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Several studies have suggested that certain unique features of the JC virus (JCV) regulatory region are
responsible for the restricted lytic and transforming activities of this virus in vitro. To pursue this possibility,
we have constructed hybrid polyomavirus genomes by exchanging the regulatory sequences of JCV, BK virus
(BKY), and simian virus 40 (SV40). The host range of JCV was not expanded by the substitution of the BKV
or SV40 regulatory signals; such hybrids were nonviable even in primary human fetal glial cells, the sole
permissive cell for JCV. However, chimeric DNAs containing JCV regulatory sequences and BKV- or
SV40-coding sequences were lytically active, indicating that the BKV and SV40 T proteins were capable of
effectively interacting with the JCV replication and transcription signals to yield infectious hybrid viruses.
Although JCV regulatory sequences and coding sequences both contribute to the restricted lytic activity of this
virus, it appears that the latter sequences, most likely those encoding the T protein, have a greater influence

on this behavior.

Our laboratory has been investigating the molecular basis
for a number of unique biological features of the human
polyomavirus JC virus (JCV). During our studies we have
taken advantage of the wealth of information available for
the closely related and better-characterized viruses simian
virus 40 (SV40) and BK virus (BKV). Although the genomes
of these three viruses share a common genetic organization
and exhibit extensive sequence homology (69 to 75%; 19),
these viruses are biologically distinct. Each virus frequently
produces subclinical infections in its natural host (82); JCV
also causes a fatal demyelinating brain disease, progressive
multifocal leukoencephalopathy, in immunocompromised
individuals (62). Each virus is highly tumorigenic in hamsters
(82); JCV is also neurooncogenic in primates (45, 69). While
most polyomaviruses are limited in the number of cells that
they lytically infect, JCV displays an unusually narrow host
range in vitro, growing well only in primary human fetal glial
(PHFG) cells (58, 61). Finally, unlike SV40 and BKV, and in
contrast to its own oncogenic behavior in vivo, JCV is highly
restricted in its ability to transform cells in culture; transfor-
mation is an infrequent, prolonged event that has been
demonstrated in only a few cell types (21, 32). In light of
these observations, an important question arises: What
accounts for the diverse biological properties (e.g., host
range, tissue tropism, pathogenicity, and oncogenicity) ex-
hibited by these viruses?

An obvious first step in answering this question was to
identify sequence differences occurring in the three viral
genomes. Hybridization studies had indicated that se-
quences near the replication origins at 0.67 map units had
diverged to the greatest extent (41). Through direct nucleo-
tide analysis these sequences were found to encompass a
number of transcription control elements located to the late
side of the JCV, SV40, and BKY replication origins (16, 17,
68, 75, 88), and comparisons of these signals have yielded
important clues to the basis for JCV’s unique properties. For
example, (i) the arrangement of the JCV promoter signals are
atypical when compared with those of SV40 and BKV and
may contribute to the restricted activity of JCV in culture
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(Table 1; 19); (ii) differences in the JCV enhancer undoubt-
edly influence certain biological features of this virus, since
the effects of viral enhancers on transcription are dependent
upon the species of host cell in which the enhancement is
assayed and upon the specific tissue from which the host
cells are derived (6, 8, 9, 13, 22, 30, 34, 35, 37, 39, 40, 71, 72,
74); and (iii) in addition to the differences that occur among
the JCV, SV40, and BKV enhancers, it has been shown that
the promoter/enhancer sequences of JCV variants isolated
from different progressive multifocal leukoencephalopathy
patients are hypervariable (50), perhaps reflecting an adap-
tation of the virus to growth in brain tissue (in most individ-
uals JCV appears to infect and to remain latent in kidney
tissue). Small changes in promoter/enhancer elements are
known to modify the host range and oncogenic properties of
a virus (22, 30, 34, 35, 85, 86). Therefore, it was not
surprising to find that, while the enhancer of prototype JCV
(Mad 1) only functions well in PHFG cells (37), the altered
enhancers of some JCV variants function in a wider range of
cell types (M. T. Cannella and R. J. Frisque, unpublished
results). Also consistent with these findings is the suggestion
that the small deletion in the enhancer of the Mad 4 isolate of
JCV is responsible for this variant’s unusual propensity to
cause pineocytomas in experimental animals (50).

To investigate the influence of JCV’s regulatory sequences
on its behavior in vitro, one of our approaches has been to
construct and characterize chimeric polyomavirus genomes.
A number of investigators have used a similar approach to
study the function of various regulatory signals derived from
other eucaryotic systems. In some of their experiments
specific viral sequences (usually enhancer sequences) have
been exchanged between two viruses (7-9, 13, 38, 40, 43,
71). In other instances control elements have been inserted
into plasmids that contain a foreign, readily assayable gene
(e.g., the chloramphenicol acetyltransferase, B-globin, or
papovavirus T-antigen genes) (1, 2, 4, 14, 30, 37, 39, 55, 72,
84). Many of these studies have utilized transient expression
systems to assess the activities of these regulatory se-
quences. Our experiments differ in that an intact regulatory
region of one virus has been replaced by that of a second,
closely related virus. The exchange includes not only en-
hancer sequences, but also early and late promoters, DNA
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TABLE 1. Comparisons of the regulatory regions® of the JCV, BKV, and SV40 genomes
% Homology . «. T Ag-binding sites AT-rich
(with JCV) Size of g;leg' :f (no. of copies)* sequence? 5'-PyPy- CAAT box Core (5Sg£;eg_
Viral regula- dyad CcXxccee-3' (5'-GGPy- Size of  (5'-GTGG- AAGTGA%
enome ) Regula-  1O1Y sym- 5'- ) ° sequence CAATCT- enhancer  XaWG-3') 39
g Entire /70" region m{m G>T) 5-AAG- Size Y (no. of 3') mo. of (np)? (no. of (no. of
genome o gion (np) (ap)® g\G >CG;: GC-3 (np) copies copies)® copies)’ copies) c opi es)
JCV 393 25 2 0 15 2 0 4 2 X 98 2 1*
BKV(Dun) 75 55 387 23 2 1 20 1 2 3 3 x 68 3 3
BKV9 64 450 23 2 1 20 1 1 4 2 x 143 2 2
SV40 69 44 414 27 3 0 17 1 6 6 2X 72 3k 0

2 The regulatory region is considered to be all of those noncoding sequences present between the initiation codons for the early and late proteins.

b The symmetry is believed to be the center of the viral replication origins.

< Identified via binding studies and comparisons of sequence data. Two pentanucleotide consensus sequences have been determined (12, 73).

4 The AT-rich sequence (also called the Goldberg-Hogness or TATA box) positions the start sites of the early viral mRNAs (3, 23, 26).

¢ Part of the recognition sequence for transcription factor Spl (15). JCV has two copies of the related sequence 5'-PyPyCCXXCCC-3'.

f The CAAT boxes in JCV and BKV show only partial homology with the consensus sequence.

¢ Except for BKV(Dun), the enhancer in each genome is a tandem duplication; in BKV(Dun) this signal is a tandem triplication (68, 50, 67 np; the middle repeat
is a subset of the other two). Two core sequences have been identified in various enhancer sequences (28, 29, 87).

& One of the JCV and one of the SV40 core elements occur just to the late side of the tandem repeat.

replication origins, T-antigen-binding sites, and untranslated
leader sequences of the early and late mRNAs. Because the
coding regions have been left unaltered and the genome sizes
are nearly identical, the possibility existed that viable hybrid
viruses could be generated following transfection of permis-
sive cells with these recombinant molecules.

Although our initial focus has been on the unusual features
of the JCV regulatory region, it is clear that these sequences
are not the sole determinants controlling the virus-cell inter-
actions. Obviously, adaptation of a virus to growth in a
particular host involves a number of factors. The
polyomaviruses rely heavily on the host replication machin-
ery; their own specialized proteins are responsible for the
regulation of the complex series of events that occurs during
the lytic cycle (early proteins) and for the assembly and
infectivity of the intact virions (late proteins). The sequences
encoding the six viral proteins of JCV, SV40, and BKYV are
highly conserved; however, differences can be readily de-
tected in those sequences specifying the carboxy termini of
the large and small T proteins, the agnoprotein, and the
overlapping region of the VP1 and VP2/3 proteins (19). In
this study we discuss our analyses of hybrid viral genomes
and begin to assess the relative contributions made by the
coding and noncoding regions of the polyomavirus genomes
to virus-host interactions. Because problems associated with
JCV’s restricted host range and prolonged lytic cycle have
severely limited the study of this human virus and have made
many types of molecular analyses impractical, an under-
standing of the factors contributing to these phenomena is
essential to our future investigations of JCV.

MATERIALS AND METHODS

Cells and viruses. CV-1 (African green monkey kidney cell
line), WI-38 (human diploid lung cell line), and PHFG cells
were propagated in Dulbecco modified Eagle medium sup-
plemented with 10% fetal calf serum, penicillin (99 U/ml),
and streptomycin (73 U/ml). Cell cultures producing virus
were frozen and thawed twice, and lysates were collected
and stored at —70°C. Prior to their use in infectivity studies,
lysates containing virus were sonicated (2 X 1 min; setting 30
on a Fisher sonic dismembrator, model 300).

Recombinant plasmids. All parental viral DNAs used to
construct hybrid polyomavirus genomes were cloned into
pBR322 with the exception of d1892 (77), a viable deletion

mutant of SV40, which was inserted into pMK16 (23).
Plasmid and viral DNAs were joined at their unique EcoRI
sites. The pMad1-TC clone represents prototype JCV DNA
isolated from virus that had been passaged in tissue culture.
The parental BKV plasmid, pBKV9, was made by using
viral DNA extracted from a preparation of the prototype
Gardner strain of BKV, BKV(WT). Restriction enzyme and
sequence analyses revealed that the cloned BKV DNA
represents a viable variant of this virus. The pSV40 recom-
binant plasmid contains the DNA of the small-plaque variant
of SV40 (strain 776). Transformation of Escherichia coli
DH-1 with the recombinant DNAs and small- and large-scale
preparations of plasmid DNAs have been described previ-
ously (46). The numbering systems used for the JCV, BKV,
and SV40 genomes throughout this paper are those estab-
lished by Frisque et al. (19), Seif et al. (76), and Fiers et al.
(16), respectively.

Construction of hybrid viral genomes. To construct the
pM-1(BKV) hybrid genome, the 482-nucleotide pair (np)
Ncol fragment of BKV9 DNA (nucleotides 5075 to 341),
containing all of the viral regulatory sequences, was isolated
by partial Ncol digestion (this fragment contains additional
Ncol sites) and ligated to the large Ncol fragment of pMad1-
TC (nucleotides 275 to 4980 of JCV plus all of pBR322).

The first step in the construction of the pM-1(SV40) hybrid
genome was to delete the single BamHI site in pBR322 to
facilitate isolation of one of the JCV DNA fragments re-
quired in a subsequent step. This was accomplished by
digesting pMadl-TC with Clal and Sall, filling in the re-
cessed ends by the action of the large fragment of DNA
polymerase I in the presence of all four deoxynucleoside
triphosphates, and recircularizing the molecule by ligation.
This DNA [pMITC(ABam)] was used to prepare a 7,770-np
BamHI-Ncol fragment (nucleotides 275 to 4307 of JCV plus
all of pBR322) and a 678-np BamHI-Hinfl fragment (nucle-
otides 4307 to 4985). All the SV40 regulatory sequences were
present on a 422-np HinfI-Ncol fragment (nucleotides 5135
to 333) produced by digesting pdi892 with these two en-
zymes. Ligation of the three fragments gave the hybrid DNA
that contained protein-coding information of JCV and regu-
latory signals of SV40.

The construction schemes for the pSV40(M-1) and
pBKV(M-1) hybrid DNAs are diagrammed in Fig. 1. De-
tailed descriptions of all of the constructions are available
upon request.
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FIG. 1. Construction of hybrid polyomavirus genomes. Hybrids w
SV40 (A) or JCV and BKYV (B). The numbering schemes are based on

ere constructed by exchanging regulatory seqences between JCV and
earlier reports (16, 19, 76). The numbering for di892 is identical to that

for SV40 and does not reflect the 19-np deletion that occurs in the genome of this viable variant (nucleotides 35 to 53 of SV40 are missing in

dl1892 and one of the three SV40 Ncol restriction sites is lost). The

numbering for BKV9 takes into account the differences found in its

regulatory region (Fig. 2); the remainder of the molecule is numbered with the assumption that BKV9 and BKV(WT) are identical throughout

the rest of their genomes (extensive restriction enzyme analysis has no

t revealed obvious differences outside the regulatory region). The thick

lines represent plasmid sequences; the thin lines represent viral sequences.

DNA sequencing. Restriction endonuclease fragments that
spanned either of the two junctions between the regulatory
and coding sequences of the four hybrid viral genomes were
isolated, purified, and labeled at their 3’ ends with the large
fragment of E. coli DNA polymerase I and the appropriate
a-3?P-labeled deoxynucleoside triphosphate. These DNAs

were converted to single end-labeled fragments by the action
of a second restriction enzyme. Nucleotide sequences were
determined by the Maxam-Gilbert procedure (53); chemical
cleavage products were analyzed on polyacrylamide gels (8
and 12%). Gels were frozen and autoradiographed for 2 to 3
days without the aid of an intensifier screen.
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DNA transfection. All transfections were done by a mod-
ification of the DEAE-dextran technique (78). Cells were
seeded onto 60-mm dishes or 24-well cluster plates (each
containing 12-mm cover slips) and were approximately 75%
confluent at the time of transfection. DEAE-dextran (25 mg;
molecular weight, 500,000) was dissolved in 95 ml of
Dulbecco modified Eagle medium and 5 ml of 1.0 M Tris
hydrochloride, pH 7.5. This mixture (containing viral DNA)
was added to cells that had been washed two times with
serum-free Dulbecco modified Eagle medium. Plates were
incubated at 37 or 39°C in a 10% CO, atmosphere for 2 to 4
h. At this time the cells were washed and refed with
Dulbecco modified Eagle medium supplemented with 3 to
10% fetal calf serum. The viral DNAs used in these experi-
ments had been separated from plasmid sequences and
recircularized by ligation. Each DNA was electrophoresed
on a 1% agarose gel prior to transfection to check that
equivalent amounts of ligated DNA would be used.

Immunofluorescent staining. At various times after trans-
fection, cells growing on 12-mm cover slips were fixed for 90
s in a 1:1 mixture of acetone and methanol. To detect T
antigen, serum from a hamster bearing an SV40-induced
tumor was added to cells for 30 min at 37°C (SV40 anti-T
serum gave the most intense staining for all three viral T
proteins). After rinsing the cells with phosphate-buffered
saline, fluorescein-conjugated goat anti-hamster immuno-
globulin G serum was added. Thirty minutes later the cover
slips were rinsed with phosphate-buffered saline and distilled
water and were mounted in buffered Gelvutol (10 g of
polyvinyl alcohol in 40 ml of phosphate-buffered saline and
20 ml of glycerol) on microscope slides. The same procedure
was followed for visualizing V antigen, except rabbit anti-V
serum, active against the capsid proteins of all three viruses,
was used as the first antibody and fluorescein-conjugated
goat anti-rabbit immunoglobulin G serum was the second
antibody.

HA titers. The hemagglutination (HA) test was conducted
as described by Padgett and Walker (59). Briefly, doubling
dilutions of the virus preparations were made in phosphate-
buffered saline. An equal volume of 0.5% human type O
erythrocytes from donors lacking antibodies to JCV was
added, and the mixture was incubated for 3 h at 4°C. The HA
titer was taken as the reciprocal of the highest dilution of the
virus suspension showing complete agglutination of erythro-
cytes.

Isolation and analysis of viral DNA from infected cells. Viral
DNA was extracted from infected PHFG cells by the method
of Hirt (31). This DNA was purified by phenol and chloro-
form extractions and precipitated with 2 volumes of 95%
ethanol. The DNA was suspended in TE (10 mM Tris
hydrochloride, pH 7.5, 1 mM EDTA) and digested with
various restriction endonucleases. The DNA fragments were
separated on horizontal 1% agarose slab gels, denatured, and
transferred to nitrocellulose paper as described by Southern
(79). The appropriate plasmid DNAs were labeled with all
four a->?P-deoxynucleoside triphosphates by nick transla-
tion (70) and used as hybridization probes against the DNA
bound to the nitrocellulose paper. Bands were visualized by
autoradiography, using XAR-5 film.

RESULTS

Construction of hybrid polyomavirus genomes. To deter-
mine the contributions made by the JCV regulatory and
coding sequences to the unique biology of this virus, we
have exchanged the regulatory regions of JCV, BKV, and
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SV40. These sequences include all noncoding sequences
present between the initiation codons for the agnoprotein
and the T/t proteins of the viruses. Table 1 lists a number of
differences in the regulatory signals of these viruses. The
construction schemes for the pBKV(M-1) and pSV40(M-1)
hybrid genomes are shown in Fig. 1; descriptions of the
pM-1(BKYV) and pM-1(SV40) constructs are given in Mate-
rials and Methods. The sequences donated by each viral
genome to yield the hybrid molecule can be deduced from
the naming scheme. For example, the name of the hybrid
pBKV(M-1) indicates that the DNA was cloned into pBR322
(p) and that the coding sequences were donated by BKV and
the regulatory sequences were donated by prototype
JCV(Mad-1).

To facilitate the construction of the pM-1(SV40) and
pSV40(M-1) hybrids, the viable SV40 deletion mutant d1892
(77) was used. The deletion in dI892 (nucleotides 35 to 53 of
SV40) removes an Ncol restriction endonuclease site (Ncol
was used in the cloning protocol) found at nucleotide 37 in
SV40 strain 776. In addition, the first of six copies of the
SV40 GC boxes plus one nucleotide of the second box is
removed via this deletion. The start sites of the early and late
di892 mRNAs are the same ones utilized by the wild-type
SV40 mRNAs (23). In each of our experiments d1892 DNA
was used in parallel with SV40 DNA, and in several cell
types the only difference detected between the two viral
DNAs was a slight delay in the lytic cycle of the mutant. In
the construction of the pM-1(BKV) and pBKV(M-1) hy-
brids, the variant BKV9 DNA, isolated and cloned from a
preparation of BKV(WT), was used. The regulatory regions
of the wild-type and variant BKV genomes differ only in the
enhancer sequences (Table 1; Fig. 2); the 143-np tandem
duplication of BKV9 appears to be derived from part of one
of the 68-np repeats (last 36 np of the repeat) found in BKV
(WT and Dun) plus 107 nucleotides located immediately to
the late side of the BKV(WT) enhancer. BKV9 is lytically
active in WI-38 cells (see below) and efficiently transforms
BHK-21 and Rat-2 cells (B. Bollag, W. F. Chuke, and R. J.
Frisque, manuscript in preparation).

The hybrid DNAs were made by exchanging the se-
quences located between the initiation codon for the
agnoprotein and the first 29 (in JCV-SV40 hybrids) or 34 (in
JCV-BKYV hybrids) nucleotides of the early coding region.
Since the first 10 amino acids of the JCV and SV40 early
proteins and the first 11 amino acids of the JCV and BKV
early proteins are identical (19), the large and small T-
antigen-coding sequences are not altered.

To confirm that each recombinant clone was constructed
properly, all hybrid DNAs were subjected to extensive
restriction enzyme and sequence analyses (Fig. 3 and 4; data
not shown). An example of the restriction enzyme digests for
the pBKV(M-1) chimeric DNA is shown in Fig. 3. The
restriction patterns demonstrate that all fragments are joined
in the proper orientation and that tandem insertions of
fragments have not occurred. Figure 4 depicts a linear
representation of the junction regions of the four hybrid
genomes. The positions of a number of regulatory signals
relative to the coding information are indicated. The nucle-
otide sequence at each junction is also shown; approxi-
mately 100 nucleotides of sequence have been determined at
each of the eight junctions, and these are identical to the
published sequences (data not shown).

Lytic activity of hybrid polyomavirus genomes in PHFG
cells. Initial characterization of the hybrid DNAs involved
their introduction into PHFG cells, which are permissive for
the lytic growth of all three parental viruses. Viral DNA was
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FIG. 2. Comparison of BKV(WT) and BKV9 regulatory se-
quences. BKV9 DNA was isolated from a preparation of BKV(WT)
and cloned into the unique EcoRI restriction site of pBR322. The
HindIII restriction fragment [nucleotides 4989 to 348 in BKV(WT)]
that spans the regulatory region of the BKV9 genome was se-
quenced by the method of Maxam and Gilbert (53). The numbering
system is that used by Seif et al. (76) for the Dunlop strain of BKV.
The sequences shown represent the late strand of each DNA, and
numbering begins at the center of the origin of replication. Approx-
imately 200 nucleotides of sequence to the early side of each origin
were found to be identical and are not shown. Brackets with arrows
denote the boundaries of the large tandem repeats (enhancers) of the
two BKYV strains. The underlined sequence represents the 43
nucleotides in BKV(WT) that are absent in BKV(Dun) (75). The
initiation codon for each agnoprotein is indicated by a box. The first
10 nucleotides encoding the BKV9 agnoprotein form part of the
large tandem duplication, and therefore a second ATG is found at
nucleotide 200.

separated from plasmid sequences, recircularized, and
transfected (0.2 pg) into the cells (~1 x 10° to 2 X 10°/16-mm
well) by the modified DEAE-dextran method (78). To follow
the events that occurred during the interaction of these
polyomaviruses with their host cell, a number of parameters
were investigated, including: the expression of T (early
protein) and V (late proteins) antigens (determined 2 to 35
days post-transfection), the appearance of cytopathic effects
(CPE), the production of hemagglutinating activity, and the
presence of infectious virions in lysates of the transfected
cells (Table 2). This basic biological characterization of the
hybrid DN As would allow us to assess whether viable hybrid
viruses were produced or, if they were not, the stage at

J. ViroL.

which the infection was blocked. While S1 nuclease analysis
and quantitation of the viral mRNAs in transfected cells
would provide additional comparative data of the parental
and hybrid DNA lytic activities, such experiments are not
feasible at this time due to our inability to obtain sufficient
quantities of PHFG cells.

1 2 B A
abecabeab ab ab

FIG. 3. Restriction enzyme analysis of the pBKV(M-1) hybrid
genome. To be sure that DNA fragments were joined in the proper
orientation and without tandem insertions, pBKV(M-1) DNA (a)
was cleaved with a number of restriction enzymes and electropho-
resed on 1% agarose gels. Reference DN As included pBKV9 (b) and
pMadl-TC (c). Five restriction enzymes were used, and expected
fragment sizes are given below. For pPBKV(M-1), fragment sizes for
the correct as well as potentially incorrect structures are indicated;
in each case the correct construct was verified by the digest. (1) Clal
digest: Each DNA is linearized by Clal, yielding 9,521-, 9,578-, and
9,492-np fragments for pPBKV(M-1), pBKV9, and pMadl-TC DNAs,
respectively. (2) Ncol digest: This enzyme was used in the cloning
protocol for pBKV(M-1) and generates three fragments for
pBKV(M-1) (7,417, 1,679, and 425 np), five fragments for pPBKV9
(7,417, 1,679, 196, 143, and 143 np), and two fragments for pMadl-
TC (9,067 and 425 np). (3) Pvull digest: To determine whether the
pBKV9 coding and pMad1-TC regulatory sequences were joined in
the proper orientation, Pvull was used. If the pPBKV(M-1) was made
correctly, its Pvull digestion pattern (3,736, 3,187, 2,577, and 21 np)
would be indistinguishable from that of pBKV9 (3,736, 3,265, and
2,577 np) on the agarose gel; insertion in the opposite (incorrect)
orientation would yield 3,736-, 2,776-, 2,577- and 432-np fragments
after Pvull digestion of the hybrid genome. This digestion would
also alert us to the presence of a tandem duplication of the JCV
regulatory fragment [an extra band(s) would be detected on the gel
having a size of 836 np or 425 or 432 np or both). (4) BstXI digest: To
check further for a tandem insertion of the JCV DNA in pPBKV(M-
1), BstXI was used. This restriction enzyme cleaves both pPBKV(M-
1) and pBKV9 DNAs two times (8,412 and 1,109 np and 8,412 and
1166 np, respectively). Insertion of two copies of the JCV DNA
would have yielded a 1,534-np fragment rather than the 1,109-np
fragment following BstXI digestion of the hybrid DNA. (5) Bglll
digest: It was also necessary to check the orientation of the two
largest pPBKV9 Ncol fragments joined together in the initial cloning
step of pPBKV(M-1). Digestion of pPBKV(M-1) and pBKV9 DNAs
with Bglll results in the production of two fragments each, 7,319 and
2,202 np versus 7,376 and 2,202 np, respectively. If the two pieces
were put together in the wrong orientation, Bg/Il digestion of the
hybrid DNA would have given 8,045- and 1,476-np fragments.
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FIG. 4. Linear representation of sequences encompassing the regulatory regions of four hybrid polyomavirus DNAs. The positions of
regulatory elements relative to the junction sites and to the initiation codons of the early (CAT) and late (ATG) regions are shown (drawn to
scale). Included are the viral enhancers (TR), GC boxes (GC; in JCV the asterisks indicate two potential Spl binding sites), AT-rich or TATA
sequences (AT), centers of the presumed DNA replication origins (ori), T-antigen-binding sites 1 and 2 (I, II), and 5’ termini of early mRNAs
(indicated by arrows; in JCV the start sites are positioned by both TATA boxes in transformed cells [45a] and by the upstream TATA box
in lytically infected cells [36]). Restriction enzymes used to join the DN As together are positioned above the junction sites (long vertical lines).
A short stretch of the two viral DNA sequences is given at each boundary. All sequences shown represent the late strand of each DNA.
Numbering is according to Fiers et al. (16; SV40), Seif et al. (76; BKV) and Frisque et al. (19; JCV) and begins within the replication origins
and proceeds toward the late region. The deletion in d1892 is indicated by the triangle and results in the removal of one complete GC box.
The tandem repeat of our BKV strain extends seven nucleotides past the initiation codon for the agnoprotein. Therefore, in the pM-1(BKV)
hybrid 11 nucleotides at the 3’ end of the BKV enhancer are replaced by JCV sequences; 10 of these 11 nucleotides are identical to the two

viruses.

The hybrid molecules containing JCV proteins and SV40
or BKV regulatory signals could, at best, only induce
transient expression of T antigen in PHFG cells. Quite
unexpectedly, however, the hybrids containing JCV regula-
tory elements [i.e., BKV(M-1) and SV40(M-1)], like the
parental DN As, proceeded through a complete lytic cycle; T
and V antigens were expressed and progeny virus was
produced. Vacuolization and cell death were observed in all
cultures that had expressed V antigen except those
transfected with prototype JCV DNA, which fails to cause
readily identifiable damage to PHFG cells (60). CPE was
detected much earlier in the cultures transfected with SV40
or di892 DNA (8 to 10 days post-transfection) than in those
transfected with BKV, BKV(M-1), or SV40(M-1) DNAs (~3
weeks post-transfection). The virus present in these cell
lysates was tested for the ability to agglutinate erythrocytes.
Since SV40 does not possess hemagglutinating activity, only
the JCV and BKYV samples capable of inducing V antigen
contained hemagglutinating virus; the BKV and BKV(M-1)
samples had significantly higher HA titers than the Mad 1
sample (1,024 versus 32). To demonstrate that infectious
virions were produced in these experiments, cell lysates
from the original transfection were added to fresh PHFG
cells. The induction of T antigen and the presence of viral
DNA in the secondarily infected cells indicated that viable
virus was present.

Furthermore, it was confirmed by restriction enzyme
analysis that viral DNA extracted from these cells was the

same DNA used in the initial transfection (Fig. 5). The
samples representing M-1(BKV) (Fig. 5A) and M-1(SV40)
(Fig. 5B) did not contain viral DNA, in agreement with the
findings outlined in Table 2 that suggested that these DNAs
were lytically inactive. All other samples [Mad 1-TC, BKYV,
SV40, di892, SV40(M-1), and BKV(M-1)] did contain viral
DNAs, and their digestion with Ncol gave the predicted
sizes of DNA fragments (Fig. SA and B). Because the d1892
and SV40(M-1) DNAs could not be distinguished from one
another by cleavage with Ncol (each DNA yielded two
fragments of nearly identical size), these DNAs were also
cleaved with Hpall plus Bgll (Fig. 5B) to generate two
fragments of di892 DNA (4,893 and 331 np) versus one
fragment of SV40(M-1) DNA (5,222 np; a Bgll site located
within the dI892 replication origin is missing in the JCV
regulatory sequences). It will be noted in Fig. SA that, in
addition to observing the three expected fragments (3,055,
1,679, and 425 np) following Ncol digestion of the BKV(M-1)
DNA sample, extra fragments were detected. Additional
minor fragments were also present in digests of some of the
other samples (e.g., see SY40 cleaved with Ncol in Fig. 5B).
The extra BKV(M-1) DNA fragments appeared due to the
presence of a variant BKV(M-1) genome in the sample which
presumably arose after passage of the undiluted lysate in
PHFG cells. This variant DNA was recovered by recombi-
nant DNA methods and tested for its ability to induce T
antigen in PHFG cells. Although this deleted molecule
appeared to replicate in the presence of BKV(M-1) DNA
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TABLE 2. Transfection of PHFG cells® with hybrid polyomavirus DNAs
3 T Ag expression® V Ag . Passage of lysate”
DNA & | CPE (day)? HA titer®
K 10 days 21 days expression T Ag Viral DNA
Control 0,0 0,0 0,0 - 0 - -
M-1(ANco) 0,0 0,0 0,0 - 0 - -
M-1 0, 302 960, TNC? 25, TNC - 32 + +
M-1(BKV) 0,19 4,10 0,0 - 0 - -
BKV(M-1) 21, TNC TNC, TNC 100, TNC + (24) 1,024 + +
BKV 3, 376 TNC, TNC TNC, 150* + (21) 1,024 + +
M-1(SV40) 0,0 0,0 0,0 - 0 - -
SVY40(M-1) NT,' TNC NT, TNC NT, 25" + (20) 0 + +
SV40 NT, TNC NT, TNC NT, TNC + (8) 0 + +
di1892 776, TNC TNC, TNC TNC, TNC + (10) 0 + +

2 PHFG cells were transfected with 0.2 pg of each DNA, using the modified DEAE-dextran technique (78). PHFG cells are permissive for JCV, BKV, and
SV40.

b The number of cells showing nuclear fluorescence on one-half of a 12-mm cover slip were determined for two different experiments. Variability in the numbers
for a particular DNA reflects the variability in the condition of this heterogeneous population of cells from experiment to experiment (20, 58). Control and
M-1(ANco) DNAs are negative controls: the former represents a mock transfection; the latter is a JCV clone lacking sequences from nucleotides 4980 to 275.

€V antigen expression was determined at several times; day 21 post-transfection results are shown.

4 The day that CPE was first observed is given in parentheses, and the number represents the average of three experiments [one for SV40(M-1) and two for

Sv40].
¢ HA titers were determined 28 days post-transfection.

f Induction of T antigen indicates the presence of infectious virus in the lysate. Detection of viral DNA and its analysis by restriction enzymes would confirm

that the expected parental or hybrid DNA was present.

¢ TNC, Too numerous to count (>1,000 fluorescent nuclei). In these instances, focal areas of T- or V-antigen-positive cells could usually be discerned,
suggesting that infection of a single cell resulted in the spread of virus to adjacent cells.
% These numbers represent a minimum value since the immunofluorescence was weak and positive cells were difficult to count. CPE was apparent in these

cultures at this time.
NT, Not tested.

(Fig. 5A), it did not produce T antigen or replicate by itself
(data not shown) and was therefore a nonviable mutant. The
occurrence of such mutant DNAs in these experiments was
not totally unexpected; altered, nonviable species of viral
DNA have frequently been observed during brief passage of
papovaviruses in culture at both high and low multiplicities
of infection (5, 42, 51, 56, 57).

Activity of hybrid polyomavirus genomes in WI-38 cells.
WI-38 cells, a human diploid lung cell line, are permissive,
semipermissive or nonpermissive for the lytic growth of
BKYV, SV40, or JCV, respectively (58, 82). These cells
represented a convenient culture system for determining
whether the hybrid DNAs exhibited altered host range
properties when compared with the parental genomes. Fol-
lowing their transfection with the DNAs listed in Table 3,
WI-38 cells were maintained at either 37 or 39°C, since JCV
and BKV, under some conditions, replicate more efficiently
at the higher temperature (27, 52, 54). T-antigen expression
was monitored at several times after transfection (up to 6
weeks), and the day on which CPE were first observed was
recorded. BKV9, like other BKV strains, was lytically
active in these cultures, with CPE occurring at about the
same time as in PHFG cells. When WI-38 cells were
transfected with the SV40 and di892 DNAs, the number of
cells expressing T antigen increased with time, and many
began dying 12 days after transfection. However, only a
subpopulation of the cells appeared to support a complete
lytic cycle; most cells survived and eventually exhibited a
transformed phenotype (e.g., rapid growth, altered morphol-
ogy, T-antigen expression). JCV DNA and all four hybrid
DNAs induced low levels of transient T-antigen production
in WI-38 cells. With time, T-antigen-positive cells disap-
peared from these cultures, and CPE was absent in each
case.

Activity of hybrid polyomavirus genomes in CV-1 cells. The
CV-1 cell line offered us an additional opportunity to inves-
tigate the host range properties of the hybrid DNAs. CV-1

cells are permissive, semipermissive, or nonpermissive for
the lytic growth of SV40, BKV, or JCV, respectively (58,
82). Results of the transfection of these cells with the
parental and hybrid DNAs are shown in Table 4. The values
listed under T-antigen expression are given as percentages
rather than direct counts of fluorescent cells. Presenting the
data in this way was feasible because (i) CV-1 cells formed a
uniform monolayer (in contrast to PHFG and WI-38 cells),
which made it easier to determine the number of positive
nuclei per microscopic field, and (ii) all DNAs induced early
viral proteins in a significant number of CV-1 cells, thereby
increasing the likelihood of finding T-antigen-containing cells
in randomly selected microscopic fields. The parental JCV
and BKV DNAs and all four hybrid DNAs gave values
between 0.1 and 0.5%, and, with the exception of
SV40(M-1), expression of T antigen was transient. SV40 and
d1892 DNAs were more efficient at producing T antigen in
CV-1 cells, and transfection with these DNAs, as well as
with SV40(M-1), resulted in the production of viable virus.
The SV40(M-1) DNA was less efficient than the other two
DNAES in this last regard; foci of T-antigen-containing cells
appeared slower, CPE was not observed, and lysates of the
transfected cells contained fewer infectious virions [<0.1%
of those cells secondarily infected with the SV40(M-1)
sample produced T antigen 2 days post-transfection]. A
comparison of the plaque-forming ability of the SV40 and
SV40(M-1) DNAs (viral DNA separated from plasmid se-
quences and recircularized by ligation) reflected the ineffi-
cient lytic behavior of the hybrid DNA; SV40 DNA gave 6.0
x 10* PFU/ug of DNA, while SV40(M-1) DNA failed to form
plaques on CV-1 cells (data not shown).

The abilities of the three parental and four hybrid
polyomavirus DNAs to induce T-antigen expression and
produce viable virus in three cell types are summarized in
Table 5. The activities of the parental DNAs agree with
published results with one exception: earlier studies had
indicated that the induction of T antigen in CV-1 cells by JC
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FIG. 5. Identification of viral DNAs present in secondarily in-
fected PHFG cells. Lysates from PHFG cells transfected with the
DNAs listed in Table 2 were used to infect fresh cultures of PHFG
cells. Several days later, viral DNAs were extracted by the method
of Hirt (31), purified, cleaved with restriction enzymes, and electro-
phoresed on 1% agarose gels. Following Southern transfer to
nitrocellulose paper (79), the DNAs were hybridized to the appro-
priate nick-translated probes (70) and visualized by autoradiogra-
phy. (A) JCV and BKYV samples, distinguished on the basis of their
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virus usually was not detectable (58). The activities of the
hybrid DNAs did not conform to our expectations. Replace-
ment of JCV regulatory sequences with those of SV40 or
BKV [M-1(BKV) or M-1(SV40)] did not generate viable
virus, although expression of the JCV T antigen was ob-
served. The hybrids containing the JCV regulatory elements
and SV40- or BKV-coding sequences [BKV(M-1) or
SV40(M-1)] were lytically active in PHFG cells and, in the
case of SV40(M-1), in CV-1 cells as well.

DISCUSSION

The chimeric viral genomes described in this study repre-
sent the first hybrid DNA viruses to be constructed by
exchanging intact viral regulatory regions while maintaining
the integrity of the sequences encoding viral proteins. To
determine what effects these exchanges have had on the
biology of the viruses, one of our approaches had been to
test each hybrid DNA for its ability to proceed through a
lytic cycle in different cell culture systems. At the onset of
these transfection experiments, it was not possible to predict
whether viable virus would be produced; therefore, both
early and late events in the lytic cycle were monitored.

The most efficient culture system for the propagation of
JCV is PHFG cells. Even in these cells the lytic cycle of this
virus is prolonged, CPE is difficult to recognize, and plaque
formation is absent (58). BKV and SV40 are also lytically
active in PHFG cells and, compared to JCV, cause more
rapid and extensive damage to these cultures. Replacement
of the JCV regulatory sequences with those of BKV or SV40
[M-1(BKYV) or M-1(SV40)] did not generate a more cytolytic
virus. In fact, these hybrids were nonviable and, at best,
only induced T-antigen expression. On the other hand,
joining a JCV regulatory region to BKV- or SV40-coding
sequences [BKV(M-1) or SV40(M-1)] did yield viruses that
replicated in PHFG cells. In these cells the hybrid DNAs
were more lytically active than the parental JCV DNA; their
growth cycle was shorter, CPE was more pronounced, and
greater quantities of virus were produced. These studies are
the first to demonstrate that the complete exchange of
regulatory information between two DNA viruses will yield
viable hybrid virus. The results are significant for -two
reasons. (i) They indicate that productive interactions can
occur between the JCV regulatory sequences and the BKV
and SV40 proteins. For example, the early pro-
moter/enhancer of JCV must direct the initiation of tran-
scription of the BKV and SV40 early regions to generate
functional T antigens. These proteins must then recognize
and bind to specific sequences near the JCV origin to
mediate their effects on DNA replication and early and late
transcription. It should bé noted that, although three T-

different Ncol cleavage patterns. Viral DNA from equivalent
numbers of cells were electrophoresed on these gels; the Mad1-TC
samples (called M-1 DN A in Tables 2 to 5) consistently contained less
DNA than the other samples that produced viable virus. For
example, a comparison of the Mad1-TC and BKV(M-1) lanes clearly
demonstrates that the band intensities for the shared 425-np fragment
(corresponding to the JCV regulatory region), as well as for the larger
DNA fragments, were greater for the BKV(M-1) sample. (B) JCV and
SV40 samples. The Ncol digestion patterns are unique for all of the
DNAs except dI892 and SV40(M-1). These two samples were
distinguished by cleavage with Hpall plus Bgll. The Madl-TC
sample was also included, since its digestion pattern would be
identical to that of SV40(M-1). Markers M1 and M2 represent
Hindlll-cleaved pMadl-TC DNA and linear Madl-TC DNA,
respectively, and the fragment sizes are given in nucleotide pairs (np).
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TABLE 3. Transfection of WI-38 cells* with hybrid polyomavirus DNAs
T-antigen expression®
DNA 2 days 10 days 14 days CPE (day)*®
37°C 39°C 37°C 39°C 37°C 39°C

Control 0,0,0 0,0,0 0 0 0,0 0,0 -
M-1(ANco) 0,0,0 0,0,0 0 0 0,0 0,0 -
M-1 0,0,0 0,30 0 0 0,5 4,2 -
M-1(BKV) 0,1,0 0,7,0 0 0 0,0 0,1 -
BKV(M-1) 0,0,0 0,0,0 S 2 0, 12 0,0 -
BKYV 0,4,0 0,11,2 TNC¢ TNC NT, TNC TNC, TNC + (21)
M-1(SV40) 6,19,2 3,28,17 0 0 0,0 0,2 -
SV40(M-1) 10,1 NT 1 NT 3 NT -
SV40 83, 354, 27 114, 600, 40 TNC TNC TNC, TNC TNC, TNC + (12)
dig92 32,83,5 42, 16, 25 TNC TNC NT, TNC NT, TNC + (12)

2 WI-38 cells (1.5 x 10°60-mm plate), a human lung cell line, were transfected with 0.5 pg of each DNA, using the modified DEAE-dextran technique (78).
b T-antigen expression was monitored at several times after transfection (up to 6 weeks). The values indicated the number of T-antigen-positive cells counted

per one-half of a 12-mm cover slip. Each value represents a single experiment.

¢ The number in parentheses indicates the first day CPE was observed. Although CPE was readily detected early in SV40- and dI892-transfected cultures, most

cells survived and appeared to be morphologically transformed.

4 TNC, Too numerous to count (>1,000 fluorescent nuclei). Focal areas of T-antigen-positive cells could usually be discerned, suggesting that virus spread to

adjacent cells.
¢ NT, Not tested.

antigen-binding sites have been identified in the BKV and
SV40 genomes (12, 73, 81), only two sites have been
recognized in the JCV genome (19). Further evidence that
specific interactions do occur between the SV40 T antigen
and JCV sequences comes from recent binding (18) and
DNA replication (43; W.-F. Chuke and R. J. Frisque, un-
published results) studies in vitro. Additional interactions
involving the coding and noncoding sequences of the chi-
meric DNAs are required in the final stages of productive
infections. These stages include transcription of late mRNAs
utilizing JCV promoter sequences, post-transcriptional proc-
essing and translation of chimeric mRNAs, and packaging of
hybrid genomes within intact capsids to yield infectious
virions. (i) Results from the lytic studies are also significant
because they suggest that the JCV regulatory and coding
sequences both contribute to the restricted activity of JCV in
vitro and that the latter sequences play a larger role in

effecting this behavior. Additional support for this sugges-
tion comes from transfection experiments in WI-38 and CV-1
cells (discussed below) and Rat 2 and BHK-21 cells (Bollag
et al., in preparation). In the latter experiments, transform-
ing efficiency was found to increase in the following order:
JCV < M-1(BKV) < BKV(M-1) = M-1(SV40) < SV40(M-1)
< SV40 (range was from <1 to >1,000 foci/ug of DNA per
106 cells). Because T antigen plays a major role in
papovavirus transformation, these studies implicate this
protein in the low transforming potential of JCV. One could
speculate that the multifunctional T protein also contributes,
in part, to the restricted lytic activity of JCV in vitro, and it
will be important to identify those amino acid differences
between the JCV and BKV or SV40 proteins which might be
responsible. Although the three T proteins share consider-
able homology (72 to 83%), potentially important differences
are apparent, especially within the carboxy-terminal and

TABLE 4. Transfection of CV-1 cells? with hybrid polyomavirus DNAs

T-antigen expression (%)

DNA Day 2

CPE (day) at Passage of

Day 10

37°Ce lysate (T Ag)?
37°C 39°C 37°C 39°C

Control 0 0 0 0 - -
M-1(ANco) 0 0 0 0 - -
M-1 0.20 0.25 0 0 - -
M-1(BKYV) 0.35 0.45 0 0 -

BKV(M-1) 0.15 0.10 0 0 - -
BKV 0.30 0.50 0 0 - -
M-1(SV40) 0.15 0.45 0 0 - -
SV40(M-1) 0.30 NT*® >25 >25 - +
SV40 2.15 4.55 >90 >90 + (6) +
dig892 1.15 1.75 >90 >90 + (6) +

a CV-1 cells (1.5 X 10/60-mm plate), a monkey kidney cell line, were transfected with 0.5 g of each DNA, using a modified DEAE-dextran procedure (78).

¢ Following transfection, cells were incubated at 37 or 39°C since BKV has been reported to function better at the higher temperature in CV-1 cells (52, 54)
and because JCV also prefers the higher temperature in PHFG cells (27). Numbers given are the percentage of cells expressing T antigen 2 or 10 days
post-transfection (20 to 40 random microscopic fields were counted per cover slip) and represent the average of two to three experiments.

< The number in parentheses indicates the first day CPE was observed. Although CPE was not detected in SV40(M-1)-transfected cultures, viable virus was

produced.

4 Lysates of the transfected cells were added to fresh cultures of CV-1 cells. Induction of T antigen indicates the presence of infectious virus in the lysate.

¢ NT, Not tested.

/ Numerous foci of T-antigen-positive cells were observed; >25% of cells within a focus were positive. For SV40 and dI892, the >90% value refers to the
number of positives on the entire cover slip, not just to the number of positives within a focus.
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TABLE 5. Summary of the activity of hybrid polyomavirus
DNAEs in three cell types

T-antigen expression® Lytic activity®

DNA
PHFG  WI-38 CV-1 PHFG  WI-38 CV-1
Control - - - - - -
M-1(ANco) - - - - - -
M-1 + +/- +/- + - -
M-1(BKV) +/- +/- +/- - - -
BKV(M-1) + +/- +/- + - -
BKV + + +/- + + -
M-1(SV40) - +/- +/= - - -
SV40(M-1) + +/- + + - +
Sv40 + + + + + +
d1892 + + + + + +

2 A minus indicates that T-antigen expression was never observed in that
cell line when transfected with that particular DNA. A plus/minus indicates
that only transient expression was observed. A plus indicates that T-antigen
expression increased with that particular cell type and DNA over the course
of the experiment.

b Lytic activity was detected via several parameters: by the appearance of
foci of cells expressing viral antigens, CPE, and infectious virions in lysates of
transfected cells.

origin-binding sequences (19). Mutations affecting these do-
mains of the SV40 T antigen are known to restrict the lytic
behavior of this virus (10, 11, 25, 33, 47, 49, 64-67, 80, 83).

There have been a number of reports suggesting that
enhancer sequences alter the host range properties of a virus
(6, 13, 40), with more recent studies indicating that these
elements confer tissue rather than species specificity upon a
virus (1, 8, 9, 24, 30, 63, 71, 72). Our transfections of WI-38
and CV-1 cells were conducted because these cells clearly
differ from PHFG cells, and from one another, in their ability
to support the growth of JCV, BKV, and SV40 (82). In our
experiments the replacement of the intact JCV regulatory
region with that of BKV or SV40 did not extend the host
range of these viruses to WI-38 (permissive for BKV) or
CV-1 (permissive for SV40) cells. This was not surprising
given the PHFG cell results; M-1(BKV) and M-1(SV40) were
nonviable even in cells permissive for JCV. The only hybrid
to grow in cells other than PHFG cells was SV40(M-1) DNA.
Although infectious virus was produced following transfec-
tion of CV-1 cells with this DNA, the efficiency of T-antigen
expression and virus production was reduced compared with
SV40-transfected cells, presumably because the JCV regu-
latory signals functioned less efficiently in CV-1 cells (Table
4) (37; Cannella and Frisque, unpublished results). Other
investigators have obtained similar results by replacing the
SV40 enhancer with that of Moloney murine sarcoma virus
(40, 43); in monkey cells the lytic cycle of the chimeric virus
was prolonged and plaque formation was not detected.

Based on the SV40(M-1) results in CV-1 cells, we had
anticipated that BKV(M-1) might by lytically active in WI-38
cells. Our failure to demonstrate such activity suggested that
the JCV regulatory elements functioned even less efficiently
in WI-38 cells than in CV-1 cells or that the level of BKV T
antigen produced was insufficient to support a BKV(M-1)
lytic infection, or both.

It is clear that the adaptation of a virus to its host requires
a number of complex interactions. These must occur be-
tween viral and cellular components as well as between
regulatory and structural elements of the virus. The hybrid
polyomavirus DNAs constructed in this study have allowed
us to begin assessing the relative contributions of the regu-
latory and coding information of JCV to its unique biology.
At the start of these experiments, our attention was focused
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on several unusual features of the JCV regulatory region: the
duplication of its TATA sequence, the absence of the GC
box, and the presence of an enhancer element that shared
little sequence homology with those of other poly-
omaviruses. Our interest in this region of the JCV genome
was heightened by reports that indicated that these signals
influenced the host range of a virus and its oncogenic and
pathogenic properties. The studies presented in this paper
demonstrate that sequence alterations (i.e., altered com-
pared to BKV and SV40 sequences) in both the JCV-coding
and noncoding regions play a role in JCV’s restricted lytic
behavior in vitro. We are now investigating specific differ-
ences in the JCV, BKV, and SV40 T antigens to evaluate the
effects these changes have had on the activity of this
multifunctional protein and, in turn, on the biological prop-
erties of these viruses.

ACKNOWLEDGMENTS

We thank Fran Reilly and Vivian Kovacic for the preparation of
this manuscript.

This work was supported by grants from the American Cancer
Society (MV-168), the Public Health Service National Cancer Insti-
tute (CA-38789), and the Public Health Service Institute of Allergy
and Infectious Diseases (AI-11217).

LITERATURE CITED

1. Banerji, J., L. Olson, and W. Schaffner. 1983. A lymphocyte-
specific cellular enhancer is located downstream of the joining
region in immunoglobulin heavy chain genes. Cell 33:729-740.

2. Baneriji, J., S. Rusconi, and W. Schaffner. 1981. Expression of a
B-globin gene enhanced by remote SV40 DNA sequences. Cell
27:299-308.

3. Benoist, C., and P. Chambon. 1981. In vivo sequence require-
ments of the SV40 early promoter region. Nature (London)
290:304-310.

4. Berg, P. E., Z. Popovic, and W. F. Anderson. 1984. Promoter
dependence of enhancer activity. Mol. Cell. Biol. 4:1664-1668.

S. Brockman, W. W., T. N. H. Lee, and D. Nathans. 1973. The
evolution of new species of viral DNA during serial passage of
simian virus 40 at high multiplicity. Virology 54:384-397.

6. Byrne, B. J., M. S. Davis, J. Yamaguchi, O. J. Bergsma, and
K. N. Subramanian. 1983. Definition of the simian virus 40 early
promoter region and demonstration of a host range bias in the
enhancement effect of the simian virus 40 72-base-pair repeat.
Proc. Natl. Acad. Sci. USA 80:721-725.

7. Campbell, B. A., and L. P. Villarreal. 1985. Host species
specificity of polyomavirus DNA replication is not altered by
simian virus 40 72-base-pair repeats. Mol. Cell. Biol. 5:
1534-1537.

8. Celander, D., and W. A. Haseltine. 1984. Tissue-specific tran-
scription preference as a determinant of cell tropism and
leukaemogenic potential of murine retroviruses. Nature (Lon-
don) 312:159-162.

9. Chatis, P. A., C. A. Holland, J. E. Silver, T. N. Frederickson, N.
Hopkins, and J. W. Hartley. 1984. A 3’ end fragment encom-
passing the transcriptional enhancers of nondefective Friend
virus confers erythroleukemogenicity on Moloney leukemia
virus. J. Virol. 52:248-254.

10. Clark, R., K. Peden, J. M. Pipas, D. Nathans, and R. Tjian.
1983. Biochemical activity of T-antigen proteins encoded by
simian virus 40 A gene deletion mutants. Mol. Cell. Biol.
3:220-228.

11. Cole, C. N., J. Tornow, R. Clark, and R. Tjian. 1986. Properties
of the simian virus 40 (SV40) large T antigens encoded by SV40
mutants with deletions in gene A. J. Virol. 5§7:539-546.

12. DeLucia, A. L., B. A. Lewton, R. Tjian, and P. Tegtmeyer. 1983.
Topography of simian virus 40 A protein-DNA complexes:
arrangement of pentanucleotide interaction sites at the origin of
replication. J. Virol. 46:143-150.

13. de Villiers, J., L. Olson, C. Tyndall, and W. Schaffner. 1982.



970

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

CHUKE ET AL.

Transcriptional enhancers from SV40 and polyoma virus show a
cell type preference. Nucleic Acids Res. 10:7965-7976.

de Villiers, J., and W. Schaffner. 1981. A small segment of
polyoma virus DNA enhances the expression of a cloned
B-globin gene over a distance of 1,400 base pairs. Nucleic Acids
Res. 9:6251-6264.

Dynan, W. S., and R. Tjian. 1983. The promoter-specific tran-
scription factor Spl binds to upstream sequences in the SV40
early promoter. Cell 35:79-87.

Fiers, W., R. Contreras, G. Haegerman, R. Rogiers, A. van der
Voorde, H. van Heuverswyn, J. van Herreweghe, G. Volckaert,
and M. Ysebaert. 1978. Complete nucleotide sequence of SV40
DNA. Nature (London) 273:113-120.

Frisque, R. J. 1983. Nucleotide sequence of the region encom-
passing the JC virus origin of DNA replication. J. Virol.
46:170-176.

Frisque, R. J. 1983. Regulatory sequences and virus-cell inter-
actions of JC virus, p. 41-59. InJ. L. Sever and D. L. Madden
(ed.), Polyomaviruses and human neurological disease. Alan R.
Liss, Inc., New York.

Frisque, R. J., G. L. Bream, and M. T. Cannella. 1984. Human
polyomavirus JC virus genome. J. Virol. 51:458-469.

Frisque, R. J., J. D. Martin, B. L. Padgett, and D. L. Walker.
1979. Infectivity of the DNA from four isolates of JC virus. J.
Virol. 32:476-482.

Frisque, R. J., D. B. Rifkin, and D. L. Walker. 1980. Transfor-
mation of primary hamster brain cells with JC virus and its
DNA. J. Virol. 35:265-269.

Fujimura, F. K., P. L. Deininger, T. Friedmann, and E. Linney.
1981. Mutation near the polyoma DNA replication origin per-
mits productive infection of F9 embryonal carcinoma cells. Cell
23:809-814.

Ghosh, P. K., P. Lebowitz, R. J. Frisque, and Y. Gluzman. 1981.
Identification of a promoter component involved in positioning
the 5’ termini of simian virus 40 early mRNAs. Proc. Natl.
Acad. Sci. USA 78:100-104.

Gillies, S. D., S. L. Morrison, V. T. Oi, and S. Tonegawa. 1983.
A tissue-specific transcription enhancer element is located in the
major intron of a rearranged immunoglobulin heavy chain gene.
Cell 33:717-728.

Gluzman, Y., and B. Ahrens. 1982. SV40 early mutants that are
defective for viral DNA synthesis but competent for transfor-
mation of cultured rat and simian cells. Virology 123:78-92.
Gluzman, Y., J. F. Sambrook, and R. J. Frisque. 1980. Expres-
sion of early genes of origin-defective mutants of simian virus
40. Proc. Natl. Acad. Sci. USA 77:3898-3902.

Grinnell, B. W., J. D. Martin, B. L. Padgett, and D. L. Walker.
1982. Is progressive multifocal leukoencephalopathy a chronic
disease because of defective interfering particles or tempera-
ture-sensitive mutants of JC virus? J. Virol. 43:1143-1150.
Hearing, P., and T. Shenk. 1983. The adenovirus type 5 E1A
transcriptional control region contains a duplicated enhancer
element. Cell 33:695-703.

Hen, R., E. Borrelli, P. Sassone-Corsi, and P. Chambon. 1983.
An enhancer element is located 340 base-pairs upstream from
the adenovirus-2 E1lA capsite. Nucleic Acids Res. 24:
8747-8760.

Herbomel, P., B. Bourachot, and M. Yaniv. 1984. Two distinct
enhancers with different cell specificities coexist in the regula-
tory region of polyoma. Cell 39:653-662.

Hirt, B. 1967. Selective extraction of polyoma DNA from
infected mouse cell cultures. J. Mol. Biol. 26:365-369.
Howley, P. M., F. Rentier-Delrue, C. A. Heilman, M.-F. Law, K.
Chowdhury, M. A. Israel, and K. K. Takemoto. 1980. Cloned
human polyomavirus JC DNA can transform human amnion
cells. J. Virol. 36:878-882.

Kalderon, D., and A. E. Smith. 1984. In vitro mutagenesis of a
putative DNA binding domain on SV40 large T. Virology
139:109-137.

Katinka, M., M. Vasseur, N. Montreau, M. Yaniv, and D.
Blangy. 1981. Polyoma DNA sequences involved in control of
viral gene expression in murine embryonal carcinoma cells.
Nature (London) 290:720-722.

3s.

36.

37.

38.

39.

41.

42.

43.

45.

J. ViroL.

Katinka, M., M. Yaniv, M. Vasseur, and D. Blangy. 1980.
Expression of polyoma early functions in mouse embryonal
carcinoma cells depends on sequence rearrangements in the
beginning of the late region. Cell 20:393-399.

Kenney, S., V. Natarajan, G. Selzer, and N. P. Salzman. 1986.
Mapping 5’ termini of JC virus early RNAs. J. Virol.
58:651-654.

Kenney, S., V. Natarajan, D. Strike, G. Khoury, and N. P.
Salzman. 1984. JC virus enhancer-promoter active in human
brain cells. Science 226:1337-1339.

Kriegler, M., and M. Botchan. 1983. Enhanced transformation
by a simian virus 40 recombinant virus containing a Harvey
murine sarcoma virus long terminal repeat. Mol. Cell. Biol.
3:325-339.

Laimins, L. A., P. Gruss, R. Pozzatti, and G. Khoury. 1984.
Characterization of enhancer elements in the long terminal
repeat of Moloney murine sarcoma virus. J. Virol. 49:183-189.

. Laimins, L. A., G. Khoury, C. Gorman, B. Howard, and P.

Gruss. 1982. Host-specific activation of transcription by tandem
repeats from simian virus 40 and Moloney murine sarcoma
virus. Proc. Natl. Acad. Sci. USA 79:6453-6457.

Law, M.-F., J. D. Martin, K. K. Takemoto, and P. M. Howley.
1979. The colinear alignment of the genomes of the papo-
vaviruses JC, BK, and SV40. Virology 96:576-587.

Lee, T. N. H., W. W. Brockman, and D. Nathans. 1975.
Evolutionary variants of simian virus 40: cloned substituted
variants containing multiple initiation sites for DNA replication.
Virology 66:53-69.

Levinson, B., G. Khoury, G. Vande Woude, and P. Gruss. 1982.
Activation of SV40 genome by 72-base-pair tandem repeats of
Moloney sarcoma virus. Nature (London) 295:568-572.

. Li, J. J., and T. J. Kelly. 1985. Simian virus 40 DNA replication

in vitro: specificity of initiation and evidence for bidirectional
replication. Mol. Cell. Biol. 5:1238-1246.

London, W. T., S. A. Houff, D. L. Madden, D. A. Fuccillo, M.
Gravel, W. C. Wallen, A. E. Palmer, J. L. Sever, B. L. Padgett,
D. L. Walker, G. M. ZuRhein, and T. Ohashi. 1978. Brain
tumors in owl monkeys inoculated with a human polyomavirus
(JC virus). Science 201:1246-1249.

45a.Mandl, C. W., and R. J. Frisque. 1986. Characterization of cells

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

transformed by the human polyomavirus JC virus. J. Gen.
Virol. 67:1733-1739.

Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning, a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

Manos, M. M., and Y. Gluzman. 1984. Simian virus 40 large T
antigen point mutants that are defective in viral DNA replication
but competent in oncogenic transformation. Mol. Cell. Biol.
4:1125-1133.

Manos, M. M., and Y. Gluzman. 1985. Genetic and biochemical
analysis of transformation-competent, replication-defective
simian virus 40 large T antigen mutants. J. Virol. 53:120-127.
Margolskee, P. F., and D. Nathans. 1984. Simian virus 40 mutant
T antigens with relaxed specificity for the nucleotide sequence
at the viral DNA origin of replication. J. Virol. 49:386-393.
Martin, J. D., D. M. King, J. M. Slauch, and R. J. Frisque. 1985.
Differences in regulatory sequences of naturally occurring JC
virus variants. J. Virol. 53:306-311.

Martin, J. D., B. L. Padgett, and D. L. Walker. 1983. Charac-
terization of tissue culture-induced heterogeneity in DNAs of
independent isolates of JC virus. J. Gen. Virol. 64:2271-2280.
Mason, D. H., Jr., and K. K. Takemoto. 1976. Complementation
between BK human papovavirus and a simian virus 40 tsA
mutant. J. Virol. 17:1060-1062.

Maxam, A. M., and W. Gilbert. 1980. Sequencing end-labeled
DNA with base-specific chemical cleavages. Methods Enzymol.
65:499-560.

Miyamura, T., and K. K. Takemoto. 1979. Helper function for
adenovirus replication in monkey cells by BK human
papovavirus. Virology 98:279-282.

Moreau, P., R. Hen, B. Wasylyk, R. Everett, M. P. Gaub, and P.
Chambon. 1981. The SV40 72-base-pair repeat has a striking
effect on gene expression both in SV40 and other chimeric



VoL. 60, 1986

56.

57.

58.

59.

60.
61.

62.

63.

65.

67.

69.

70.

71

recombinants. Nucleic Acids Res. 22:6047-6068.

Norkin, L. C., J. B. Wojcik, and C. A. Goguen. 1981. Effect of
the host cell on the generation of defective simian virus 40
during undiluted serial passages and persistent infection. Virol-
ogy 108:525-530.

O’Neill, F. J., and D. Carroll. 1981. Amplification of
papovavirus defectives during serial low multiplicity infections.
Virology 112:800-803.

Padgett, B. L., C. M. Rogers, and D. L. Walker. 1977. JC virus,
a human polyomavirus associated with progressive multifocal
leukoencephalopathy: additional biological characteristics and
antigenic relationships. Infect. Immunol. 15:656-662.

Padgett, B. L., and D. L. Walker. 1973. Prevalence of antibodies
in human sera against JC virus, an isolate from a case of
progressive multifocal leukoencephalopathy. J. Infect. Dis.
127:467-470.

Padgett, B. L., and D. L. Walker. 1976. New human
papovaviruses. Prog. Med. Virol. 22:1-35.

Padgett, B. L., D. L. Walker, G. M. ZuRhein, R. J. Eckroade,
and B. H. Dessel. 1971. Cultivation of papova-like virus from
human brain with progressive multifocal leukoencephalopathy.
Lancet i:1257-1260.

Padgett, B. L., D. L. Walker, G. M. ZuRhein, A. E. Hodach, and
S. M. Chow. 1976. JC papovavirus in progressive multifocal
leukoencephalopathy. J. Infect. Dis. 133:686—690.

Palmiter, R. D., H. Y. Chen, A. Messing, and R. L. Brinster.
1985. SV40 enhancer and large-T antigen are instrumental in
development of choroid plexus tumours in transgenic mice.
Nature (London) 316:457-460.

. Paucha, E., D. Kalderon, R. W. Harvey, and A. E. Smith. 1986.

Simian virus 40 origin DN A-binding domain on large T antigen.
J. Virol. 57:50-64.
Pipas, J. M. 1985. Mutations near the carboxyl terminus of the
simian virus 40 large tumor antigen alter viral host range. J.
Virol. 54:569-575.

. Pipas, J. M., K. W, C. Peden, and D. Nathans. 1983. Mutational

analysis of simian virus 40 T antigen: isolation and character-
ization of mutants with deletions in the T-antigen gene. Mol.
Cell. Biol. 3:204-213.

Prives, C., L. Covey, E. Scheller, and Y. Gluzman. 1983. DNA
binding properties of simian virus T antigen mutants defective in
viral DNA replication. Mol. Cell. Biol. 3:1958-1966.

. Reddy, V. B., B. Thimmappaya, R. Dhar, K. N. Subramanian,

B. S. Zain, J. Pan, P. K. Ghosh, M. L. Celma, and S. M.
Weissman. 1978. The genome of simian virus 40. Science
200:494-502.

Reith, K. G., G. DiChiro, W. T. London, J. L. Sever, S. A.
Houff, P. L. Kornblith, P. E. McKeever, C. Buonomo, B. L.
Padgett, and D. L. Walker. 1980. Experimental glioma in pri-
mates: a computed tomography model. J. Comput. Assist.
Tomogr. 4:285-290.

Rigby, P. W. J., M. Diekman, C. Rhodes, and P. Berg. 1977.
Labeling deoxyribonucleic acid to high specific activity in vitro
by nick translation with DNA polymerase 1. J. Mol. Biol.
113:237-251.

Rosen, C. A., W. A. Haseltine, J. Lenz, R. Ruprecht, and M. W.
Cloyd. 1985. Tissue selectivity of murine leukemia virus infec-

REGULATORY REGION EXCHANGE AMONG JCV, BKV, AND SV40

72.

73.

74.

75.
76.

77.

78.

79.

80.

81.

82.

83.

8s.

86.

87.

88.

971

tion is determined by long terminal repeat sequences. J. Virol.
55:862-866.

Rosenthal, N., M. Kress, P. Gruss, and G. Khoury. 1983. BK
viral enhancer element and a human cellular homolog. Science
222:749-755.

Ryder, K., A. L. DeLucia, and P. Tegtmeyer. 1983. Binding of
SV40 A protein to the BK virus origin of DNA replication.
Virology 129:239-245.

Scholer, H. R., and P. Gruss. 1984. Specific interaction between
enhancer-containing molecules and cellular components. Cell
36:403-411.

Seif, 1., G. Khoury, and R. Dhar. 1979. The genome of human
papovavirus BKV. Cell 18:963-977.

Seif, I., G. Khoury, and R. Dhar. 1981. Sequence and analysis of
the genome of human papovavirus BKV, p. 911-936. In J.
Tooze (ed.), Molecular biology of tumor viruses, part 2, 2nd ed.,
revised. DNA tumor viruses. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

Shenk, T. E., J. Carbon, and P. Berg. 1976. Construction and
analysis of viable deletion mutants of simian virus 40. J. Virol.
18:664—671.

Sompayrac, L. M., and K. J. Danna. 1981. Efficient infection of
monkey cells with DNA of simian virus 40. Proc. Natl. Acad.
Sci. USA 78:7575-7578.

Southern, E. 1975. Detection of specific sequences among DNA
fragments separated by gel electrophoresis. J. Mol. Biol.
98:503-517.

Stringer, J. R. 1982. Mutant of simian virus 40 large T antigen
that is defective for viral DNA synthesis but competent for
transformation of cultured rat cells. J. Virol. 42:854-864.
Tjian, R. 1978. Protein-DNA interactions at the origin of simian
virus 40 DNA replication. Cold Spring Harbor Symp. Quant.
Biol. 43:655-662.

Tooze, J. (ed.). 1981. Molecular biology of tumor viruses, part 2,
2nd ed. DNA tumor viruses. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

Tornow, J., M. Polvino-Bodnar, G. Santangelo, and C. N. Cole.
1985. Two separable functional domains of simian virus 40 large
T antigen: carboxyl-terminal region of simian virus 40 large T
antigen is required for efficient capsid protein synthesis. J.
Virol. 53:415-424.

. Walker, M. D., T. Edlund, A. M. Boulet, and W. J. Rutter. 1983.

Cell-specific expression controlled by the 5'-flanking region of
insulin and chymotrypsin genes. Nature (London) 306:557-561.
Watanabe, S., and K. Yoshiike. 1982. Change of DNA near the
origin of replication enhances the transforming capacity of
human papovavirus BK. J. Virol. 42:978-985.

Watanabe, S., K.Yoshiike, A. Nozawa, Y. Yuasa, and S. Uchida.
1979. Viable deletion mutant of human papovavirus BK that
induces insulinomas in hamsters. J. Virol. 32:934-942.

Weiher, H., M. Konig, and P. Gruss. 1983. Multiple point
mutants affecting the simian virus 40 enhancer. Science
219:626-631.

Yang, R. C. A,, and R. Wu. 1979. BK virus DNA: complete
nucleotide sequence of a human tumor virus. Science 206:
456-462.



