
Vol. 44, No. 1JOURNAL OF VIROLOGY, Oct. 1982, p. 67-77
0022-538X/82/100067-11$02.00/0
Copyright © 1982, American Society for Microbiology

Structural and Biological Analysis of Integrated Polyoma
Virus DNA and Its Adjacent Host Sequences Cloned from

Transformed Rat Cells
ADRIAN HAYDAY,t H. EARL RULEY, AND MIKE FRIED*

Department of Tumour Virus Genetics, Imperial Cancer Research Fund, Lincoln's Inn Fields, London WC2A
3PX, England

Received 5 February 1982/Accepted 22 June 1982

EcoRI fragments containing integrated viral and adjacent host sequences were
cloned from two polyoma virus-transformed cell lines (7axT and 7axB) which
each contain a single insert of polyoma virus DNA. Cloned DNA fragments which
contained a complete coding capacity for the polyoma virus middle and small T-
antigens were capable of transforming rat cells in vitro. Analysis of the flanking
sequences indicated that rat DNA had been reorganized or deleted at the sites of
polyoma virus integration, but none of the hallmarks of retroviral integration,
such as the duplication of host DNA, were apparent. There was no obvious
similarity of DNA sequences in the four virus-host joins. In one case the virus-
host junction sequence predicted the virus-host fusion protein which was detected
in the transformed cell line. DNA homologous to the flanking sequences of three
out of four of the joins was present in single copy in untransformed cells. One
copy of the flanking host sequences existed in an unaltered form in the two
transformed cell lines, indicating that a haploid copy of the viral transforming
sequences is sufficient to maintain transformation. The flanking sequences from
one cell line were further used as a probe to isolate a target site (unoccupied site)
for polyoma virus integration from uninfected cellular DNA. The restriction map
of this DNA was in agreement with that of the flanking sequences, but the
sequence of the unoccupied site indicated that viral integration did not involve a
simple recombination event between viral and cellular sequences. Instead,
sequence rearrangements or alterations occurred immediately adjacent to the viral
insert, possibly as a consequence of the integration of viral DNA.

Polyoma virus (Py) can transform a variety of
cell types to a neoplastic state. In virus-trans-
formed cells, Py sequences are retained and
expressed as part of the host cell genome (re-
viewed in reference 34). The study of integrated
viral sequences has been complementary to oth-
er approaches in understanding the interaction
of the virus with the host cell. These studies,
which were largely dependent on Southern blot
analysis, indicated that the retention of the cod-
ing capacities for small and middle T-antigens
(T-Ags) is sufficient to maintain cell transforma-
tion (17, 19, 21, 22, 27). Retention of the large T
coding capacity is not necessary to maintain
transformation (20), although the large T does
play a role in initiating transformation after viral
infection (10-12). In transformed cells Py se-
quences have been observed to become integrat-
ed at different chromosomal locations (19, 22,
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23). The questions which defied previous analy-
ses were whether the chromosomal locations of
integrated viral sequences fell into a subset of
the host genome (e.g., highly reiterated DNA);
whether the adjacent cellular DNA modified the
biological activity of the viral DNA; whether
there was a sequence specificity to integration
manifested by similar sequences at the virus-
host joins; whether homology between viral and
host DNA mediated integration; and whether
the integration of viral sequences perturbed (du-
plicated/deleted/inverted) the host cell se-
quences at the site of integration. These ques-
tions require cloning of the integrated viral DNA
from transformed cells and of the cellular DNA
at the site of viral insertion from uninfected
cells. This approach has been followed here.

MATERIALS AND METHODS

Cell culture and biological assays. The isolation of
cell lines 7axT and 7axB has previously been de-
scribed (22, 23). Cells were grown in Dulbecco modi-
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fied Eagle medium containing 5% fetal calf serum.
Whole mouse embryo cells were used for plaque
assays as previously described (20). For transforma-
tion assays, 0.5 ,ug of Py-pAT153 recombinant plasmid
DNAs in the presence of 20 p.g of rat carrier DNA
were applied to semiconfluent Rat-1 cells (about 106
per dish) in calcium phosphate precipitates as previ-
ously described (13, 39). Cell sheets were stained for
transformed foci 2 weeks later with Leishman stain.

Preparation, restriction, and fractionation of eucary-
otic cell DNA. Total cell DNA was prepared essentially
as previously described (20, 21, 23). For Southern (31)
analysis of cell DNA, endonuclease digestions were
performed on about 10 ,ug of cell DNA for 3 to 6 h,
depending on the enzyme used. The enzymes were
purchased from New England Biolabs, and the pre-
scribed buffers were used. Preparative fractionation of
endonuclease-cleaved cell DNA was on 10 to 40%
sucrose velocity gradients, as described by Maniatis et
al. (25). Fractions were assayed for the presence of Py
sequences by Southern blot analysis.
Gel electrophoresis, transfer, and hybridization pro-

cedures. DNA was electrophoresed in agarose gels of
0.6 to 2% with E buffer (18). The DNA was denatured
in situ, transferred to nitrocellulose filters (Schleicher
and Schuell, BA85), and hybridized to virion-purified
[32P]DNA nick-translated to a specific activity of 1 x
108 to 2 x 108 cpm/,ug (20, 21, 23). Blots were
autoradiographed on presensitized Fuji Rx film at
-70°C with intensity screens (Dupont).
Cloning eucaryotic DNA into procaryotic vectors.

Fractions of EcoRI-cleaved 7axB and 7axT cell DNA
which contained Py sequences were prepared as de-
scribed above and ligated to the purified arms of
Agt.WES.Ab. In the standard reaction, between 0.15
and 0.25 ,ug of cell DNA was ligated to 1.5 ,ug of X
arms. T4 DNA ligase was supplied by New England
Biolabs. Packaging of A DNA in vitro was performed
as previously described (15); between 2 x 105 and 1 x
106 plaques per p.g of X arms were obtained. The phage
were plated on Escherichia coli LE392 (33) and
screened by the method of Benton and Davis (3).

TABLE 1. Summary of Southern blot data derived
from analysis of 7axB cell DNA with the enzymes
indicated and a probe of virion-purified Py DNA

Putative
Pyfrgmens prsent

virus-host
Enzyme in digest of 7axB DNA linker

(kb)

BgllI 16
EcoRI 5.3 kb, linear 4.9, 3.65
BamHI 5.3 kb, linear 10, 2.2
XbaI 5.3 kb, linear' 7.5, 3.7
BamHI + EcoRI 3.1 kb, 2.2 kb 3.65, 1.9
BamHI + XbaI 3.2 kb, 2.1 kb 3.7, 2.2
BglII + EcoRI 5.3 kb, linear 4.9, 3
BgIII + XbaI 5.3 kb, linear 7.8, 3.7
PvuII PvuII fragments 1-4 7.5, 3.9
PstI PstI fragments 1-4 4.6, 3.5
MspI MspI fragments 1-8 >6

a Xbal cuts Py DNA twice, but since one of the
fragments is 45 bp long, XbaI is regarded as a single-
cut enzyme when used to analyze genomic blots.

Positive plaques were picked and purified, and their
DNA was isolated by the method of Maniatis et al.
(25). Cloned Py DNA fragments were ligated into
EcoRI-cleaved pAT153 (36) DNA and introduced into
E. coli HB101.

Preparation of plasmid DNA. The method of Birn-
boim and Doly (4) was used to obtain yields of
recombinant plasmid DNA of >1 mg/liter of culture.
After CsCl density centrifugation, plasmid DNAs were
further purified on sucrose gradients (5 to 20%) con-
taining ethidium bromide.
DNA sequence analysis. Restriction endonuclease

cleavage sites were 5'-end labeled after treatment with
calf intestine alkaline phosphatase and T4 polynucleo-
tide kinase (38). After secondary enzyme cleavage,
labeled fragments were fractionated on polyacryl-
amide gels and eluted (26). The chemical degradation
method of Maxam and Gilbert was employed as de-
scribed (26), except the G + A reaction was stopped
with 200 ,ul of hydrazine stop buffer and ethanol
precipitated. The degradation products were resolved
on thin urea-acrylamide gels as described by Sanger
and Coulson (28). DNA sequences were analyzed with
the SEQ computer program (6).

RESULTS
State of the viral DNA in cell lines 7axB and

7axT. Cell lines 7axB and 7axT were isolated
from independent monoclonal tumors induced in
rats by the injection of Py-transformed cells of
the line 7ax (23). Although 7ax contained multi-
ple copies of both free and integrated Py DNA,
both 7axB and 7axT contained only a single
insert of Py DNA and lacked free viral forms
(23). The structure of the integrated viral se-
quences in the 7axT cells as determined by
Southern blot analysis has previously been re-
ported to comprise a single insert of continuous
viral sequences (0.8 to 0.85 genomes in length)
extending from 26 to 32 map units (MU) at one
end to between 12 and 14 MU at the other end
(22). A preliminary description of the 7axB
insert indicated the presence of head-to-tail tan-
demly duplicated Py sequences (23). By an
analysis of DNA fragments from a combination
of cleavages with enzymes which cut Py DNA
once or several times and enzymes which do not
cut Py DNA which used the strategy employed
by Lania et al. (21) for mapping tandem head-to-
tail integrated viral sequences, the structure of
the 7axB insert was derived. Briefly, enzymes
which cleave the Py genome once (EcoRI,
BamHI) generated a 5.3-kilobase (kb) linear Py
DNA fragment. A 5.3-kb fragment was also
generated by the cleavage of 7axB DNA with
XbaI. Cleavage of 7axB DNA with enzymes that
cut Py DNA at multiple sites (PstI, PvuII,
HpaII) generated all the fragments expected
from the cleavage of the circular Py genome.
From this data the 7axB insert was judged to
contain a head-to-tail tandem duplication ex-
tending from 59 to 70 MU at the left end to 79 to
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INTEGRATED POLYOMA VIRUS DNA 69

90 MU at the right end. The results of some of
these digestions have been previously presented
(23) and are listed along with additional cleavage
data in Table 1. The extent of viral sequences at
each end was judged as follows. At the left-hand
end, the EcoRI virus-host linker fragment (3.65
kb) hybridized to a purified probe of Py HpaII-3
(54 to 70 MU) but did not contain the Py BamHI
site (59 MU). At the other end, the EcoRI virus-
host linker fragment hybridized to a purified
probe of Py HpaII-4 (78 to 91 MU) but did not
contain the Py AvaI site at 90 MU. The resulting
maps of Py DNA in 7axT and 7axB cells are
shown (Fig. 1). 7axT contains an intact coding
region for small and middle T-Ags, whereas
7axB contains two complete coding regions for
large, middle, and small T-Ags. The sequence
arrangement of the two inserts was studied in
more detail after molecular cloning had been
performed.

Isolation and characterization of the 7axB and
7axT viral inserts and adjacent host sequences.
The integrated viral sequences of7axT and 7axB
were contained in two and three EcoRI frag-
ments, respectively (Fig. 1). Size-fractionated
EcoRI-cleaved DNA from both cell lines was
cloned into Xgt. WES.Xb as described above. The
EcoRI fragments were then subcloned into the
plasmid pAT153 and analyzed. The cloned 3.6-,
5.3-, and 4.9-kb EcoRI fragments from 7axB are
referred to as 7B-L (left), 7B-M (middle), and
7B-R (right), respectively (Fig. 1). The 4.7- and
5.1-kb cloned EcoRI fragments of 7axT are
referred to as 7T-L (left) and 7T-R (right) (Fig.
1). These cloned fragments were indistinguish-
able in electrophoretic mobility from the EcoRI
fragments generated from total cellular DNA. In
addition, analysis of the cloned fragments with a
number of restriction enzymes both confirmed
their derivation from the integrated viral DNA
structures mapped in Fig. 1 and allowed better
resolution of the virus-host join regions. In sev-
eral cases putative virus-host linker fragments
detected by Southern analysis of cellular DNA
were verified as such by restriction cleavage of
cloned DNA. For 7T-L, the extent of viral
sequences at the left-hand end of the viral insert
was 100 base pairs (bp) greater than had previ-
ously been determined by Southern blot analysis
of cell DNA (22). This discrepancy resulted from
the inability to cleave 7axT DNA at either the
HhaI site at nucleotide (NT) 2,962 or the HpaII
site at NT 2,991. Since MspI (37) cleaves both
7T-L and 7axT DNA at NT 2,991, the inability of
HpaII to cleave 7axT DNA was presumably due
to methylation at that site.

Nature of the adjacent host sequences and
cloning of an unoccupied site DNA from Rat-1
cellular DNA. The clones 7B-R, 7B-L, 7T-R, and
7T-L were used to probe untransformed Rat-1

cellular DNA to estimate the copy number of the
adjacent host sequences in the cellular genome
(Fig. 2). The host sequences in three of the
clones were found to be represented only once
in EcoRI-cleaved Rat-1 DNA (7B-L in a frag-
ment of 6.2 kb; 7B-R, 2 kb; 7T-L, 0.75 kb). The
host sequences in 7T-R were found in at least
two EcoRI fragments of Rat-1 DNA of 5 and 1.3
kb, respectively. The clones containing flanking
cellular DNA were also used to probe EcoRI-
and XbaI-cleaved DNA from 7axB and 7axT
cells. In each case the probes detected two
classes of fragments: (i) the fragment(s) due to
viral sequences in common (which represent all
or part of the proviral inserts), and (ii) the
fragment(s) detected by that probe in untrans-
formed cell DNA. The presence of class ii
fragments suggested that the integration of viral
DNA is haploid in the respective transformed
cell lines. The observation that probes from
7axB cells hybridized to different fragments than
did probes from 7axT cells confirms that the Py
DNA in these cell lines is integrated into differ-
ent sites in the host genome. That the right-hand
flanking sequences of either 7axT or 7axB hy-
bridized to fragments in Rat-1 DNA distinct
from those detected by the left-hand flanking
sequences shows that the viral DNA has not
merely been inserted into the host DNA, but
that cellular sequences have been rearranged
(e.g., deleted) at the site of integration.
The EcoRI fragment homologous to 7B-L was

cloned from untransformed Rat-1 cells into Xgt.
WES.Xb and subcloned into pAT153 (pAU-L).
A restriction map for the unoccupied site, pAU-
L, was determined by complete and partial
digestion with more than a dozen restriction
enzymes (Fig. 3). For about 1.3 kb from the left-
hand EcoRI site, pAU-L had a restriction map
identical to 7B-L. At about that point, the flank-
ing sequences in 7B-L became joined to viral
DNA.
DNA sequences of the virus-host joins and the

unoccupied-site DNA. The DNA sequences
around the virus-host joins of 7B-L, 7B-R, 7T-L,
and 7T-R are shown in Fig. 4. Continuous viral
sequences were detected in 7B-L up to NT
4,682, in 7B-R up to NT 916, in 7T-L up to NT
2,838, and in 7T-R up to NT 2,252. At each of
these points there was an abrupt discontinuity in
the viral sequences. This is a feature of other Py
virus-host joins that have been studied (27a;
H. E. Ruley, unpublished data). A closer analy-
sis of the sequence of 7T-L revealed that the
discontinuity in viral sequences could have been
due to a virus-virus rather than a virus-host join.
The eleven nucleotides which abut the join could
be derived from Py DNA (NTs 2,943 to 2,932).
This arrangement of the viral sequence could
have resulted from deletion of viral DNA from a
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FIG. 2. Detection of flanking host DNA sequences in normal and rat cell DNA, indicating the haploid nature
of the insertions of Py sequences and rearrangements at the site of integration in 7axT and 7axB cells. Total
cellular DNA from 7axT, 7axB, and untransformed cells (U) was cleaved with EcoRI, separated on a 1% agarose
gel, transferred to nitrocellulose paper, and probed with the pAT153 recombinant DNAs. The caption above
each panel indicates the probe used, and the notation above each lane indicates the EcoRI-cleaved DNA probed
(pAT, pAT153 DNA; Py, Py DNA). The bands detected with the 7B-M probe (contains only Py sequences)
identified fragments of 7axT (4.7 and 5.1 kb) and 7axB (3.6, 5.3, and 4.9 kb) cellular DNAs containing viral
sequences (see Fig. 1). Bands in addition to these fragments detected in untransformed, 7axB, and 7axT cell
DNA identified host DNA sequences homologous to rat cellular sequences in pAU-L or the flanking sequences
of 7B-L, 7B-R, 7T-L, or 7T-R. The 6.15-kb rat cell DNA fragment (sequences contained in the unoccupied site
rat cellular DNA clone pAU-L) was detected in untransformed, 7axB, and 7axT cell DNAs when either pAU-L
or 7B-L was used as probe. In 7axB DNA this host 6.15-kb fragment was detected in addition to the 3.6-kb 7B-L
fragment with the pAU-L and 7B-L probes. When 7B-R was used as a probe, the 2-kb host DNA found in
untransformed cell DNA was detected in 7axB DNA in addition to the 4.9-kb 7B-R fragment. When 7T-R was
used as a probe, the 5- and 1.3-kb rat DNA fragments found in untransformed cell DNA were detected in 7axT
DNA in addition to the 5.1-kb 7T-R fragment. When 7T-L was used as a probe, the 750 bp found in
untransformed cell DNA was detected in 7axT DNA in addition to the 4.7-kb 7T-L fragment. Ad2, HindIll-
cleaved adenovirus 2 DNA used as a marker.

tandem duplication of Py sequences. Because
the probability that 11 out of 13 nucleotides
around the virus-host join would occur by
chance once on either strand of the Py genome is
less than 1 in 300 (6), we favor the representation
of the 7T-L virus-host join shown in Fig. 5.
When the flanking DNA sequences were com-

pared to the displaced viral sequences (viral
sequences adjacent to those at the join but no
longer present), various amounts of patchy ho-
mology were observed (Fig. 4 and 5). Inspection
of the 7T-R sequence revealed an open reading
frame of 24 nucleotides (eight amino acids) con-
tinuous with the large T-Ag reading frame. This
could encode a hybrid protein of about 76 kilo-
daltons (kd) (565 virus-encoded amino acids plus
8 flanking DNA-encoded amino acids [Fig. 6]).
This is in good agreement with the 75-kd protein
detected in 7axT cells (22). Inspection of 7B-R
sequences predicted the formation of both large
and middle T-Ag-related hybrid proteins. The
sequence results indicated that there are 2 flank-

ing DNA-coded amino acids in the middle T
reading frame and 34 flanking DNA-coded ami-
no acids in the large T reading frame (data not
shown). In 7axB cells, only the normal-size
large, middle, and small T-Ags are detected (23).
DNA sequences for pAU-L were determined

in either direction from the AccI site located 1.3
kb from the left-hand EcoRI site (Fig. 3). The
sequence through the AccI site was determined
from an EcoRI linker introduced approximately
30 bp beyond the AccI site in the flanking
cellular DNA (Fig. 3). This was accomplished by
controlled digestion with exonuclease BaI31
from the XbaI site located approximately 500 bp
from the AccI site and the insertion of an EcoRI
linker. Approximately 180 bp of the sequence
was determined to lie in the region where Py
DNA recombined with Rat-1 DNA in pAU-L.
Part of the sequence was compared to that of the
homologous region of 7B-L and also to that of
Py DNA (NTs 4,696 to 4,630) (Fig. 7). In the
case of a simple recombination event between
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VOL . 44, 1982



72 HAYDAY, RULEY, AND FRIED

A

pAU- L EcoRI

pAT L

Kpnl (770)

AccI

1300

Kpnl (4170)

Accl AccI EcoRI

50305440 6pAT
5030 5440 6150

B
pAU-L I A.

k~~~~~I )}\ I_
EcoRI Bgll KpnI XbaI EcoRI' AccI KpnI

7B-L FLANKING DNA IPY DNA7l
RAT- PY JOIN

- I S

NI,.

FIG. 3. (A) Restriction endonuclease map of pAU-L. The EcoRI fragment containing the cellular sequences
flanking the left end of the 7axB viral insert (see Fig. 1) is drawn in relation to the AccI restriction endonuclease
cleavage sites. (B) Comparison of pAU-L and 7B-L DNAs and strategy for DNA sequencing. For over 1.3 kb
from the leftward EcoRI site, the map of pAU-L was the same as 7B-L. A comparison of this region in the two
DNAs is shown until the site at which 7B-L becomes joined to Py DNA. Restriction endonuclease cleavage sites
were 5'-end-labeled, and the arrows refer to the direction and extent of the sequence determined from each
labeled site. The sequence through the AccI site in pAU-L was determined from an EcoRI linker inserted within
approximately 30 bp.

viral or cellular DNAs, the transition from viral
to non-viral sequence in 7B-L would be expect-
ed to coincide with the beginning of homology
between the flanking DNA sequence in 7B-L
and pAU-L. Instead, homology did not begin
until 37 nucleotides beyond the last nucleotide
(NT 4,682) colinear with the viral insert, after
which perfect homology between the two se-

quences began and continued for more than 100
bp (the extent to which both sequences were
determined). The origin of the 37 bp immediately
adjacent to the viral insert ending at NT 4,682 is
not known. The patchy homology noted (Fig. 7)
may be significant, in which case the first 16
nucleotides beyond the join at NT 4,682 may be
largely virus derived; likewise, some of the
remaining sequence may be host derived. How-
ever, there still remain some 7 to 11 nucleotides
which appeared to be derived from neither Py or

pAU-L sequences.
The biological activity of the sequences cloned

from 7axB and 7axT cells. The presence and
expression of integrated viral sequences in Py-
transformed cells is assumed to be responsible
for cell transformation (34). Cloning the frag-
ments containing integrated viral DNA allows
their biological activity to be tested by transfec-
tion of Rat-1 cells (see above). Clones containing
the complete coding regions for the Py middle
and small T-Ags (7B-L, 7B-M, 7T-L) were capa-
ble of transforming rat cells with efficiencies

equal to that of a complete Py genome cloned via
the EcoRI site into pAT153 DNA (Table 2). This
result provided assurance that viral sequences
were faithfully maintained during their isolation
from cell DNA. Clones 7B-R and 7T-R did not
transform cells. Although 7B-R contained the
complete coding region for Py small T-Ag, it
may be unable to express this protein because
the viral polyadenylation signals for this mRNA
have been removed by fusion to host sequences.
However, within 7B-R the major Py early poly-
adenylation signal occurs 5' to the small T
coding region. By recloning the Py insert
through the BamHI site in pAT153 DNA it was
possible to bring this polyadenylation signal 3' to
the small T coding region. This reoriented plas-
mid did not transform rat cells.
The EcoRI fragment of 7B-M (the full-size Py

genome cloned from the tandem Py DNA insert
in 7axB cells) was recircularized with T4 DNA
ligase and tested for its ability to produce
plaques on mouse cells. Transfection with 1 ,ug
of this fragment produced no plaques. This
compares with the 105 plaques per pLg formed by
Py DNA after cleavage and recircularization of
the Py genome cloned in the EcoRI site of
pAT153. It was subsequently found that 7B-M
was defective for DNA replication because of a
single base change in the large T coding region
(A. C. Hayday, F. Chaudry, and M. Fried,
submitted for publication). This lesion was tan-
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JOIN

7,;1>~ INTEGRATED VIAL SEGWENCEG

RGCGGTRCCTRCRCRRCGRR
5' 42U 48

FLANKING DNA ES

TGAGTGCTRTGHARTTCTTTGCCACCRCR3,
GAGGTCCCTACTGTARATAGAAATATGGC

DSPLACED VIRAL SEQUENCES 46S3
7B-R

RGGGRHTGG9RTGRTTTCTT GCTGTTAHTTGCTAHGGTTGGTHTTCCTT3,
CRGRRRGTGGGRCCCCRGCTRCCRGTCGC

945

7T- L

TGCRCRTTRCRRRGTRTRTC TGTRTTTCCTTTRRRRRHTAATARTAATT3i
5' 2848 2838

RCRRRRCRRRCTGTRGGRGCRCTCRCTRG

7T-R

TAHCRGRRRRTGTGCCHRAH GRACTTRRRGGGTTGGGRRCTCCRTRGGH3
d M2242 2252

CGRCGCRRCRCATRCTTTTTRGRGGRCCR
2281

FIG. 4. Sequences of virus-host joins in 7B-L, 7B-R, 7T-L, and 7T-R DNAs. The sequences flanking the
integrated viral DNAs are shown above the displaced viral sequences (i.e., viral sequences which are no longer
present as a result of recombination between viral and cellular DNA). Sloping lines indicate homologies of .3 bp
(within a distance of 4 bp) between the flanking DNA sequences and displaced viral sequences. The nucleotide
numbers of the Py genome are indicated (30). The sequences of 7B-L and 7B-R were determined from analysis of
both strands, and of 7T-L and 7T-R from overlapping fragments on the same strand.

demly repeated in the Py DNA in 7axB, i.e., it
also occurred in the large T coding region of 7B-
R.

DISCUSSION
In this report we describe experiments aimed

at understanding the recombination events be-
tween viral and host sequences which accompa-
ny cell transformation by Py. The integrated
viral and adjacent host DNA sequences from

two Py-transformed cell lines were cloned into
procaryotic vectors. The structures of the
cloned DNA sequences were apparently unal-
tered by this process. The flanking host DNA
sequences at three of the four virus-host joins
were found to exist in a single copy in untrans-
formed rat cells. An EcoRI fragment containing
one of these unoccupied sites was also cloned.
The primary DNA sequence was determined for
this clone and for each of the virus-host joins. In

7T L

>INTEGRATED VIRAL
SEQUENCES J

RARRCRRRGR CTGTRTTTCCT GGRRRTTRRTGTTTRTTCARTARRCTG- DISPLACED VIRAL"52IH 2Om I7I\\\\295 SEOUENCES
5 CARRGTRTRT CTGTRTTTCCT,TTRRRRRRA TRTRRTTCTGAARTRRR- FLNKING DNA 3

28481 1 1 1 1 2 j39 SEQUENCES

CRRRGTRTRT,CHCRRRRCRRR CTGTRGGRGCRCTCRCTRGCRRACTGG- DISPLACED VIRAL
V 2828 2801 SEQUENCES

FIG. 5. Alternative representation of the virus-host join in clone 7T-L. In this representation (see the text), a
virus-virus join (J), NTs 2,838 to 2,842, precedes the virus-host join (J) at NT 2,932. Vertical and sloping lines
indicate homologies between Py and 7T-L DNA.
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JOIN

R INTEGRATED VIRAL SEQUENCES

TARCRGRRRRTGTGCCRRRR
51 2242 2252

Thr Glu Asn Val Pro Lys
Py large -T -

FLANKING SEQUENCES

GRRCTTRRRGGGTTGGGRACTCCRTAGGR
3'

Glu Leu Lys Gly Leu Gly Thr Pro +**
Rat-Encoded Amino Acids

FIG. 6. A large T-Ag-related virus-host fusion protein predicted by the DNA sequence across the Py-hostjoin
in clone 7T-R. The Virus-host join in 7T-R interrupts the coding region for the viral large T-Ag. The cellular
sequences remain open in the large T-Ag reading frame for an additional eight amino acids, as shown.

addition, the clones derived from the trans-
formed cells were assayed for their biological
activity.

Expression of integrated viral sequences. Cells
transformed by Py express both the middle and
small T-Ags but not necessarily the full-size Py
large T-Ag (19, 21, 23, 27). Recently it has been
shown that expression of only the middle T-Ag
is sufficient for most of the properties of the Py-
transformed phenotype (35). Both 7axT and
7axB cells contain at least one unaltered Py
coding region for both the small and middle T-
Ags, and both of these cell lines produce these
proteins (23). The cloned fragments 7B-M, 7B-
L, and 7T-L, which each encode both small and
middle T-Ags, transformed rat cells efficiently.
Neither the 7B-R clone, which contains the
complete coding region for small T-Ag, nor a
modified clone with the major viral polyadenyla-
tion signal brought 5' to the small T-Ag coding
region transformed rat cells. That clones 7B-R
and 7T-R did not transform cells indicates that
the host sequences which are adjacent to the
viral inserts in these cells are non-transforming.
7axT cells do not contain sufficient viral se-

quences to encode Py large T-ag. Rather, the
sequence data for 7T-R suggests that a large T-
related protein of 76 kd could be expressed. An
anti-T immunoreactive protein of 75 kd has been
detected in 7axT cells (22). The 100-kd anti-T

4882 4662
PY CCTRCRCRCRRCGRRGRGGTCCCTRCTGTRRRTRGRRRI1111111I\I %" , , ,, ......

7B-L CCTRCRCRCRRCGRRTGRGTGCTRTGRRRTTCTTTGCC
4682 1'! .'

pAU-L TTI
I II I /

immunoreactive protein detected in 7axB cells
also could not support viral DNA replication due
to a mutation in the coding region for the car-
boxy-terminal portion of the protein (Hayday et
al., submitted for publication). The absence of
functional Py large T-Ag in these cell lines
correlates with the stability of the inserts of viral
sequences both upon further passage in vivo and
upon selection for morphological revertants of
transformation (2, 23; A. C. Hayday, unpub-
lished data). The DNA sequence of 7B-R pre-
dicts large and middle T-Ag-related virus-host
fusion proteins. No such proteins are detectable
in 7axB cells (23). If such proteins are produced,
they may be very unstable, non-immunoreac-
tive, or both. Alternatively, their synthesis may
be blocked at the level of transcription or proc-
essing. By using the cloned proviral fragments
as probes, it was shown that one copy of the
flanking host sequences exists unaltered in both
7axB and 7axT cells (Fig. 2). Thus, a haploid
copy of the viral transforming gene(s) is suffi-
cient to induce transformation, and any theory
of transformation by inactivation of host se-
quences after Py insertion becomes less tenable.

Site and specificity of integration. It has previ-
ously been shown by restriction enzyme analy-
sis that Py DNA is integrated in different chro-
mosomal sites in different transformed cell lines
(19, 21-23). The question arises whether there is

4642
T Tl l GCGTi IT. RGH GCGGGRTCiCRG.HIt.H.

111111I
, II III

/,ICFI

ITLGCRnCRTI. TFI.HC.uHHaC1I-111IHl.I 1

111111111liii111111111111111
IRRTTTTCRTGGTRGRCTGRRTCCTTTRTRTRT

AccI

FIG. 7. Analysis of the integration site in pAU-L. The site of recombinant Py and cellular DNA which
generated the left-hand join of the viral insert in 7axB is shown by comparing the DNA sequences of Py, 7B-L,
and pAU-L. The sequence of the viral insert in 7B-L is colinear with the Py sequences until NT 4,682, as shown.
Sequences flanking the viral insert in 7B-L are not homologous with cellular sequences around the site of
integration until 4 bp before the AccI site, at which point homology between the two sequences abruptly begins
and continues over the extent that both sequences were determined (100 bp; only 26 bp of this homology is
shown). The origin of the 37 nucleotides immediately adjacent to the colinear extent of the viral insert in 7B-L is
not known, but some of the sequences may have been derived from small patches of Py and cellular DNAs, as
shown by dotted lines between the sequences.
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TABLE 2. Transforming activities of cloned DNAsa

No. of foci Average no. of
DNA per 0.5 ILg of foci per ng of

pamdDNAper 0.5 of Py-transformingplasmid DNA geneb
7B-L 682 5.6
7B-M 743 7.5
7B-R
7T-L 727 6.9
7T-R
Py-pAT153c 796 8

a The DNAs were applied to Rat-1 cells and stained
for transformed foci 2 weeks later as described in the
text.

b Calculated by assuming that the oncogenic capaci-
ty of each clone lies 1.75 kb from the BcII site on the
Py genome until the end of the middle T-Ag coding
region.

c Py-pAT153 is an EcoRI-cleaved genome of
pAT153 into which EcoRI-linearized Py DNA has
been ligated.

any sequence specificity or structural feature
common to sites of recombination between viral
and host DNA. For example, the integration of
retroviral genomes or bacterial transposable ele-
ments results in duplication of adjacent host
DNA, and transposable elements apparently
have preferred sites of integration (7, 24, 29). In
the cases presented here, the DNA sequences
flanking the integrated Py DNA were different
and shared no apparent common structural fea-
ture. This is a consistent finding for other Py-
host join sequences (27a; Ruley, unpublished
data). Some of the flanking sequences showed
homology to displaced viral sequences (7T-L,
7B-L); others did not (Fig. 4 and 5). Some of the
flanking sequences were A+T rich (e.g., 7T-L,
90% over 20 bp); others were not. Some of the
adjacent displaced viral sequences were purine-

CELL

*** ** *****

rich (e.g., 7B-R, 80% over 10 bp); others were
not. An extensive hairpin loop structure could
be postulated for viral sequences which sur-
rounded and included the site of recombination
of viral and host DNA in 7B-R; for other joins
this was not possible. In short, no. common
sequences or structural features were observed
at the sites of integrated Py sequences studied
here. Similar conclusions were reached in stud-
ies on integrated simian virus 40 (SV40) DNA (5,
32).
Although no common specificity was ob-

served among the different integrated Py se-
quences, a unique sequence arrangement was
observed for each complete provirus. Oligonu-
cleotides found at or around the join at one end
of the viral insert were observed in about the
corresponding position at the other end (Fig. 8).
Symmetrically placed oligonucleotides have
been observed at either end of another Py insert
(27a) and at either end of two out of three SV40
proviruses for which the sequence from both
ends is available (32). Given the short lengths of
sequences involved, the biological significance
of these symmetries is unclear. However, their
occurrence in five out of the six Py and SV40
proviruses for which sequence data from both
ends is available suggests that future virus-host
joins should be examined for their occurrence.

Mechanism of integration. When the flanking
sequences from each cell line were used to probe
untransformed cell DNA, no common fragments
were detected (Fig. 2). Thus, for both 7axB and
7axT, the host sequences which flank the viral
inserts were not adjacent in rat cell DNA. This
indicates that host DNA sequences have been
deleted or rearranged at the site of viral integra-
tion. If sequences have been deleted, the mini-
mum extent of this deletion is 6.5 kb in 7axB cell
DNA and 0.65 kb in 7axT cell DNA. Deletions

VIRUS CELL

***** ** ***

7 RXB TCRTRGCRCTCR TTCGTTGTGTRGGTRCCGC.... GGGARTGGRRTGRTTTCTT GCTGTTRRTTGC
RGTRTCGTGRGT RRGCRRCRCRTCCRTGGCG.... CCCTTRCCTTRCTRRRGRR CGRCRRTTRRCG

4U2 916

* ** *** *** ***

7 HXT RTTRTTTTTTRR RGGRRRTRCRGRTRTACTT.... RRCRGRRRRTGTGCCRRRR GRRCTTRRRGGG
TRRTRRRRRRTT ITCCTTTRTGTCTRTRTGRR.... TTGTCTTTTACRCGGTTTT CTTGRATTTCCC

212 22z26N 2252

FIG. 8. The virus-host joins at either end of the Py sequences in 7axB and 7axT cells, respectively. Asterisks
indicate the symmetrical sequence at the ends of each viral insert (i.e., inwards from flanking to viral sequences).
Numbers are Py nucleotide numbers (30).
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have also been observed around the sites of
recombination between SV40 and rat cell DNAs
(5); SV40 and adenovirus DNAs (40); SV40 and
monkey DNAs in an SV40-defective variant (9);
and different sequences of integrated Py DNA in
Py-transformed cells (Ruley, unpublished data).
Thus, deletions may be a general feature accom-
panying recombination between two largely dis-
similar sequences in eucaryotic cells.
The Py DNA in 7axB cells was flanked by

single-copy rat DNA. An EcoRI fragment of cell
DNA, homologous to the flanking DNA in 7B-L,
was cloned from syngeneic, untransformed rat
cells. This cloned DNA (pAU-L) was compared
to 7B-L. For 1.3 kb from one of the EcoRI sites,
7B-L and pAU-L had identical cleavage patterns
as determined by analysis with more than a
dozen different restriction enzymes (Fig. 3).
Within this region, 7B-L and pAU-L DNA
showed identical sequences for at least 100 bp.
For 37 bp adjacent to the virus-host join, the
sequence of 7B-L differed from that of pAU-L
(Fig. 7). This dissimilarity may be explained in
one of four ways. (i) pAU-L has been cloned
from the allele opposite that to which viral DNA
integrated. If so, the sequence divergence just at
the virus-host join would be remarkably fortu-
itous. (ii) Py DNA transduced a stretch of se-
quence which is too small for its true homolog to
be detected by hybridization. (iii) The sequences
flanking the viral sequences (7B-L) represent a
patchwork of viral and host sequences, possibly
constructed by template switching ofDNA poly-
merase(s) filling a gapped duplex at the site of
integration. Some form of template switching for
bacterial DNA polymerase has previously been
invoked for aberrant replication events (1, 8).
According to this model, parts of the flanking
DNA are viral in origin, and because of this the
flanking DNA shows homology to viral se-
quences. (iv) Recombination at the site of inte-
gration has involved other host sequences as
well as the viral sequences.
As yet, the data are insufficient to distinguish

between these four alternatives. The flanking
DNA in 7B-L did show some homology to viral
sequences, and this homology was greater in the
40 bp around the virus-host join that it was
elsewhere. However, there were regions of
flanking DNA which were not easily shown to
be derived from either viral or cellular se-
quences. Around the sites of other virus-host
joins, the flanking DNA showed even greater
homology to viral DNA than was the case for
7B-L: e.g., Py DNA-rat DNA 7T-L, this study
(Fig. 5); SV40 DNA-rat DNA (32); SV40 DNA-
monkey DNA (9, 16). Only an analysis of unoc-
cupied sites from cases such as these can reveal
whether virus-host patchworks or viral trans-
duction may be involved in integration events.

When there is no detectable homology between
viral and flanking DNA (e.g., 7B-R, this study),
the virus-host join may have been formed by a
direct recombination event, or there may have
been negligible template switching in filling a
gapped duplex to produce a clean transition
from viral to cellular sequences.
From the results presented here it would

appear that Py single-stranded regions may pair
to single-stranded regions of host DNA as a
prerequisite to integration. The virus-host mis-
matched duplex could then be converted to a
homoduplex by the repair systems of the host
cell, which in some cases could result in regions
of patchwork between viral and host sequences.
If the two joins of the viral sequences to the host
sequences took place as separate events, the
joins could be in nonadjacent regions of the host
DNA, causing a rearrangement of host se-
quences. A possible candidate for stimulating
the opening of the host DNA duplex for entry of
the viral strands would be the Py A gene product
(large T-Ag) since, after virus infection, a func-
tional A gene is required for efficient transforma-
tion (10-12). The study of more virus-host joins
and unoccupied-site DNAs should lead to a
greater understanding of the mechanism of Py
integration.
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