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ABSTRACT
TFe DNA sequences at and around the junctions between viral and

cel lu lar DNA in the polyoma virus transformed mouse cell l i ne , TS-A-3T3,
have been determined. No common sequence speci f ic i ty or structural
features at the joins have been observed. The sequence Indicates that the
94K truncated large T antigen found 1n TS-A-3T3 cel ls is a hybrid protein
1n which the carboxy-terminal 19 amino adds are encoded by adjacent host
sequences. Moreover, the three early region transcripts In i t iated in viral
sequences are also hybrid in nature and appear to u t i l i z e a host
polyadenylation signal associated with the hexanucleotide, AATAAA, found
100 bp beyond a viral-host j o i n .

INTRODUCTION

Ce l l t r a n s f o r m a t i o n by polyoma v i r u s (Py) 1s accompanied by

In tegra t ion and expression of v i r a l DNA sequences 1n the genome of the host

c e l l ( 1 ) . V i ra l transformed c e l l s i nva r i ab l y re ta i n and express region of

the Py genome encoding the v i r a l (55K) middle and (22K) small T antigens

(T-ags) , but are often unable to make a func t iona l v i r a l (100K) large T-ag

( 2 - 7 ) . Frequently the I n a b i l i t y to make a funct iona l large T-ag has

resu l ted from recombination wi th c e l l u l a r DNA and the loss of sequences

encoding the carboxy terminal end of the large T-ag. A fu r the r consequence

of recombinant j o i ns of t h i s type Is the loss of the major polyadenylat ion

signal u t i l i z e d by the three v i r a l ear ly region mRNAs ( 8 ) , thus a l lowing

v i r a l t r ansc r i p t s to extend In to the adjacent c e l l u l a r DNA. In some

t rans fo rmed c e l l l i n e s the v i r a l t r a n s c r i p t s may u t i l i z e a minor

polyadenylat ion s i t e , located at 99 map un i ts on the v i r a l genome ( 8 ) .

A l t e r n a t i v e l y , v i r a l t r a n s c r i p t s may u t i l i z e p o l y a d e n y l a t i o n s i g n a l s

located in the adjacent c e l l u l a r DNA ( 8 , 9 ) . Transformed c e l l s of the

l a t t e r type may r e f l e c t Instances 1n which the v i r a l DNA has Inserted In to

c e l l u l a r genes.

In t h i s report we describe experiments f u r t he r character iz ing the
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v i r a l Inserts of the Py transformed mouse ce l l l i n e , TS-A-3T3 (Balb/C 3T3

c e l l s transformed by the Py TS-A mutant ( 3 ) ) . In TS-A-3T3 DMA, v i r a l

sequences are present 1n two Inser ts of 4Kb and O.15Kb, separated by

approximately 600 bp of ce l l u la r DNA ( 3 ) . The 4Kb Insert Includes port ions

of the ear ly region able to code for the middle and small T-ags, however,

sequences encoding the carboxy-terminal region of the Py large T-ag as well

as the major v i r a l polyadenylation s i t e for the v i r a l ear ly region

t ransc r ip ts have been los t as a resu l t of the j o i n between v i r a l and

c e l l u l a r DNA. Poly A-containing cytoplasmic RNAs of the three ear ly region

t ransc r ip ts in TS-A-3T3 c e l l s extend approximately lOObp in to the adjacent

c e l l u l a r DNA ( 8 ) . In t h i s report the DNA sequences at and around three

v i ra l -hos t jo ins have been determined, Including the region of c e l l u l a r DNA

def in ing the 3' extent of the v i r a l t r a n s c r i p t s . The sequence supports the

conclusion that v i r a l t ransc r ip ts u t i l i z e a host polyadenylation signal

found approximately lOObp beyond the v i r a l - hos t j o i n .

MATERIALS AND METHOOS

DNA sequence analysis

Cloning of the 7.5Kb fragment containing two blocks of v i r a l DNA in to

xgtWESxB has been previously described ( 3 ) . This 7.5Kb fragment and the

1.4 and 6.1Kb fragments generated from 1t by BamHI cleavage were subcloned

In to the plasmid pAT153 fo r sequencing studies. Rest r ic t ion endonuclease

cleavage s i tes were 5'-end label led fo l lowing treatment with ca l f In tes t ine

a lka l ine phosphate (BoehHnger Mannheim) and T4 polynucleotide kinase (P-L

B1ochem1cals) ( 1 0 ) . Fo l low ing secondary enzyme c leavage, l a b e l l e d

fragments were pu r i f i ed from polyacrylamide gels and sequenced by the

chemical degradation method of Maxam and Gi lber t (11) . The sequence was

confirmed e i ther by sequencing the opposite strand or 1n rep l i ca

experiments. The sequences were analysed for homologies to the Py genome

and for repeats, symmetries, dyad symmetries and biased base compositions

by the SEQ computer program (12).

Analysis of T-antigen species

The conditions of cell labe l l ing , extraction and 1mnunoprec1pitat1on

of TS-A virus Infected 3T3 cells have been previously described (13). The

transformed TS-A-3T3 cel ls were grown to semiconfluence in a 5cm dish, and

label led fo r 3hr at 37°C wi th 35S-meth1on1ne 300yC1/d1sh (800-1000

C1/mMole; Radiochemical Centre, Amersham) 1n Dulbecco's modified Eagle's

medium without methionine. After labe l l ing , the cel ls were detached with
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versene, and washed twice with ice-cold Tr1s-Sal1ne. Subsequent extraction

and 1nmunoprecipitat1on of TS-A-3T3 cells were identical to that of

l y t i c a l l y infected ce l l s .

RESULTS

Structure of v iral inserts in TS-A-3T3

The arrangement of Py sequences in TS-A-3T3 c e l l u l a r DNA as

characterized by nucleic a d d hyb r id i za t i on , molecular c lon ing ,

heteroduplex analysis and by DNA sequence analysis 1s shown in Figure 1.

We have previously reported the cloning of the rightward 7.5 Kb EcoRI

fragment in xgtWESxB after size fractionation of £coRI cleaved TS-A-3T3 DNA

(3). This fragment was shown to contain two blocks of v iral DNA separated

by approximately 600 bp of cel lu lar DNA. This 7.5Kb fragment and the two

fragments generated from 1t by cleavage with BamHI were further cloned into

the plasmid pAT153 for DNA sequencing studies. A portion of the map 1n

EcoRI BglD BamHI EcoRI BamHI EcoRI

BamHI PvuB Hindi! Xbal
J2 f J3

1
2644

APolyA
3833 3974

<KX)BP

Figure 1 Structure of polyoma virus insert 1n TS-A-3T3 and strategy for
DNA sequencing studies. The arrangement of polyoma virus sequences 1n
TS-A-3T3 cel ls was characterized by nucleic add hybridisation, molecular
cloning and heteroduplex studies (3) and by DNA sequence analysis (see
F1gs. 2,4). In the upper portion of the f igure, v i ra l sequences (shown in
wtiite) are drawn 1n relat ion to the eight Hpall cleavage sites 1n the Py
genome, and the map coordinates of the viral sequences present 1n TS-A-3T3
are Indicated (14). Host sequences are shown 1n black and the region on
the le f t in which the viral sequences joins the host (precise jo in not yet
known) 1s cross-hatched. A portion of the map 1s drawn below in expanded
scale to Indicate the strategy for DNA sequencing. Res t r i c t ion
endonuclease cleavage sites were 5'-end labelled, and the arrows Indicate
the direction and extent of the sequences determined from each s i te . The
sequence was confirmed either by sequencing the opposite strand or 1n
replica experiments. The three sequenced viral-host joins are indicated
( J l , J2 and J3), and the number below each jo in refers to the last
nucleotide colinear with the sequence of the viral insert , based on the
numbering system of Soeda e t a l . (15).
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Figure 1 1s drawn 1n expanded scale to ind icate the strategy for

Maxam-Gilbert DNA sequencing studies.

Analysis of viral-host junctions in TS-A-3T3

The sequence through the three viral and cel lu lar junctions J l , J2

and J3 was determined (Fig. 1). The sequence data confirm the structure of

the viral Insert 1n TS-A-3T3 as previously determined and are shown 1n

Figure 2 (3). Viral early region sequences are joined to host cel l DNA at

nucleotide 2644 ( J l ) , and the small Insert from late region 1s composed of

continuous v i r a l sequences extending from nucleotide 3833 (J2) to

nucieotide 3974 (J3). The sequences were analysed by the SEQ computer

programme (12) for horologies to either strand of the Py genome and for

structural features such as Dyad symmetries, inverted or direct repeats and

for unusual or biased base compositions. The Py sequences at the sites of

joining to cel lu lar DNA were similarly analysed. At each of the three

junctions, no conrnon sequence specif ic i ty or structural feature 1n either

the viral or cel lular sequence 1s observed.

Final ly , a comparison of the flanking cel lu lar and displaced viral

DNA sequences ( I . e . v i ra l DNA sequences adjacent to the viral inserts which

have been replaced by cel lular DNA) reveals that the transi t ion from vira l

to cel lular sequence is abrupt, while beyond the jo in there are small

patches of homology between the flanking cel lu lar and displaced vi ra l DNAs

(Fig. 2) . The significance of these homologies was tested both by

INTEGRATED

VIRAL DNA j , FLANKING CELLULAR DNA

RTTTCRCCTGlGCTTTCCTTCCCRGRCRGTCCttCCTGCRRRAtGtRtttRRCRT
* " ^ CRRRCCCtRTCTGGCCCRRTtttTTGRRRRGtGtGRRtttTTGC-'WSPLACED'

m^^J ««aJ V1HAL UNA

J2

GRGGGflTTRR|flTGCCtCRGCTTGRGTGCTGGGRttTGRGGTGTGRGGGRCGRRG
JMJ 3S33 TTTGGCTRCRtcRGRTRCGTGGRttCCCCGRRRTRRTRCTTCCC

Mii mi
J3

RCCTCCRTRClTCTGGCTCRTGttttRGGRCTCTCGRCTRTCRGTTtCttCTRTG
" * " 3"?i CCCtttTRRTRRGCRGTTTGGGRRCGGGTGCGGGtcttGGRCRG

tati «ovl

Figure 2 DNA sequence through three viral-host joins in TS-A-3T3 ce l ls .
The sequences of the three junctions ( J l , J2, J3) between vira l and
cel lular DNA Indicated 1n Figure 1 are shown. The sequence flanking the
viral Insert (flanking cel lular DNA) 1s drawn above the displaced vi ra l DNA
( I . e . v i r a l sequences which are no longer present as a resul t of
recombination between vira l and cel lular DNA). The over-scored nucleotides
Indicate homologous patches of three or more nucleotides found between the
flanking cel lu lar and displaced viral DNAs.
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comparing randomly chosen sequences and by the probability algorithm

employed by the SEQ program (12,16). None of the homologies shown in

Figure 2 1s s ta t i s t i ca l l y s igni f icant . Thus even the more extensive

homology found between the flanking cel lular and displaced vi ra l DNAs

beyond Jl would be expected to occur by chance at least once 1f ten pairs

of random sequence forty nucleotides long were compared (E>.1).

A hybrid truncated large T-Antigen is synthesised as a result of the jo in

between vira l and cel lu lar DNAs

Immunoprec1p1tat1on of label led proteins from TS-A-3T3 wi th

anti-tumour sera reveals a 94K-react1ng species 1n addition to the v i ra l

middle and small T-ags (F1g. 3) . As TS-A-3T3 cel ls do not produce the Py

T N T N

n Large T Ag

Middle T Ag

Small T Ag

TS-A-3T3 TS-A
Cells Lytic

Figure 3 T-Ant1gens 1n TS-A-3T3 ce l l s . Cell extracts labelled with 35S
metMonine from TS-A virus Infected mouse 3T6 cells or TS-A-3T3 cel ls
Incubated either with normal serum (N) or antitumour serum (T) were
precipitated with S.aureus and fractionated on 1W SDS-polyacryl amide gels.
The truncated TS-A-3T3 94K large T-Ag and the Py 100K large, 55K middle and
22K small T-Ags are indicated.
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100K large T-ag, 1t seemed l ike ly that the 94K protein represents a

truncated large T-ag species resulting from the join with cel lu lar DNA.

Analysis of the sequence beyond the join with the Py early region (J l )

Indicates that the coding sequence for the carboxy terminal 85 amino acids

of large T has been deleted and the reading frame for the large T protein

remains open for an additional 56 nucleotides before an Inframe termination

codon (TGA) 1s encountered (F1g. 4 ) . Thus the DNA sequence predicts that

the 94 T-ag species found 1n TS-A-3T3 is both a truncated large T-ag and a

hybrid protein, containing 695 and 19 amino acids derived from viral and

host sequences, respectively.

The 3' extent of v i ra l transcripts in TS-A-3T3 is located near the ce l lu lar

sequence, AATAAA

In a previous study 1t was shown that when cytoplasmic polyadenylated

mRNAs were hybridised to the cloned 7.5Kb EcoRI fragment from TS-A-3T3,

approximately 100 nucleotides of DNA beyond the viral-host junction ( J l )

were protected from SI nuclease digestion ( 8 ) . The extent of the protected

DNA could map either the 3' end of an exon, signifying a splice further

Into host sequences, or I t could map a host polyadenylation signal. We

were therefore Interested 1n the sequence of this region to determine

whether we could distinguish between these two possib i l i t ies . Examination

of the host DNA sequence 1n this region (F ig . 4) does not reveal a sequence

related to the splice donor consensus, ÂGGT̂ AGT (17) . However, the

sequence, AATAAA, which 1s a characteristic feature of most eucaryotic

polyadenylation signals (18) 1s located lOObp beyond the virus-host j o i n .

Further, the sequence, TTTTCATCAG, located 24 nucleotides beyond the AATAAA

resentoles sequences noted by Benoist et a l . (19) 1n the region of the

polyadenylation sites of a nunber of mRNAs. Taken together with the SI

protection experiments ( 8 ) , the sequence data support the conclusion that

the three viral early region transcripts are being polyadenylated by

signals 1n the adjacent cel lular DNA.

DISCUSSION

The sequences at and around the joins of the viral Inserts 1n TS-A-

3T3 cel lu lar DNA have been determined 1n order to correlate structure and

expression of v ira l sequences 1n Py transformed ce l l s . This analysis has

revealed that the 94K T-ag species found 1n TS-A-3T3 cells 1s a hybrid

truncated large T-ag, containing 19 amino adds which are encoded by

cel lu lar sequences. Moreover, the three early region mRNAs are also hybrid
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_ VRL TRP fUfl BRS PHE HIS KET VM. LEU RSP PHE THR CYS LY9 PRO HIS LEU PtM SLN SER
PY 2607 2644

GTRTGGGCCCGGTTTCRCRTGGTGTTGGRTTTCRCCTGCRRRCCCCRTCTGGCCCRRTCT

VIRUS, CELL
GTRTGGGCCCGGTTTCRCRTGGTGTTGGRTTTCRCCTGECTTTCCTTCCCRGRCRGTCCT

VRL TRP «J) RRG PHE HIS KET VflL LEU H8P PHE THR TRP LEU 9CR PHE PRO RSP 9ER PRO

LEU SLU LY9 CYS QJJ PHE LEU O-N ffitS SLU RRC ILE ILE CLN SER CLY RSP THR LEU HLfl
PY 2667 2704

CTTGRRRflGTGTGFtflTTTTTGCRRRGGGRflRGflRTTRTTCRGRGTGGRGRTRCCCTTGCC

CCCTGCRRRRTGTRTTTRRCRTCRGGCCCRCCCTGRGRRGTGGGGTRCRGTTTTRCTTRT

TS-A-3T3
PRO CYS LYS MET TYR LEU THR BER CLY PRO PRO ••»

_ LEU LEU LEU ILE O-U TYR SER •»•
P Y 2727 2889

CTRTTRCTCRTR GRRTRTRGCTGRRTRCRCRGTTTRTTGRRTRRRCRTTRRTTT

1 S - A - 3 T 3 CCRCTTTCCGTCRTGRCRRTRRRTGCCTTRRRRCTGTGRRCTGCCTCTTTTCRTCRGGRT

Figure 4 Sequence of adjacent cell DNA transcribed 1n TS-A-3T3 cells.
Viral early region transcripts extend approximately 100 nucleotides past
the viral-host join, Jl (see F1g. 1) , and the sequence of this region 1s
shown (TS-A-3T3). Py Indicates the sequence of the Py TS-A mutant (M.
Jones, personal communication) which was the transforming virus used to
generate the TS-A-3T3 cell line (3). The translation products 1n the large
T-ant1gen reading frame are shown below the TS-A-3T3 and above the Py DNA
sequences. A comparison of these two sequences shows that the viral-host
join 1s located at nucleotide 2644 1n the Py genome, Interrupting the
coding region for the viral large T-ant1gen. The cellular sequences remain
open 1n the large T-Ag reading frame for an additional 19 anrino adds as
shown. The underlined TS-A-3T3 sequence, AATAAA, 1s located 100
nucleotides beyond the virus host junction.

1n nature and appear to utilise a host polyadenylation signal associated

with the hexanucleotide, AATAAA, located lOObp beyond a viral-host join.

In TS-A-3T3 DNA, viral sequences are present 1n two Inserts of 4Kb and

0.15Kb separated by approximately 600bp of cellular DNA. The present

analysis of the viral Inserts does not make 1t clear how this arrangement

was generated. For example, Independent Integrations of two pieces of

viral DNA may have occurred at the same site 1n the host genome.

Alternatively, a piece of host DNA, either before or after Integration, may

have recombined with a continuous stretch of viral sequence. The sequence

through the viral-cell junctions reported 1n this study give no Indication

that a sequence-specific mechanism lies behind their formation. The

sequences lack direct repeats characteristics of transposition elements

(20) and lack structural features such as symmetries, specific sequences or
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base compositions which might fac i l i t a te recombination.

The sequences determined at the three v i ra l host junctures show an

abrupt t ransi t ion from v i ra l to host sequences. As noted 1n F1g. 2, there

are small patches of homology between displaced viral sequences and the

flanking cel lu lar DNA. These patches of homology raise questions as to

whether the sequences are v i rus-der ived as a resu l t of patchwork

recombination between v i ra l and cel lular DMAs, or whether the sequences

played a role 1n recombination by providing stretches for homologous

pairing. An answer to the f i r s t question requires cloning and sequencing

the site 1n untransformed 3T3 cel lular DNA Into which the viral DNA has

Inserted. While 1t 1s not possible to answer the second question d i rec t ly ,

1t 1s noteworthy that none of the homologies shown in F1g. 2 is

s ta t is t i ca l l y signif icant ( I . e . similar homologies are found i f randomly

chosen sequences are compared). Consequently, i f recombination depended on

such small homologies, th is would not greatly l im i t recombination between

sequences, and there would be a large number of sites in the host DNA Into

which v i ra l DNA could become Integrated. The sequences through the v i r a l -

host junctions are Indicative of a non-specific or i l legi t imate mechanism

of recombination. Similar results have been observed for the joins between

Py and host sequences 1n other Py transformed cell lines (H.E. Ruley,

unpublished results; Hayday et_al_., manuscript 1n press) and also for

viral-host junctions 1n SV40 transformed cell lines (21,22).

Infection of mouse cells with Py virus generally results 1n cel l

death since mouse cel ls are permissive for Py replication (1) . As a

resul t , Isolation of Py transformed mouse cel l l ines Imposes a strong

selection against viral repl icat ion. Frequently, th is 1s accomplished by

the loss of sequences specific for the v i ra l replication protein, large

T-ag, as a result of recombination with host DNA. Such 1s the case for

TS-A-3T3 where sequences specific for the viral large T-ag are Interrupted

by recombination with cel lular DNA. Analysis of the T-ags of TS-A-3T3

indicates that a 94K truncated T-ag species 1s made 1n addition to the

viral 55K-m1ddle and 22K-small T-ags. Truncated T-ant1gen species are

frequently seen 1n Py transformed cel ls (2,3,7,23,24), and often arise when

sequences coding for v i ra l T-ags are Interrupted by host DNA. The sequence

beyond the jo in (J l ) Indicates that this is the case of TS-A-3T3 (Fig. 4) .

The Join with host DNA at nucleotide 2644 results 1n the deletion of 85

amino acids from the carboxy-end of the large T-ag to which are added 19

additional amino acids coded for by the adjacent cell DNA.
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A further consequence of the join (Jl) with cellular DMA 1s that
sequences containing the major polyadenylation site for the three early
region mRNAs has been lost. Transcription studies of Py transformed cell
lines have shown there are two potential classes of early region
transcripts 1n cells where the major polyadenylation signal at 26 map units
(mu) has been deleted. In the first class, nuclear transcripts extending
thousands of nucleotides Into adjacent host sequences have been detected
(7,8), but cellular sequences are not represented in cytoplasmic mRNA,
presumably due to the lack of 31 processing signals. Instead, cytoplasmic
viral transcripts terminate at an alternative polyadenylation signal at 99
mu on the viral genome. This signal 1s less efficient than the signal
located at 26 mu since only 5-10% of the early region transcripts are
polyadenylated at this position during lytic Infection, but 1t may become
the predominate signal 1n the absence of a stronger distal signal. The
second class of cytoplasmic transcripts are hybrid in nature arising when
the viral transcripts utilise polyadenylation signals located 1n the
adjacent cell DNA. The majority of the transcripts 1n TS-A-3T3 belong to
this second category, terminating approximately 100 nucleotides beyond the
viral-host junction. The DNA sequence through this region has features
characteristic of other sequenced polyadenylation signals (18,19), strongly
suggesting that the early region transcripts are using a host
polyadenylation signal.

Transcripts of the second class are probably found in most cell lines
producing truncated T-ag species which lack the 26 mu polyadenylation
signal. This has been the case 1n all cell lines 1n which both
transcription and translation products have been studied (8,9, Ruley .et
al., unpublished results). In no cell line studied has a truncated large
T-ant1gen been detected corresponding to the translation product of a
message terminating at 99 mu. Since many Py transformed cell lines which
lack viral sequences containing the 26 mu polyadenylation signal produce
truncated T-ag species, 1t appears that viral sequences frequently
Integrate In proximity to sequences capable of serving as polyadenylating
signals. In the case of TS-A-3T3, 1t is not known whether the
polyadenylation signal is actually part of a cellular gene. It 1s possible
that sequences capable of serving as polyadenylation signals exist 1n the
cellular genome In regions which are not transcribed.
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