellulose filters, and hybridized to 32P-BKV
poly(A)-containing RNA (track 1) or 32P-labeled BKV
DNA (track 2).

DISCUSSION
We have been studying the interaction be-

tween BK virus and HEK cells with the purpose
of understanding how the virus functions in its
natural host. Infection of HEK cells with BKV
resulted in lysis of the cell monolayer and the
appearance of cells capable of continuous growth
within 30 days. These cells were uniformly pos-
itive for BKV T-antigen, produced infectious
virus, and were able to form multiple layers in
tissue culture. They grew well in 2% serum but
were unable to form colonies in soft agar or form
tumors in athymic nude mice (K. Takemoto,
personal commnunication), consistent with the
semitransformned nature of these cells. The mna-
bility of the BK-HEK cells to grow in soft agar
is particularly interesting in view of the obser-
vation that they synthesize both BKV large T-
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FIG. 4. Restriction enzyme analysis of total cellu-
lar DNA from BK-HEK clones. BK-HEK cells were

cloned by end point dilution in microwells. Clones
from individual cells were expanded forDNA extrac-
tion and analysis as described in the text. These
DNAs (20 pg) were digested with restriction enzymes,

fractionated on a 1% agarose gel, transferred to a

nitrocellulose filter, and hybridized to 32P-labeled
BKV DNA. Track 1, 300pg ofBKVDNA mixed with
20 jig of rhesus monkey cell DNA was cleaved with
HindIII; track 2, clone 1 DNA cleaved with HindIII;
track 3, clone 2 DNA cleaved with HindIII. In recon-

struction experiments, lOpg ofBKVDNA mixed with
20 pg ofrhesus monkey DNA and cleaved with EcoRI
yielded an easily detectable band corresponding to
BKVDNA III with this technique.

and small t-antigens (A.F. Purchio, H. Linke and
G. C. Fareed, unpublished observations). Studies
of SV40-transformed rat cells suggested that a
functional small t-antigen may be responsible
for the ability of cells to grow efficiently in a
semisolid medium (3, 24).
The uncloned BK-HEK cells carry BK viral

genomes in a predominantly free or episomal
state (Fig. 1). We were unable to detect inte-
grated viral DNA sequences. Comparison of the
density of the autoradiograms of cellular BKV
DNA with that of known amounts of BK viral
DNA allows us to estimate at least 20 copies of
BKV DNA per cell. Cleavage of BK-HEK DNA
with HindIII and other restriction nucleases and

J. VIROL.

subsequent analyses of the digests indicate that
the viral DNA is essentially wild type with re-
spect to the cleavage sites for these enzymes
(Fig. 1). The observation that these "semitrans-
formed" cells carry free viral genomes and pro-
duce low amounts of infectious virus and are
able to be maintained in tissue culture without
any noticeable cytopathic effects or cell death
may reflect a specific interaction of BKV with
human kidney cells. The observation of a small
fraction of virus-producing cells (V-antigen pos-
itive) would imply that these cells are actively
replicating BKV DNA. Such cells may account
for the majority of free BKV DNA detected, and
the remaining nonproducing cells may contain
only integrated sequences as observed in the
cloned cell lines.
Our analysis of the viral RNA transcripts in-

dicates that both early and late RNA species are
present in the cytoplasm of these cells. Because
our analysis was not carried out with separated
strands of BK DNA, the possibility exists that
we may be observing "anti-early" transcripts as
have been described in the nucleus of SV40-
infected monkey kidney cells (6). However, the
fact that the RNA is both cytoplasmic and pol-
yadenylated suggests that this is not the case
because anti-early transcripts would not be ex-
pected to be processed and transported to the
cytoplasm. Because the cells are only 1% positive
for V-antigen, the late mRNA species may not
be translated efficiently in these cells.
Our present analysis of the DNA from clonal

isolates of the BK-HEK cells indicates a striking
difference between the cloned and uncloned pop-
ulations. We were unable to detect any free
DNA sequences in the BK-HEK clones (Fig. 4).
Because our reconstruction experiments indi-
cate that we would easily be able to detect 0.5
copies of BKV DNA per cell, our failure to
detect any bands with EcoRI cleavage of cellular
DNA may be due to the fact that the BKV-
specific fragment in the EcoRI digest is too large
to be transferred under our conditions. Alterna-
tively, the BKV DNA in these cells may be a
tandem repeat of the "early region" which would
have lost the EcoRI and Bam HI cleavage sites:
these molecules could be carried in an uninte-
grated state but would be undetectable after
incubation with EcoRI and Bam HI because
supercoiled DNA does not transfer efficiently.
The most plausible interpretation, however, is
that these sequences are integrated within the
host cell genome.
Our observation that these clones contain

"early" BKV DNA sequences parallels the con-
clusion reached by Botchan et al. in one of their
SV40-transformed rat cell clones (2). The data
presented here for the state of the viral DNA in
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the BK-HEK clones are in accord with inde-
pendent studies of cloned HEK cell lines trans-
formed by UV-irradiated BKV (G. Khoury and
C.-J. Lai, personal communication). They differ
from recent findings with clonal isolates ofBKV-
transformed human fetal brain cells which con-
tain mainly free or episomal BKV genomes and
are deficient in T-antigen expression (K. K. Tak-
emoto, H. Linke, T. Miyamura, and G. C. Fa-
reed, J. Virol., in press).
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