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A B S T R A' C T 

'Pierre Moreau 

THE ARRANGEMENT 

. OF INTEGRA~ED POLYOMA SEQUEN~ES 
IN TRANSFORMED CELLS 

, 

Microbiology 
and 

Immunology. 

The frequency of transformation of rat cells 

obtained with recombinant plasmid DNAswhich contained an 

intact early region of the polyom~ genorne (Barn clones) was 

not significantly different from those which carry an 

interrupted early re~ion (Eco RI clones) or Jrcn part of 

. the early region (~ III-i fragment transforrnan't). The 
• ... r .. 

, ' 

vi raI DNA wi thin several Barn and Eco R(' cl'Ones as weIl as 

fragment transformants was exami~ed by Southern blotting. 

These cell lihàs·' c~ntai~' in~.eg'~ated viral sequences which 

sometimes are t~ndemlY arranged. We a150 found that the 

" 

l 

1 
1 

1 
1 • 

1 
, \ -

presen~e of lar~e T~ntigen i~ tr.nsford!ed cells ddos not ----"_~ ~ 
51gnlflcantl'y, al~er t~equency at which ta,nde'm inte- . 

1 

gration occurs. ) Furthermore, Rat-l cells in cul~ure were 

trartsformed with cellular DNA isolated from .one Hind 111-1 

fragment tr~nsforrnann.' These studies showed that the onco

genic potential of -the vir,al DNA is maintained after inte

gration. The5e findings.dernonstrate that only part of t~e 
, - - ) . 

polyoma early region is requi red to, ini tia'te and maintain 
:j ~ , , 

transformation. 
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RESUME 

Pierre 'Moreau 

L'ARRANGEMENT 
DU DNA DU POLYOME' INTEGRE, , " 

,DANS DES CELLULES"JfRANSFORMÈES 
, . 

',' . 

, . 

1. 

: , 
" . 

, Mi~robiologie 
. et 

Immunologie 

Nous avons pu d{herminer que la fr.équence· de trpns-
, ,) '" j 

formation de ce1lulestde ra\ obtenue ave~,le D~A de plasmides 
, 

recombinants conteJ}ant une ~'région précoce intaçte (clone 

Bam) n'était p~s, de manière significative, différente de ~ (.. , 

celle obtenue avec les plasmides cfrntenant une région pré-
\ . -:- . 
coce interrompue (clone R) ou même seulement une,partie de~: 

. ~ 

la région,précoce (fragment Hind 111-1). P~r ailleurs, nous 

avons -examlne l'état phys ique des génomes ,in,tégrés' d~ns les 

dive~sei lignes tra~sformée~ .. Ces lignées contiennent toutes 

des SéqUe~: Yira)es intégrées ~ui sont, qUelqUe,f~.s ,préSentes 

sous forme d' tandem tête-bêèhe. ~l fut aussi démoh~ré °que 
-

la présen'ce dé "large T antigen" dans des ce,l,lules trans,formées 

n'affecte pas la fréquence Be l'jntégration en tandem. De' 

surcroît, des cellules de rat furent aussi -transformées par 
, l~' ~ • • • 

du DNA ce'l1ulalre lsolé de cellules transformées 'par le 

fragment Hind ,III-l' indiquant bie~ 4ue le gênome, viral conserve 

son potentiel oncogén~qu~, même lorsqu'il e~t intégré. Ces· 

études démontrent donc que seulement une partie de la région 

préc~ce du virus du polyome est nécessaire à ltétab1issement 
~ , . 

et aU'maintien de la transformation cellulaire. 
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C LAI M OF CON TRI BUT ION S 

TO 

K N 0 W LED G E 

1. Only part of the polyoma early region, the 5' proximal 

~alf 20--100 map units) is required to initiate and 

maintaln transformation of 'Rat-l cells. 

2. The frequency of transformation of rat cells obtained 
~ 

wi th recombinant plasmid DNAs capable of encoding large "' 

T antigen and those incapable of doing so are 

approximately the same. 

3. Tandem integration of recombinant pl asmid DNA containing 

the polyoma vi raI genome dères not al ways 0 ccur in trans-

forme d rat ce Il s . 

4. The presen~e of large T antigen .in transformed rat cel1s 

does not significantly al ter the frequency at which 

tandem integra tion otcurs. 

S. There are no specifie sites in the cellular genome of 

r~t ce1ls at which integration of recombinant plasmid 
• 

DNA containing the' polyoma genorne preferentially occurs 

and there are no specifie sequences on the ~combinant 
pl,,!-smid pNA ~t which attaehment of the hast chromosome 

takes pl ace. 
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6. The "oncogenic potential of ,the. proximal part of the, 

early region (70-1-00 map units) of the po1yoma 

genome .... is maintained after integration into hast 

ce lluI ar DNA. 
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INTRODUCTION 

In 1951,' Ludwig Gross working wi th murine leukemia . 
'virus noticed that newborn mice, previously injected with a 

ce Il free leukemic mouse extract, developed small bilateral 

tumors of the neek (1). By 1953, Gross had firmly established 

that these tumors were,not caused by a leukemia virus but by a 

second, contaminating, oncogenic virus present in the extract 

(4) . 

Later, when large amounts of purified virions became 

available, it was' quiekly discovered that this not 

only cause tumors of the parotid, as noticed 

could also cause tumors of the submaxiI1ary, sub guaI, epi-

thelial and thymie glands; adrena1 medullary and mammary 

tumors and lesions of the convoluted tubul~s of the kidney 

cortex. (For a review, see 3). Hence, because the virus 

discovered by Gross was capable of induc·ing sueh a ,wide variety 

of tumors, it was named ~ orna - polyoma vir,us. 

Since then, polyoma virus has stimulated the interest 

of scientists mainly because of it5 small genome and its 

capacity to transforrn cells ~n vitro thus providing an 

excellent mode! for studring the complex process of cellular 

trans formation. • 
, J 

Although the transforming region of the polyoma 

viral genome had not been precisely defined when this study 
". 

began, there was nevertheless a substantial amount of data 
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---known on the vi rus. Since then, the advent of new powerful 

-

methods in md'1ecular biology have greatly contributed to our 

present understandirig ot' this small oncogenic virus. 

It is weIl established that the ,~iyoma virus 

particle is composed of proteins and DNA only and that there 

are no detectabl.e I:i"pids or carbohydra~es prest!nt. Only three 
, 

. viral coded proteins make up the capsid of the virus (4); 

VPI which has a molecular weight of 47,000 daltons, VP2 -

35,000 da~tons and VP3 - 27,000 daltons ,(5). These are 

aS5embled to form 72 capsomeres, organized in an icosahedral 

symmetry. 

~ The polyoma virus capsid envelops a double stranded 

closed circular molecule of DNA which i5 associated with 

cellular histones (6). Ho~ever, when the viral DNA is freed 

of histones, most of the molect1les are found to have a super~ 

helical confi gurat ion (form 1). This "supercoi l ing" 1s though t 
r 1< 

to occur by the completion of the last phosphodiester bond 

while the DNA ~ecu~e is already distorted by its association 

with histonep (7). Therefore, when the histones are removed 

from the DNA, the strain on the molecule is partially released 

by superhelical coiling. This ~ame superhelical configuration 

i5 lost upon cleavage of a phosphodiester bond simply because 

free rotation about the phosphodiester bo~d opposite the nick 

i5 then possible (8). The molecule then becomes circular 
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J' 
~ 

(fo·rm II). The 'DNA mo1ecule can q.lso be linearized (Form III) 

by cleaving both stands of the DNA at the same site. These 

thr~e DNA components have differ~nt electrophoretic ~obilities 

and can readi1y be separated by gel ele,ctTophoresis. The 

three forms of viral DNA remain infectious although 1inearized, 

molecules have on,~Y 1/10 of the infectivity of form; l and II 

DNA (9, 10). 

A physical map of the circular viral genome was 

constructed sorne years ago by cleaving polyoma DNA with 

different restriction enz~mes. The map shown in Figure 1 i5 

subdivided into 100 units and is oriented according to the 

position of the single cut produced by Eco RI which is defined 

as ÎIlap unit "0" (for a review, see Il). Furthermore, the 

nucleotide sequence of the entire viral genome has been.' 

recently determined (12). 
.. J 

THE LYTIC CYCLE OF POLYOMA VIRUS 

. , 
Infection o~mouse cells (permissive ce11s) with 

polyoma virus results in ce1I death and the~release of new virus 

partic1es. The infectious cicle is init~ated by the reversible 

attachment of the viral particles to the virus receptor sites 
Q 

on tfe', cell u1ar _.,:;~yrface/. Prior to 'infection, at tachment can be 

prevented by treati~g the cells with neuraminidase. Because of 

'this, the cellular' receptor si tes are thought to he composed ,of 

neuraminic acid (13). After adsorption, the viral particies 

invade the ce1l hy penetrating the ~ytoplasm, through whiéh 
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" Figure 1. Postulated 1andmarks on, po yoma virus 
(A2 strain) , . 

From Griffin, B.E., Soeda, 'E., barre l, B.G. 
-R. (1980). Sequence and analys~s of olyorna 
Molecular biology of tumor virupes, p rt Z. 
Harbor Laboratory. J. Tooz~, ea. \ ' 
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1 

\ , 

" 

and Staden, 
virus DNA. 
Cold Spring / 
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POSTUlATED 1 ANDMARKS ON POLYO~A VIRUS (A2 STRAI~ 

EcoRI 
(1559) 

5292 bp 

1 

a. Bodies of middle and large T - antigens encoded within ? different 
- frames. . 

b VP2/V P3 and ,VP1 encode? within 2 different frames: 

c. Alternative splice for middfe T-antigen 765-795 
-'" 
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they are transported by pinocytoti~ vesicles (14) to finally 

enter the,nucleus, probably through nucle~r pores (15). Once ., 
, in' the nucleus,. the particles can be detected for two hours 

before they start disappearing, most likely because of un-
-' 

coatin'g. \~ubsequen t events th en oeeur in two dis t inct phases. 

" The Early phase , ' 

" 

The first noticeable change that occurs after the un-

" 'co3;,ting of the virus and beforEOl, the onset nf viral DNA repli-

c~{,~o~ is the appeaf~~e' o~ 'specifie vir~l mRNAs. These are ml_,~ 
transcribed from just a fraction.of the viral genome (16, 17, . ' 

18) ~ the " early region", whiéh extends from 72 to 26 map uni ts 

c1ockw'~se on the ·phys ical map (Fi gure ,1) . Because the vi raI 

early m~N~s represent on1y 0.01 to 0.001% of the total cellular 

RNA (l,-thei r study has always been very diffiçul t. However '. 

Kamen and ,bis co-workers have recentoly adapted the SI nuclea~e 

gel electrophoresis technique of Berk & Sharp (20) to map the 

, early rnRNAs ~resent in lytically infect~d cells (21). Briefly, 
.1 they hybridized unlabelled RNA containing viral sequences, to . ~ . 

denatured restriction fragments of polyoma viral DNA, under 
• iii \, 

conditions where DNA-RNA hybrids were favored and DNA-DNA r ' 
hybrids, excluded (22). The region of the restriction fragments 

which had not hybridized with the mRNAs were then 1eft single 

stranded and wer~ theref~'f;e susceptible 

s)bgle strand'specific nuclease 51. 
J 

to digestion by the 
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The Sl-resistant DNA-RNA hybrids were separated by 

alkaline agaro'se gel electrophoresi,s (23), transferred to a .j 

ni trocel1ulose fil ter (2,4) and then .. annealed to 32P-labelled 

vi raI DNA probes. 
• / J 

By identi fying the' res,triction .fragments 
l ' 

present, it beèarne possible ta es~~blish a map of the viral 

,seq,uences found in the rnRNAs. Using res~l ts generated by a 
:.. 

tW9- di~en(s ional -vaTi ation of the- technique, where' the 81-

resistant hybrids 'were first separated by electrophoresis in 

a neut raI buffer, then denatured in vitro' and subj.ected to a 
\ 

second electrophoresis (perpendicular to the first one) iin an 
,~ 

al~aline buff;r, Kamen e.t al. (25) also determine~ the 

diffe,rent spliced structures of, the earfr mRNAs, Their 

results have been recently reported (25). 

The three maj or early viral mRNAs were found to 4=lave 

a cornmon 5' end located at about 73~3 m~p ul;lits (25) very 'closé 

to the putative initiation codon thought to pe used for the 

translation of the early prot~ins (26). The three ,mRNAs were 

also found to be spliced. One rnRNA is missi]lg about 390 

nucleot.ides between 78.3 and 85,6 rnap uni ts, the .second ',one 

about 50 nucleotides· between 84,9 and .,85.6 map, uni ts and :the 

third one" abbut 65 nucleotides between 84.6. and 85.8 map units 
r 
\ 

(25) . Kamen et al. (25) have also shawn that al thaugh the 
--d> 

three rnRNAs· differ in the length of thei r coding regions, thei r 
61' 

3' ends mai> ~t 25.8 ma,p units just after the AATAAA 'sequence 

reported by Soedà et al. (26). This sequenc~ is thought to be .. 
the 'signal' for polyadenylation (27). 
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7. 

Kamen 
. , 

"'''Besides the three major 

and his group have also detected in lytically infect~d cells, 

the presence of additional mRNAs. The hybrids formed between 

these mRNAs and restriction DNA fragments have an ~dditio~al -
, 

SI nuclease- sens i ti ve site located at 93.2 map un:Ùs .(Z5_) .. , 
, 1 

Tt is not yet known whether this new nuclease sensitive site 

indicates the presence of a" second splice or an unknown RNA 

modification whlch would weake>n the hybrid strUGture. 

Lyt,icallY infeled ceHs also h~rbor a second 'minor POP~lation 
of mRNAs which are identical to the major mRNA species, except 

, 

that they terminate in the Middle bf the early region, or at 

. " 

abput 99 map units (25). The poly CA) tails of these mRNAs are 

thought to be added from a secondary polyadenylation site 

loca;ted near 98.7 map uni ts . on the vi raI ~DNA (26). The fimction' 

of these minor s(pecies during lytic infection, is still unknown 
. \ 

but Kamen et al. (25) have shown that they constitute the 
t' 

majori ty of "viral rnRNAs in certain cell lines transforrned by 

J: polyoma vi-rus. 

Viral specifie proteins are aise synthesized during 

the early phase. Because these proteins can be precipitated 

'by ~era from animaIs carrying tumors induce~ by polyoma virus, 

and not' by sera from normal syng~neiC' ani.rn~ls, thêy are ,called 

tumor antigens or T-antigens. It is now weIl established tha~P 
/ 

thére are three major tumor antigens encoded by polyoma virus, 

the' MOst abundan't one being'large l T antigen (M.W. of 100,000' 

daltons). The other two.are respectively rniddle T antigen 

1 - . 
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(M:W. 55,00.0 da! tops) founcl to be assot:iated "(i th plas.ma· . 
1 ~ / ... 

membranes and o!?m'al.! l' antigen (M.W. 22 ~ooo dal't'ons), found 

\ predomina~tl:~ in~' crt~Pl'asm '(28--33)~ i:h~' '~xaTl!inati<in ", 
~ \ r, 

oi.~ pa\tial, peptide' maps of'-thes~ proteins . hOas r.evealed ~~at· . 
/1 ~ _" ct. • ' ~ .J ~ .., Q '" :61' 

aIl thr.~e proteins share common. .pep'tid.e~ .• -that )n!dd~e.):rndli. 
, ) ';r \ U{'" v" ...... ~ t~ ~ fI.> 

~ , l·J,.t • .: <> 1'\ '1" .. po. t'" 'd' 

small T antl'gens have peptides in co"mmon' thàtare :tIot ',presèrlt' , 
1 .. .. .. ~. 

in large T' ant igEHi, a~d that each prot~in aiso c~nfains unique 
.. • c.' 

pèptides (31, 33). 
4 , • 

These observations were corroborated by 

re~ently published DNA sequencing data (26, 12). Only one 

reading frame is open for translation betweèn map uni.ts 74 . -
and 86. Be'tween '86 and' 26 ma,p uni ts .{ clockwise), there is a 

"; long, uninterrupted reading frame ~hat enco~ntèrs its first 
. , 

termination codon ~t 25~6 ,ma~ ~nits/. This samê p~rtion of 

the ear~y -region . contains :nother, op,en' :-eading . fr~~e ~oc\ate~ '7 

betw,een 86 and 98.5 map unlts.' ~. fo . 
'If the i~ter-!êlationshl'p among the early protein!? 

l ,. t> r" 

.. 

ïs weIl established, theï; functtôns in- the lyti~ cycle, on the' 
1 _ .-

Il 

o"ther -hand, are not yet co~pletely u-nderstood .. Nevertheless, ( 

large T antïgen is ~nto autoregulate its own synthesis by . ~ , 
\ ~ j ~ 

b ~.ocking~ transcription of early rnRNAs (3"4). This obser-

vation ste~s, from the study of 7emp~rature-sensi ti ve polyoma

virus mutants -(t?A mut-ànts) discov:~.red by Fried in 1965 (35). 
/ 

This temperature-~ensitive mutation wa~ subseq~ently localiz~d 

between l-and 25 map units in the éarly re~ion ,of the vir~l ~ 

genome (36) and therefore does not a~~ect the coding region of 

Middle and small T antigens. When mouse cells are infected 

. \' 
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, , 
s,ynthesize a' thermolabile form of large T antlgen (31) .. These 

CEflls then àccumulate 20 times more early vi raI rnRNA 1:han cells 

lÏ:n~~cted. with ~ild type vi 'rus at the same temperatu.re (34). 
" , 

. " f;{qw.eY~T1when 'th~ same cells are co-infected wÎ1:h· a temperature -f"' 

/ 

< • , 

sensitive ~1.!tant and the wild, type virus, theré is 

'ié!tion of:,~e ~arlY mRNAs illdicatillg that :'no-:.;o--~ __ 
, . 

their 
__ .. ' 

'T,antigen 

synthesis farm of large T antigen (encoded 

by the tsA mutants)' was in<;:apable of d~ing sa (34). 

-The, host-range, transf,ormation-defective "'(hr-t) mutants 
.,. '@r 

" (38),' a~athet group of po~yomp. early mut ,flnts which complem~nt 

the tsA mutants, have also bee'n very useful in determining the 
., , ., ~ 

role played by :the early proteins. The genqmes of these mutants 
" "', 

have deleted sequences betwe"'en 78.4 and 85.2 map un,i ts on the 
'" ".. 10 

physical map ~39). Unt?n~fôrme? 3T3 m~use cells or' mouse 

~mbryo fibroblast,s at l;tte passagès cânn9t be lyt;.ically infectecl 
'1 ' \ \ ' 

by the hr-t mutants (40,41). These muta.:ijts. are also incapable 

• {)f causing cellular transf.ormation. Cells, infected with hr-t 
(' 

mutants'synthesi.ze a large T antigen' identicaÎ ta the wild type 
. . 

"\ 

induced lar'ge T ~ but synthes i zè -m~ ddle and, small T-, antigens in 

redue:ed, am~unts ol fail ~è do ~o çompletely (28',31,42). ' The 
1 

\ 

absence of middle and small T antigens 'l"esul ts in a y 
( il' , ' . 

in a't:,~tyl~tion of the ~caps idated his tones H3 and 
1 1 

ert<f!buraged ~enj amin and his co-workers to prOpose a 
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cellular gene 

10. 

44) • 

regulator.s qf 

The addi tional role..a:>l,ayçd 
'" 

by cellular transformation will be 

in the following section. 

ApB:.rt from the appearance of the earl:y vi raI mRNAs 
. , 

and the proteins they encode, the early phase of the lyti'c 
(' . 

/ 

cyc~le is ~lso characterized. by an linc.rease in the activity ~~, 

sorne cellular enzymes including DNA\po.1ym.erase_" DNA -lrgase and 

thymidine 'kinase- (45) ... Host cell DNA synthesis is s1.,lbsequently 

initiated (46) (for a review, sèe 47) 'fol1owed by viral DNA .. 
1 

synthesis, ttus ma~king the b'eginning of the second phase of 

the lytic cy~.Je. 
, 

The Late 

" DNA replication can b,e detected about 12 to 15 
, \ , 

hours infection of, permissive ceUs by polY,omâ virus . . , 
How viral is ini tiat-ed. is s ti11'~ not cleax:, 

but 'Eckhart;, (48, 49) );lave 'shôwn °that tsA mutants grown at 

the non-permissive tempe rature do not replicate their DNA. \ , 
'0 1 

v 

Larg~ T antigen is therefore ne.cessary for the initiation of 

viral DNA rep1ication. 

Polyoma viral DNA replicatiôn ,usually ini tiates at a 

fixe'd position on the viTal genome and proceeds bidirectionally 
... 

(50, 51~. This single ori~in is lo~ate.d close to the .. junctio'n 

between Hpa II fragments 3 and S' or ait about· 71 uni ts . on the 
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... 
physical map (50, Il). Because the replicating forks move at 

apout the same rate along theOeircular viral genome, the 

termination point is reached 1800 away from the point of . \ 

i~itiation or at about 26 map units. Apparent1y, there is no 

special,signal for the terminatio~ of replication (12). 

However, Bjursell (52) has shown the presence of ro11ing circ1e 
-

forms of polyorna DNA in lytical1y infecte~lls, but unlike 

Robberson et al. (53), Bjursell reporteô that this unidirec-

tional replication originates frorn the same point as does 

bidirectional replication. 

During the late phase, synthesis of ear1y viral 

mRNAs and proteins continues and a new group of yiral mRNAs 

and proteins start to appear. These late mRNAs are transcribed 

in a counterclockwise di~ection from a region of the viral 

genome which spans from 70 to 25 map units counter clockwise 

... (1.6, 18) and encode the" three proteins, VPl, VP2 and VP3 

which constitute the viral capsid. In their origina~ attempts 

to rnap the 1ate mRNAs, Turler et al. (54) and Kamen and Shure - --
(17) had ass~gned map positions on the assumption that the 

- J 

mRNAs were continuous with the DNA fragments from which they 
Il 

were transcribed. This assumption was subsequently 

inva1idated by the dis\fvery of mRNA splicing (55, 56,57, 58). 

K~rrn et al. ,( 59) the~ )\Wnvestagated the structure of the 

pol'yoma virus late mRNAs using (te Sl-m~pping technique (20). 
" 

They found that, alt~ough. tQe three mRNAs h-ave a Icommon 

polyadenylated 3' end located at 22,3 map units, their s' ends t 
\ , 
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have one of seven different capped oligonucleotides. Thése SI 

ends are aIl transcribed from sequences located between 65.4 

and 70.5 map units on the vjral genome. Each of the mRNAs has 

a heterogeneous mixture of leader sequences (6P) which contain 

at least two repeats of a basic sequence appearing on the viral 

DNA between 66 and 68 màp units (61). 

The nucleotide sequence of this region of the viral 
" 

genome has been recently determi~ed (62). Two long coding 

frames have been identified. One of them, which is thought ta 

encode VPl, contains 38-~onsecutive sense codons and extends 

counterclockwise from 47.5 to 25.8 map units. VP2 and VP3 are 
/ 

thought to be encoded by the second reading frame, located within 

the proximal part of the late region, with its first initiation 

codon at 64.7 map units and its termination codon at about 

46 map units (see Fjgure 1). 

The first viral capsid ;roteins can be detected in the 

nuclei of inâected cells 3 t6 6 hours after the onset of'viral 

. DNA synthesis. About 24 hours after infection, the first viral 

progeny particles start to appear, therefore completing the 
f 

lytic cycle of the virus. However, because the ~opulation 

of infected cells is not synchroniz~d, the virus continues to be 
"\ 

produced for another 2l hours. .By th en , ' mas t of the infected 
( " 

ce1ls have detached from the surfac~ of the dish and have died. 
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ABORTIVE INFECTION AND CELLULAR TRANSFORMATION 
CAUSED BY POLYOMA V1RUS 

When non-permissive or semi-permissive quiescent 

ceIIs ~re infected by polyoma virus, most of the celis divide 

several times before resuming the growth pattern of uninfected, 

untransformed cells. This .:.'abortive transformation," was first 

observed by Stoker (63) after he infected BHK celis (Baby 

hamster kidney) with polyoma virus. During abortive infection 

however, a small fraction of the infected celis undergo stable 

transformation. In tissue culture, these~cells grow contin

uously to form disorganized, multilayered foci, they require 

ress serum growth factors, are easily agglutinable by plant 

lectins, have an increased sugar uptake and show no fibronectin 

Ca major membrane protein with"a M.W. of 250,~OO daltons) on 

their cellular membrane. Transformed cêIls aiso lose their 

anchorage dependence. FinaIly, transformed ceIIs exhibit very 

diffused actin cables, resulting in a depolymerized cyto

skeleton. (For an excellent review of the morphological 

charactè,rs of transformed ce11s, see 47), By com}UlTison, 

cultured,normal celis grow as rnonolayers, are readiIy agglutin

ated by lectins, have large amounts of fibronectin, are firmly .. 
attached to the substrate, and have very organized actin cables 

while they are re~ting. They do not release any plasminogen 

~ctivators, nor can they grow in suspension cultures, and 

finally, they Jo not releas<>, any proteolytic enzymes in the medium, 

--. ~ • ~~'-_._~-___ "'''.,a_ ..,_.~,.. ____ ~ ..... _>- __ ~_.~ 
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AlI non-permissive ca1ls transformed by polyoma virus 
. 

contain polyoma viral genetic material although no infectious 
1 

virus can be found. As ear1y as 1968, Westphal and Dulbecco 

(64) rneasured the amount of viral DNA in celis transforrned by 
, 

SV40 and polyorna virus. By hybridizing radioactive RNA, trans-

cribed in vitro from purified viral DNA to transformed cell 
t,' 

DNA attached to nitrocellulose fiiters, they found that while 

SV40 transformed cells carried about 5-30 viral genome 
\0 

equivalents per cell, polyoma transformed .celis contained 
t 

4 to 10 copies of viral DNA per cell. However, their 

evaluation of the number of viral DNA copies per cell was wrohg, 

first because the viral DNA they used as a ternplate to 

synthesize the radioactive RNA contained covalently linked host 

cellular DNA and second, because the DNA-RNA hybrids were 

probably lost selectively from the nitrocellulose filter-s (65) 

during the reconstitution experirnent resulting in ah over-

estimation of the number of viral DNA copies per transf,?rmed 

cell. Subsequently, Botchan et ~. (66) resolved these problems. 

It was then calculated that SV40 transformed cell lines 

contained between 1 and 10 SV40 DNÀ molecules per cell. Using ... 
a different approach which measured the rate of reannealing of 

small amounts of labelled viral DNA in the pres~nce of high 
.. 

molecular weight cellular DNA isola~d from transformed cells, 

Gelb et al. (67) found SV40 transformed celis to contain only 

1-4 copies of viral DNA per cell. Using the same method, 
o 
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Kamen ~ al. (16) found that mouse cells transformed by poly,

orna virus contained between 0.6 and 2.9 copies of viral DNA per 

cell and Zouzias et al. (68) reported that rat transformed cells 

contained up ta 50 copies of polyorna viral DNA per cell. That 

the viral DNA sequences preJent in SV40 transformed cells were 

covalently linked to cellular DNA was first shawn, by Sambrook 

et al. (69). 

Recently, Botchan et al. (70) have determined the 

arrangement of SV40 sequences in the genorne_ of transformed cells. 

They fragmented cellular DNA with different restriction enzymes, 
\ 

fractionated the resulting DNA by gel electrophoresis and trans-

ferred the DNA onto a nitrocellulose filter (24). Subsequently, 

the transferred cellular DNA was hybridized with radioactïve 

SV40 DNA. Their results showed that aIl the cell lines tested 

contained integrated viral DNA,,; in addition, seven of the , 

eleven lines contained more than one separate insertion of 

vi raI DNA. The si t,e of integrat ion ei ther on the vi raI or 
• cellular DNA varied from one cell line ta another. Since then, 

\ 

severaI groups have used thi5 rnethod to study integrated viral 

génes in polyoma transforrned cell Ilnes (71-74} Most of the 
., 

cell,lines studied appear ta contain free viral DNA (68,72,73, 

75,78) along with integrated tandem repeats of the viral 

genome ranging from less than 2 ta more than 5 copies at one 

site (72). As in SV40 (70), the ïntegration of polyorna viral 

DNA is not specific and can occur in morè than one location on 

\ 
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the same cellular genome. The mechanism of integration of 

polyoma and SV40 viral DNA into host cell DNA is still unknown. 

Recently however, after studying in detail the arrangement \ 

of the integrated SV40 DNA in a transformed cell line, Botchan 

et al.' (79) have suggested that the replic.a;ti ve form of vi raI 
, . 

or cellular DNA or both, are involved in the integration 

process. The exposure of a single stranded region of the DNA 

wouid then allow the initial base pairing between viral and 
. 

cellular sequences- to occur (79). Furthermore, the arrangement 

of the integrated viral genome, at least in SV40 transformed 

celi lines, appea~to be very stable since no alteration of the 

integrated viral DNA and its flanking cellular sequences was 

noted even after hundreds of cell generations (70,80). In 

polyoma transformed cell lines, the integrated viral DNA also 

appears to be very stable but only in the absence of a 

functional, viral A gene product (81). However, when a -, 
functional A gene product is present, free viral DNA starts 

1 

to appear as sorne of the integrated viral DNA is lost. This 

often leads to the reversion of sorne of the ~ranstormed cell 

lines, back to the normal phenotype (81). Zouzias et al. (68) 

have shown that tsK transformed cells 10se their free viral 

DNA when shifted to the non-permissive temperature but that it 

reappears upon reihcubation at th~ permissive temperature. 

This reappearing free DNA cornes from the excision of the 
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integrated viral genome(s) (82). How this excision occurs i5 

still unknown.but Botchan et al. (79) have recently proposed 

a model to explain the excision of integrated SV40 sequences 
\ 

when their transformed rat cells are fused with s~ian cells. 

By providing permissive factors, the simian cel1 allows viral 
1 

DNA replication to be :itfii tiated_. This replication would then 

raise'the concentration'of SV40 sequences at. the integration , 

point and therefore favor the recombination between homologous 

sequences. The model predicts that more th,an one complete 

genome must be integrated at o~e point to allow homologous re

combination to occur. The same model could be used to explain 

excisdon in polyoma virus transformed rat cell lines. However, 

in these, semi-permissive cells, on1y the presence of a 

functional A gene product would be required ~o initiate viral 

DNA synthesis. Alternatively, excision could take place by a 

mechanism!where tandem integration would favor internaI 
-

recombination which in turn, wou1d be facilitated by the 

presence of the A gene product (81). 

In 1966: T. ~enjamin was the first to demonstfate 

that polyoma virus transformed cell~ c0ntained polyoma virus-

specifie RNA (1,9). Later, 'i~ 1974, Kamen et al,. (16) reported 

pre liminary "data sugges ting that' the RNA pr~sent in trans forrned 
o 

cells was transJ:-iibed from th'e E strand -o·f the DNA segment 

'" extending from within fragment Hpa I1-5 to within fragment 

Hpa,II-2. Recently however, Kamen et al. (25) have reported a 

i 
1 

, 1 
\ 

, 
1 1 

1 
1 
1 

i 

1 
1 

\~ 



( 

18. 

detailed study of the viral pIRNAs pre~ent in either transformed 

mouse cells or fransformed rat celis. In transformed mouse 

cells, no mRNA was found which extends over the entire early 

region (with tpe 3' end extending to 25.8 map units as in' 

lytically infected ceIIs'). Instead, the 3' ends of mo'st of the 

. mRNAs extended to about 99 map uni ts. H9wev~r, ,the splicing 

pattern of the viral mRNAs appear to be similar to the patterns 
\ 

of early mRNA found d~rïng Iytic infe,.ction. The 5' ends of 

the mRNAs i~ transformed ceIIs map at 73.3 map units like the 

early mRNA produced in lytic infection. This observàtion 
, 

suggested that the' initiation of transcription occurs at a , 
viral promoter. Kamen et al. (25) also reported that in one 

celi line çon~aining integrated sequences from the lat~ region, 
. 

there 'was no la te mRNA pre~en t in the cytopl asm o·r the nuc leus 

suggesting the absence of fun'ctioning virai promoters in that 

region of the viral genome (25) and, at least in that 

particular celi line, that transcription from an efficient 

cel~ular promoter did not occur. Finally, Kamen et al. 

reported, for various transformed mouse celi Iines, the 

'existence of mRNAs containing both viral and cellular sequences, 

~ suggesting that mRNAs can be transcribed from DNA sequenèes 

beyond the junction of viral with host cell DNA (25). 

Rat celI Iines tiI'ansnonœd by pelyoma vi rus contain, t

in addition to' the different species of vi raI mRNA found in 
, . 

mouse cells during a '1. y tic infection (de~cribe'd earlier), 
,1 ' 
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other shortened mRNAs transcribed from the early region of the 

viral genome (25). Included among these mR~AS are mRNA trans-
/ 

cribed from the late region. The ~resence of these mRNAs 

correlates wi th the presen.ce ef free viral DNA in the transformed 

cell lines. Kamen et al. (25) have shown th~t in polyoma virus 

transformed rat cell lines containing a single insert of 

integrated viral DNA and no free DNA, there was no mRNA tran-

scribed from the late region. The presence of viral mRNA 

transcripts extending into host sequences, like those found 
~ -

in polyoma virus transformed mouse cells, was also observed in 

transformed rat cells. As for the additional shortened .mRNA 
, 

found in sorne rat transformed celi Iines, they were shown, by 
il" 

in vitro translation experiments, to encode truncated form~ of 

large and middie T antigens (25). 

Although it is weIl established that the early region 
, . . 

of polyoma Yirus (and the three proteins it encodes),is : 

responsible for cellular, transformation~ the raIe played by 

these proteins in the initiation and/or maintenance of transform-

ation is still uncle~r. Previous' studies have established that 

polyoma tsA mutants transform cells at the non-permissive 

temperature wi th efficienc,ies 2 to 3 orders of .magni tude lower 

than at the permissive temperature (83,84,85). These studies 

have also shown that cells transformed at the permissive' 

temperature with tsA mbtants remain transformed when they are 
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shift'ed' up to the non-permissive temperature (83,85). Because 

tsA mutants encode a defective large T antigen at the non

permi-sive temperature (37),' t'hese resul ts suggest that l,arge 

T antigen is necessary for the initiation of the transformed 

state but not for ixs maintenance. However, during this study 

we have shown that rat cells could be efficiently transformed 

by cloned fragments of th~ polydma viral genome co~taining 

only part of the early region and therefore incapable of 

encoding large T antigen, (71): Horeover, Israel et al. (86) 

have ~~own that cloned fragments of polyoma 'DNA, also 

incapable of encoaing large T antigen, induce tumors when 

injected in hamsters. These results therefore indicate thàt 

large ~ antiKen is not absolutely necessary for the initiation 

1). of transformation. Furthermore, hr-t mutants' (which encode a 
t 

defective middle and small T antigens) cannot transform celis 

(38) even if the y encode a normal large T antigen (32) 

,suggesting that large T antigen alone is incapable of trans-

forming cel1s . This conclusion has been recently confirmed 
~ 

bl Lani a et...!.!.. (73) who have isolated a cell line containing 

integrated and free viral hr-t mutant DNA. These cells contain 
\ 

large T antigen but, as expec'ted, nei ther middle nor smalt 
\ T a~tigens i~ present (73). The morphology and the phenotype 

of the cells a're identical "'to those of untransformed ceIIs. , , 
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21. 

Seif and Cuzin (87) on the other hand, .~ave shawn 

that rat cells transformed by the tsA mutant of polyoma virus 
r--If' 

and subsequently isolated as foei on plastic ~etri dishes 

~ype N transformants) display a te~perature sensitive pheno-
~ 

type while rat cells transformed by the same polyoma mutant, 

but isolated on agar, exhibit a transformed phenotype at both 

permissive and non-permissive temperatures. These experiments 

therefore indicate that, at leas~ in sorne celI~, larg~ 
T antigen may play a role in the maintenance of transformation. 

If large T antigen is not necessary for the ipiti~ 
of transformation caused by DNA transfections' and appears to 

_1 

play a role in the maintenançe of transformation only in som~ 

cells, then small and/or middle T antigens must play a ve.ry 

important role in the transformation process. This suggestion 

has been confirmed by the recent characteri~ation of severai 

deletion mutants of polyoma virus. 

In 1979, Griffin and Maddock (BB) isolated mutants 

wi th deletions be'tween map co- ordinates BB. 5-91.5 (dl- 8) "and 

91.5-94.5 (dl-23) a region thought to encode/both large and 

middle T antigens. Celis transformed by the'se mutants have an 

altered phenotype; most of the c'ells transformed with dl-8 

form larger colonies than wild type transformed ce1Is while 
1 • 

dl-,23 form smaller colonies. After separatj.on thz:ough gel 
\ . 

~lectrophoresis, the smal! T antigen induced,by ;hese mutants 

,is indistinguishable from the wild ;zpe protein but truncated 

forms of large and Middle T antigens are detected. Other 
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mutants wi th deletions betwèen map c!o-ordinates 92 and 99 have 
'. 

been isolatêd by Magnusson a:n.d Berg (89). Al though these 

mvtants grow as weIl as wild type virus in. 3T3 ceIIs 7 they 

trans forîned rat celis 0.2 to O. OS as efficient ly as ,the wi Id 

type virus (89).- In view of these observations and because 

;arge, T antigen does not appear to play' il role in the 

maintenance ~f t;anst~rmation (èxcept in _sorne eeIls), it is 

tempting to conclude that the absence of.a "normal" middlè 

Tant igen is responsible for the inabili ty of the' mutants· 

desèribed by Magnusson and ,Berg to transform cells or· for the 
, \ 

changes in rnor~ho1ogy seen in the celis transformed'with 1 

dl-8 and dl-23. BY,contrast to the results described above, 
1 

Bendlg ~"·a1. (90) hav-e isolated a mutant with a deletion of 

66 base pairs located at the junction of the Hpa II 4/8 

fr·agrnent (91.6 map uni ts)., This deletion is also wi thin 

sequences encodi?"Lg large .and middle T antigens. This mutant 

produces a truncated form of large and .middle T an~ens, 

but causes no noticeable alteration in cellular tranlformation 

or viral 'replication. This may beDbecause the truncated viral 

proteins, found in these· cells, 'play an import.ant raIe in· the 
4 

mechanism leading ta th~ transformed phenotype. 

Other deletion mutants containing deletions between 

map position 71 and 73 were isolateriy Magnusson and Berg \ 

(89), Wells et al. (91) and Bendig and Folk (92). These 

mutations are not l'Oc'ated in the' sequences encod';'ng the early 
, 

proteins. Because the~e mutants grow as weIl as the wild ., (/ 
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\ 

\ 
typè virus in mouse ce11s and are not a~tered in their 
~ ') 

capaeity to transform ce1ls, the region between the origin 

of DNA replication and, the initiation ~ite of translation , 
is defined as being nan-essential for vegetative growth'or 

trans formation. 

A prot,ein kinase acti vi ty has' also been found-1:--o , -
be ~ssocia'ted with polyoma vi~~s. middle T'antigen i~ vitro 

~ 
This observation is extremely interesting 

1 .:t-__ [ • ~ 

when we consider the possible mechanisms inducing cellular, 

transformation since the produet.of the sre gene of the Ayian 

Sarcoma Viruswhich is thought ta 'be erl.tirely responsible for 
,. ) 

the establishment of transformation was also shown to be a 

proteiri kinase (96). 

Taken together, these data suggest that middle or 

sma11 T antigens or bath are requi: red to maintain the 
r 

0" -! 
transformed state . ~ ...':j 

. ~ 

. The 'purpose of this study was therefore to loca!ize 

the smallest s.,egment o-f the viral genome neeessary ta fnduce 
, 

t(ransformation. To accomplish this-, we "measureèl the trans-

forming capaci.ty of sorne cloned subgenomie fragments of the 

yiral genome. " The resul ting, independently transformed cell 

lines, Nere subs~quently isolated and their growth prop~rties 

examined. The -viral sequences within',several of th'ese· ' . 

transformed celi lines, were examined by Southern biotting (24) 
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\ 

'according t'O. the strategy previously described by Botch~n· 
• J . 1... 

, et al. (70). The subsequent r~su1 ts suggest ~at 'only a 
\ \ 

'ristricted portion of the ~a~ly region of polyoma virus 

i5 required ta transform an established line of rat cel;ts. 
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MAT E )'{'q A L S ,"- AND METHODS 

.' 
A. Cell Cul ture 

The established cell lines used in this study were 

eithe't 3T6 cells, a line of mouse embryo fibrob,lasts (97) or 

c---~ells', a sùbclone of Fisher rat F2408 cells (98) 

rom C. Basilico and recloned in our 1aboratory. 

The ce11 cultures were maintained in DME (Dulbecco's 

Modified Eagle' 5 Mej.i1.!m) (Flow) 5ul?plemented wi th 10% FBS 

(fet~l bovine serum) (Flow) and kept at 37 0 C in an humidified, 

5% COZ atmosphere. The cells were always subcultured before 

reaching confluence. To subculture, ~he cell layer was rinsed 

wi th warm (37°0 PBS (phosphate-buffered' saline). One ml of . / , 

trypsin solution (0.06% trypsin, 0.005 M EDTA in 'calcium and 

magnesium free (PBS) was added to each plate incubated at 37°C 

until aIl the cellS had detached. Trypsinizatio~ was stopped 
• 

• by adding 5 ml of culture medium (DME with 10% FBS) per plate. 

The (·dislodge'd c.ells were diluted in culture medi uin and 

replated in 100 mm plastic Petri dishes (10 ml per plate). 

B. Transfection of Rat-l Cells ,with DNA 
ç. 

Rat-l cells were transfected with viral and recom-
. 

binant ~lasmid DNA~ as described by Wigl,er et~. (99). 

In 'genera1, one ml aliquots of DNA ~olution was added t~ each 

seeded t~e previous 105 cells .': 
J
The Petri dish day with 5 x 

cel~s were then incubated at 370 C for 2 to 3 weeks. .. 

1 

~I 

, 
1 

"1 

, 
• l 

1 , 
1 

1 

i , 

1 

l
, ,

1 

, 1 

~ i 
i 



( 

( 

( 

. c. 

, 

26. 

Establishment and Growth Properties of 
Trans formed Rat Cel! Lines 

Indi vidual foei on separate Petri dishes were 

. isolated by placin&,J'over a focus of cells a stainless steel 

cylinder to which a few drops of trypsin solution were added. 

The de1:ached cells were diluted in culture medium and p1ated 

in 60 mm Petri dishes. At confluence, the cells were recloned 

by replating at high dilut ions and isolating indi vi dual 

colonies (as described above). 

The saturation density of these newly transformed 

cell lines was defined as the density which the cells 

maintained for three consecutive days in cul ture. Growth' 

curves of the vario~cell lines - were obtained as follows. 

Twenty sma11 dishes (60 mm) were seeded with 1 x 10 4 cells/ 

-2 cm . The number of cells in duplicate cultures was determined 

daily (using a hemocytometer) , while the medium'of the 

remaining dishes was changed every second da.y. 

j 

The capacity of newly transforme'd cells to grow in 

soft agar was tested by following the procedure described 

by Macpherson and Montagnier (10,0). Triplicate cul tu'res, 

-each containing 10 2, 10 3 and 5 x 10 3 cells were plated in 

2 Illl of 0.3% ,Noble Agar. MacrQscopic colonies were 'ounted 

after one to two weeks of incubation at 37°C. 

, -



( 

<. 

• 

( 

- -. -_.. -- - - -- - - - - - - -. - .~ 

27. 

D. Infection of Mouse 3T6 CeIIs with Polyoma Virus 

Polyoma virus was routinely propagated in mouse 

3T6 cells. To avoid the accumulation of defective virus 

particles, infections were performed at low multiplicity 

of infection (0.01 to 0.1 PFU (plaque forming units) per 

t cell). After washing the cell layer wi th PBS, 1 ml of 
• 

appropriately diluted virus stock solution was added to 
,~ 

each 100 mm Petri dish. The plates were then incubated at 

37 0 C and rocked every lS minutes. After 2 hours, fresh 

culture medium was added and the cells were returned to the 

incubator. Thre~ to four days later, or when CPE (cyta-

pathic effect) was at its maximum, the cells were resuspended 

in 0.4 ml of Tris-saline at neutral pH and sonicated for one 

minute. The resulti~g cellular debris were incubated at 37 0 C 

overnight with 100 units of RDE (receptor destroying enzyme) 

(13). A drop $lf a 0.7% solution of sodium bicarbonate was 

then added and the cellular debris were centrifuged at 2,000 

rpm for 10 minutes. The supernatafit containing the virus 

particles was removed and ~ept frozen at -20°C. The 

concentration of virus particles in the st'ocks was determined 

by hemagglutination using guinea pig red blood cells (13). 
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28. 

E. Molecular Cloning of the Polyoma DNA 

Po1yoma viral DNA, used in the transformation of 

the Rat-I ce1Is, was cloned with the pBR322-Escherichia coli 

xl776 pl asmid-vector sys tem. E. col i x'I 776 was cul tured 

either in x-broth ('0.05 M Tris pH 7.6, 2.5% (w/v) bacto . 

Tryptone, 0.75% (w/v) Bacto Yeast Extract and 0.4% (w/v) 

MgCI 2) and kept at 370 C in a shaking incubator, or on x-agar 

plates (1% Bacto agar in x-broth) also kept at 37oC. pBR322 

is a ColEI derivative plasmid (101). It has a molecular 

weight of 2.6 x 10 6 daltons and carries two genetic markers 

that confer to the harboring bacteria, resistance ta 

ampicillin or tetracycline. 

When E. coli cells are treated with calcium 

chloride solutions, they become "competent" and take up 

purified DNA (102). E. coli x1776 was therefore'treated 

with 0.1 M calcium chloride for 24 hours ai oOc as described 

by Mandel and Higa (102) an~'Dage~t and Ehrlich (103). Ten 

or 100 ng of recombinant plasmid DNA resuspended in 0.01 ml 

of TE (0.01 M Tris, 0.001 M EDTA) were added to 0.1 ml' 

aliquots of competent bacteria. The DNA bacteria mixtures 

were incubated first on ice for la minutes then at 37 0 C for 

5 minutes and di1uted wi th 2 ml of x-broth. After incubating 

at 37 0 C for one hauT, 100 ul or 10 ul of each 'bacterial 

cUlture,were,spread on agar 'plates containing eithe, 100 ug/ml 

of ampicill,in or 50 ug/ml of tetracycline. The plates were 

t'hen kep't; at 37° until co'lonies appeared. 
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F. Colony Hybridization 

Bacterial colonies harboring recombinant plasmids 

containing viral sequences were identified by colony 

hybridization (104). The bacterial colonies were transferred 

from the agar plates ta nitrocellulose filters. The DNA 

within these bacteria was denatured by setting the nitro-
, 

cellulose fl1 ters on layers of l\'ha1mann paper soaked in an 

alkali solution (0.2 M NaOH, 0.6 M NaCl) for 10 minutes. Ta 

neutra1ize the DNA, the nitrocellulose filters were set on 

Whatman paper soaked in 0.6 M NaCl and 1. a M Tris pH 7.4, 

again for la minutes. The nitrocellulose filters were 

subsequent1y baked at BOoC for 2 .hours and hybridized wi th 

nick-translated polyoma viral DNA (as described in sections 

M and N). After autoradiog~aphy, the colonies containing 

polyqma viral DNA appeared black on the film. The parental 

co lonies, 1eft on t-he agar plates, were then picked and 

propagated. 

G. Isolation pt Recombinant DNA from Bacteria 

Cloned polyoma DNA was iso1ated from bacteria 

harboring the recombinant p1asmid as follows; The bacteria 

were w~shed in cold TE and resuspended in. a chi11ed C4 oC) 

solution of 2S ~ 'suc,rose in 0.05 M Tris pH 8.0. Fresh 
, 

lysozyme was added ta a final concentration of 2.5 mg/ml and 
, 1 
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0.5 M EDTA was then added to a final.concentration of O.a M and li 
aga in the solution was swirled on ice for 5 minu~e~. rinally~ 1 

0 

the solution was gentIy swir1ed on ice for 5 m~nutes . 
'r, . . 
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\ 30. 

an equal volume of a 1% solution of Triton x 100 in 0.06 M ., 

EDTA and 0.05 M Tris was added and the mixture was left on 

ice for IÔ minutes. The bacterial cell lysate was th en 

centrifuged at 23,000 rpm (Beckman SW 27 rotor) for one hour 

at 4oC. The DNA within the supernatant fraction was purified 

by sedimentation through a CsCl density gradient containing 

200 ug/ml of ethidium bromide. The autoforming gradients were 

centrifuged in an angle 65 rotor (Beckman) at 50,000 rpm for 

20 hours at 25 0 C. The resulting purified DNA was disolved in 

TE ani stored at 4oC. 

H. Isolation ~f High Molecular Weight Cellular DNA 

Total cellular DNA from transformed Rat-l cells was 

isolated as desc~ibed by Botchan et al. (70). In general, the 

cells were harvested by aspirating the medium frqm 10 Petri 

dishes (100 mm) and rinsing ~he cell layers with ice cold PBS. 

After rinsing, 5 ml of PBS were added to each Petri dish. 

The cells were resù~pended'irl this buffer using a sterile 

rubber policeman apd centrifuged at 1,000 rpm for 5 minutes 

~at 4°C in a Sorval L-2B centrifuge. The cell pellet was then 

resuspended in 10 ml of TE to which were added 0.5 ml of 10% 

SDS (Sodium -dodecyl sulfa~e) and 1 mg/ml of pronase 

(Calbiochem). After incubatin~ for 5 to 8 hours at 37oC, the 

solution was extracted twice with 10 ml of phe~ol and once 
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31. 

wi th a ?,A: 1 mixture of chlorophorm-isoamyl a'lcohol. Jhe ~NA 
v' 1 1 

solution was subsequently dialysed 3:times,against 400 volumes 

of cold (4°C) TE and stored at "4oC~ 

'1. 
, 

Purification of Polyoma Viral DNA"from 
Lytically Infected Cells 

\ 
Polyoma viral DNA was extracted from lytically , 

\ 
\ .4-

infe~ted mouse 3T6 cell~ by following the procedure previously 

describcd by Hirt (lOS). The 'cells were washed with ice cold 

PBS and i~suspended in lysis buffer (0-.6% SDS, 0.01 M Tris 
'Ill 

, 
pH 1.9, 0.01 M EDTA) for 5-10 minutes before 5 M NaCl was 

added to obta~ a final concentration of 1.0 M. The resulting 

viscous solution\'~as kept on ice overnight and subsequently 
\ 

centrifuged in a S 27 rotor (Beckman) at 23,000 rpm for 60 

mlÎutes at 4oC. ~he s pernatant fraction was removed, phenol 
1 

extracted, dialyzed agai st TE and purified by ~edimentation 

through an ethidium bromid (200 ug/ml) CsCl density gradient. 

Finally, the purified DNA was dialy~ed, ethanol-precipitated 
-., 
and resuspended in TE. 

J. Digesdfon of Cellular DNA with Restriction Enzymes 

Th~ cellular DNAs were digested with an excess of 

the restriction enzymes (2-3 units/ug of DNA) according to 
. 

the conditions specified by the manufacturer (Bethesda 

Research Lahs. and New England Biolabs.). 
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32. 

K. qel Electrophoresis 

The DNA fragments obtained by hydrolysis of 

cellular DNA ~ith the various restriction endonucleases 

were fractionated either through neutral-agarose gels ~ 

according to Botchan et al. (70) or thro~gh alkaline

agarose gels as described by McDonell et al. (23). In 

general, 20 cm x 20 cm gels were run in ari horizontal gel 

system under constant current conditions (not exceeding 

5 v/cm). Depending upon the expected size of the DNA 

. fragments;' the concentration of agarose. in' the gel varied 

from 0.7% to 1.4%. Prior to electrophoresis, the DNA 

s~ples (S ug of DNA for neutral-agarose gels, 50 ug of 

DNA for aikaline-agarose gels) were resuspended in 50 ul of 

electrophoresis buffer (0.04 M Tris base~ 0.01 M NaHZP04 , 

0.001 M EDTA for neutral gels and 0.03 M NaOH and 0.02 M 
-

EDTA for alkalin-agarose gels) containing 0.03% Bromophenol 

bIue, 0.03% Xylene Cyanole FF and 8% (w/v) sucrose. 

After ~ompletion of electrophoresis, the DNA 

wi thin the gel was stained by irnmers ing the gels for 20 

minutes in el ect rophores i s buffer containing 0.5 ug/ml of 

ethidium, bromide (106). The gels were then photographed. , 
under U.V. illumination using a Polaroid HP-4 system and a 

Kodak 22A filter. 
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( . 
L. Transfer of DNA Fragments to Nitrocellulose Filters 

After photography, the agarose gels were immersed 
\ 

in an alkaline solution (1.5 M NaCl and 0.5 M NaOH) for 

about 45 minutes at room temperatuFe, rinsed in distilled 

water, and submerged in a second solution (3 M NaCl and 

0.5 M Tris pH 7.0), again for 45 minutes. The cellular 

DNA fragments wi thin the gels were th en trah·sferred to . 

nitrocéllulose filters essentially as described by Southern 

(24). By covering the top of the gel with first a sheet of 

nitrocellulose (BA83 or BABS, Schleicher and Schuell) and 

then a stack of paper towels, both cut to the same dimension 

as the gel, a solution of 6 x SSC (Sse: 0.15 M sodium 
~ 

chloride, 0.015 M' sodium citrate) was drawn up through the 

gel and the nitrocellulose filter to finally reach the dry 

paper towels. The DNA wi thin the gel is' eluted with the' 

6 x sse and trapped on the nitrocellulose filte~s. These 

filters were then rinsed with 2 x sse and dried for 2 hours 

in a pre-warmed vacuum oven at 80oe. ~ The efficiency of 

transfer of the DNA from the gel to the nitrocellulose 

filters was tested by restaining the gel with ethidium 

bromide after the ~ransfer process and co~paring it with the 

photograph of the same gel taken before the transfer. In 

general, the cellular DNA fragments within 0.7% a"garose gels 

were transferred with an efficiency of about 90\. 
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34. 

. 
M. of the Nitrocellulose Filters and 

y 

Before hybridization, the nitrocellulose filters 

were placed in a plastic bag and soaked for at least 4 hours 
. 

in a solution of 5 x SSC, 0 .. 1 M sodium phosphate buffer 

pH 7.0 and 4 x Denhardt' s solut ion (Denhani t' s salut ions: 

0.2% Fico1l, 0.2% polyvenypyrolidone, 0.2% BSA, dissolved 

in distilled water (107) heated to 6-S oC. 

The solution in the plastic bag was then replaced 

by 5 ml of hybridization solution CS x SSC, 0.1 M sodium 

phosphate buffer, 4 'x Denh ardt' s S olut ion and 0.1 ug of 

denatured 
32 . 
P-labell~d polyoma DNA (specifie activi ty 

1 x 10 8 - 5 x 108 cpm/ug)) and hybridi zation was carried out . 
• for about 15 hours in 

~\ 

a shaRlcng watE;lr bath at 68 oC. 

Following hybridization, the nitrocelluloSe sheets 

were taken out of the pl&stic bags and washed at 6S oC, first 

in a solutïon(of 5 x SSC, 0.·1 M sodi\lm phosphate buffer 

pH 7.0~~1 x Denhart's solution and 0.5\ SDS, then in a 

solution containing 1 x SSC, 0.1 M sodium phosphate pH 8.4 ' 

and 0.5% SDS and fina11y, in·a s.olution of 0.75 x sse and 

0.3% SDS (2-3 hours in each solution). They were then 

brief)y rinsed with disti11ed water, a.ir-d.ried for 30 minutes: 

taped on a sheet of Whatman paper and subjected ,to auto

radiography at -BOoe using Kodak RF-Royal fi~m and 
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intens ifying screens (Cronex Lightning Blus, Dupont) (108) 
, . ,J 

for pe riods of 15 hours to 7 days. 

By following this procedure, as littie as 10-6 to 

10- 7 ug of polyoma DNA could be detected(on the nitro-

cellulose filters. 

In Vitro Labelling of DNA Molecules 

Radioactive polyoma DNA was prepared in ~ 
nick translation (109). In general, 0.1 ug of DNA was treated 

N. 

wi th 10 'uni ts of E. Coli DNA polymerase (Boehringer Mannheim) 

for 1 hour at 15°C. The reaction was performed in a volume 

of 0.05 ml containing 0.05 M Tris pH 7.8, 0.01 M Mercapto

ethanol, 0.005 M MgCl z' 50 ug/ml BSA and 25 uCi of each of 

the four 32p labelled deoxynucieotide.triphosphates (specific 

activity 2,000 - 3,000 Ci/mM, ",Amersham Corporation). 

The labelled polyoma DNA was separated from the 

remaining free deoxynucieoside triphosphates by passage 

through" a colurnn (0.5 x 20 cm) of G-50 Sephad,ex equilibrated 
v 

with'TE. The,specific activity of the labelled DNA usually 

varied from 1 x 10 8 ta 5 x 108 cpm/ug. 
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36. 

RESULTS 

When this study origi.nated, the invol vement of the 

early region Qf the polyoIna viral geno,me during cellular 

transformation was weIl documented. Ho~ever, whether the 

entire early region wa~ necessary for the induction and/or 

maintenance of trans'formation was still unknown. To locali ze 

the smallest segment of the polyoma viral genome necessary 

to induce transformation, we directly measured the trans

forming capacity of cloned subgenomic fragments of the 

polyoma genome. The resulting, independently transformed cell 

lines were isolated and their growth p'roperties examined. The 
,. 

viral seque'nces wi thin several of these transformed ce1I lines 

were also examined. 

A. Characterization of the Cloned Polyoma DNA 

Po1yoma vi~al DNA was clonep in the pBR322-E. ~ 

p1asmid vectbr system as desciibed previously (section 2.E) 

and already published (71). Hydrolysis of the viral DNA with 

the restriction endonuc1ease H~nd III yields 2 fragmepts, each 

containing about ha1f of the ear~y re gion. The. Hind III 

fragments I (Hind III-l, 45 to ~.4 map ~nits'c~ockwise on the 
o 

physica1 map) and' 2 (Hind III 2_, 1.1 to 45 m~p uni ts) we·re 
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separately inserted into the unique Hind III site of pBR322 

D~A' (s~e Figure 2).' The resulting recombinant pla_smids were 
'. ' 

t-hen used to transform E. coli xl'776'; IJacterial clones - ,--
containing insertions of polyoma sequènces were identified 

-
by colony hybridization (104). The insertion of the two 

Hind III 

relative 

~ , ~ , 

fragments,occurred ,in two poss ible orientations 
~ 
ta the Eco RI si te in pBR32Z DNA. The recombinant . 

pl asmid DNAs ',c,ontaining t~e Hind' III-i fr,.agment (pPHl- 4 and . 
pPHl-8) and the Hind 1II-2 (pPH2-41 and p~H2-2) were sub-

sequently' characterized by' digestion wi\th different ,restriction 

enzymes and hybridization with various DNA probes. A physical 

map of these recombinant DNA Molecules is shdwn in Figure 3. 

The infect i vi ty of the cloned vi raI DNA fragments w~s aiso 

dete~;irined. Plasmids containing eith~.r the ~ III-l, fragm~nt 

ot the Hind III-2 fragment were mixed and digested with ~ III. 
/' 

. The resulting DNA fragments wére l~ated with Phage T4 ligase 
-

to reconsti tute the entire polyoma genoJRe. Both biochernica:l 

and 'biological aSsays demonstrated that the reconstituted 
\ 

viral &enornes ha,d not und~rgo..nè any detectaple alterations in 
-v 

E. coli. 
-:-r--

Th,e entire polyoma viral genome was aIse cloned in 

pBR322. These plasmids were constructed by cleaving both 

the viral and plasmid DNA wi'th ei ther Eco RI or Barn HI 

. (bath of thes,e enzymes cleave ,polyoma viral or plasrnid DNA 

/ 
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1 Figure 2. Phys ical maps of polyoma and. pBR32 2. ... 

.\ 

The restriction endonuclease cleavage~s~tes 
for polyorna DNA and the direction of t~ans
cription of the earl'y and late regions are 
indicated, The si tes of cle'av:age of Barn HI, 
Eco RI and Hind III, and the physical .... 
locations orthe ampicil1in. res.istance gene f 

(Apr) and the tetracycline resistanc~ gene 
(Ter) \on pBR322 DNA are shown. 
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Figure 3. Physical maps of ~olyoma-pBR322 

• recombinant plasmids. 

Each c~rcular plasmid has been opened at the Eco RI 
site within p&R322 DNA. The sites of cleavage of 
Bam HI, Eco RI and Hind III are shown. The boxed 
8reas represent polyorna sequences and the darkened 
areas represent the early region of polyoma virus. 
The numbers below each map refer to the restrictio fi 
end6nuclease cleavage ~ites above and are shown 
here in polyoma rnap units. The recombinant plas id 
genornes are drawn to scale.~ ______ ~ 
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. 
once (see Figure 2)), and ligating the resulting DNAs with 

phage T4 ligase. The DNA of the recombinant plâsmid was 

characterized as described above. Figvre 3 shows- the 

recombinant p·fasmids containing the ent;"re polyoma genome 

either inserted into the Eco RI site (pPRl an~ pPR2) or tn 

the Barn HI site of pBR322 DNA (pP~l.and pP:B2). 

B. Transformation with Cloned Polyorna DNA 

To deterrnine whether the entire polyoma early, 
4 

region is ne,cessary to transforrn cells -in vitro, the 

transforming capacïty of the recombinant plasmid DNAs shown 
~ 

in Figure 3 was measured. Rat-l cel1s in culture were 

transfected with DNA from each of the plasmids (99). Table 1 

shows that with the exception of pPH2-41 and pPH2-2, ~ll the 

recombinant plasmids tested are capable of transfarming Rat-l 

cells. Furthermore, these results revealed that recombinant. 

DNA molecules which cpntained an interrupted e~rtY region 

(pPRl and pPR2) or those which contained ~nIy part of the 

early region (pPHl-~ and pPHI-8) transform"Rat-1 cells with 
f 

frequencies cOlllparable to thase' obtained "by the recombinant 
. 

plasmids cOlitaining an intact early region- (pIBI and pPB2J. The 
1" 

results presented in Table 1 aise sugge~t that the orientation 

of the polyoma sequence~ within t~~pBR322 DNA dries not influence 

the tr,ans forming acti vi ty of each paIr of recombinânt plasmids. 
,--~" 
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C. proper~\es of Rat Cells Transformed with 
Cloned Polyorna DNA Fragments 

,Cells transforrned by polyoma virus and SV40 
) 

acquire a new set of properties that distinguish them 

from their untransformed counterparts (see I.ntroduction). 

However, transformed cells do not acquire aIl these 

p~operties concomi tantly (110), and it has b~en su.ggested 

that the different traits of transfQrmed cells rnay ~e 

dependent on the separate activities of the early gene 

products of the virus (111,112). We were therefore curiou~ 

to 1earn whether rat cells transformed with a segment of 

po1yoma viral DNA capable of encoding smal1 and midd1e 

T antigens on1y, displayed a partial or complete transformed 

phenotype. 'ro determine this, we chose to study transform-
• .0 '\" 

ation-specific'properties of ce11s_transformed with the 

cloned Rind III~l fragment (subsequently referred ta a~ 

fragment trans':(onnants) and compare them to those of cel1s 

transformed with either polyama'virus or polyoma viral DNA. 

guishing 

capaci ty 

capaci ty 

Included among the ac,quired properties distin

tr,anEo.~med cells from untran~formed' cells is t'he 

to ~g ow to high satu,ration densities and t~e' 

to fo colonies in soft agar rnedi?ID'(for a detailed 

description of the properties aéquired by transfbrmed cerIs, 

~please refer to the Introduction). rhe results (Table 2) 

sho~ ,that the fragment transformants and t1;le pO~YQma DNA , 

transformants grow to high saturation densities compared ta 

/ 
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Table 2. Properties of transforrned cell 1ines 

Cel1 line Trans forming Saturation EOP'" in agar 
agent density (colonies/lOO 

(cells/cm2xlo- 4) celis plated) 
~ , 

Rat -1 none 14 0.001 

2-4a pPHl-8 DNA 35 18.1 

6-1.'a pPHl-8 DNA 35 4.5 

15-5a pPHI-4 DNA 61 6.5 

A4-I3a pPHl-4 DNA 50 12.5 

A8- 3a pPHl-8 f$NA 53 10.7 

AB-8a pPH1-8 DNA ~ 40 4.3 

AB-IDa pPHl-8 DNA 32 7.3 

A4-19a pPHl-4 DNA 43 2.7 

16-2 polyoma DNA 18 8.1 

18d2 polyoma DNA 50 7.0 

19a1 polyoma DNA 27 30.0 

18al po'lyoma DNA 26 9.6 

33-3a polyoma DNA 44 2.1 

33-1a polyoma DNA 36 3.6 
'" 

38-1a polyoma DNA 51 11. 8 

PyVla polyorna virus 61 10.0 

"'The eff{ciency of p1ating of cells in agar after 7-14 days 

of incubation at 37 degrees C. 
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the untransformed Rat-l parent cell line. Table 2 aiso 

shows that aIl the various transformants are capable of 

growth in soft agar, unlike the parental Rat-l celi line. 

The analysis of these two transformation criteria therefore 

shows that rat cells transformed with DNA containing only 

part of the viral'early region (72 to 1.4) exhibit a fuIlyè 

transformed phenotype. 

1 
, 

D. Viral DNA inc,Transformed Cells 

To show that the fragment transformed cell lines 

were transformed with DNA molecules containing ORly part of 

the polyoma early region and contained no other contaminating 

polyoma sequences, high molecular weight cellular DNA was 

prepared from several of these cell lines, digested with 

Hi~d III, fractionated by electrophoresis through ,an alRaline

agarose gel and screened for the presence of vi~al sequenc~s 

using the Southern blot-hy'?ridizatton technique '(24). The " 

three different DNA pro~es used in~he hybridization 

experiment were labelled in vitro by nick translation (109). ~ 

They were the polyom~ Hind 111-1 and'Hind 11I-2 fragments, 

both separately isolated from an agarose gel after cleavage 

of pPHI-8 and pPH2-41 plasmid DNA with Hind III, and 

pBR322 DNA. The results of such an analysis with one 

representative fragrnent-transformed cell line (lS-Sa) is 
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shown in Figure 4. Hybridization of l5-5a cellular DNA with 

the viral 'Hind III-i fragment (Figure 4A) reveals afte,r auto

radiography the presence of several fragments complementary 

to the probe DNA, including an intense band which co-migrated 
,~ '" 

with the marker Hind 111-1 fragment. However, even after -- , 

long exposure periods, no fragments are detected after 

hybridization of l5-5a ·cellular DNA with the Hind III-2 DNA 

probe (Figure 4B). Used as a probe, 32p labelled pBR322 also 

reveals a multitude of fragments including~one which co

migrated with linear pBR322 DNA. Because we can detect up to 

10.,...7 ug of linear p~}-n-8 DNA using this method, the analysis 

of 50 ug of cellular DNA can reveal as little as n.002 copies 

o~ recombinant plasmid DNA per cell. Figure 4 thus shows that 

l5-5a cells contain less than 0.002 copy of the Hind 111-2 

fragment per cell, and therefore, probably does hot contain 

this fragment at aIl. 

E. The Arrangement of Viral DNA in Fragment-Transformed Cells 

Until recently, the arrangem~nt of viral DNA sequences 

in transformed cells was unknown. In 1976 however·, Kettner and 

Kelly (113) and'Botchan et al. (70) reported that in the case . 
of SV40 transformed cells, multiple copies of intact and 

partial viral genomes integrate at differe~t sites in the 
-

cellular genome and that the junction between the viral 

sequences and the cellular· sequences differ from one insertion 

site to the other. 
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Figure 4. Detection of DNA fragments that contain 
polyoma or pBR322 DNA sequences after 
cleavage of l5-Sa cellular DNA with 
Hind III. 

A mixture of pPHl-8 and pPH2-4l DNA was cleaved with 
Hind III and 10-5 ug of the resulting DNA subjected 
to electrophoresis in adjacent slots (M) next to the 
SO ug of lS-Sa cellular DNA cleaved with Hind III (C). 
The fragments were transferred ta nitroceIIUfose 
sheets, the sheets were eut into three strips and each 
of these was separate1y hybridized with: 
CA) 32P-labelled Hind III-I fragment of po1yoma DNA; 
(B) 32P-labelled Hind 111-2 fragment of palyoma DNAj 
CC) 32P-labelled pBR322 DNA.( The autoradiogram shawn 
in A was exposed for 15 hou~s; in B for 33 hours; 
in C for 24 hours. ~ 
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To determine whèther the p<;>lyoma viral sequences i~ 

transformed cel1s are arranged in a similar fashionr'or whether 

th,ere are specifie sites, ei,ther on the vi raI sequences or on 

the ce llular sequences, wherE; integration takes .place. we have 

exarnined, using Southern blot-hybridization (24), the arrange

ment of vi raI sequences wi thin severaI fragment-trans forme cf 

ce·u. lines according to the strategy previously described by , 
Botchan et al. (70). 

To determine the number of separate insertions of 

1 integrated. recombinant DNA present in the genome of fragment

transform~d cells, their cellular DNA was digested wi th 

restriction enzymes whlch do not cleave pPHl-4 or pPHI-8 DNA 

(subsequently called no-cut enzymes). Th-ese enzymes êl~ave 

transfprmed cell DNA only at sites within.cellular sequences. 

Thus J the tot,al number of fra~ments c~ntaining polyoma viral 
1 • 

sequeFlces present after digestion of celhilar DNA indic~tes 
~, 

the 1ll~nimum- number of separate insertions of viral DNA within 
-

the cellu'lar, genoine. Figure 5 s.hows the results obtained when 

5 ug quantities of cellular DNA from severaI transformeq, cel!. 

lines are cleaved wi ih Xba I (a no-cu't for pPHl-8 DNA) fraction-.. " 

,ated through an hori zontai 0.7% agarose gel and hybridi zed to 

32P-labelled pPHl-8 DNA. Four of tl:!e seven fragmen~-transformed 

celi lines ana~yzed (~4a, AB-3a, AB-Ba and AB-IOa) contain only 
\ 

one in/sertio~ of recombinant DN~. The remaining 3 cel! ~ines 

contain ~fther two sepaTà..te insertions (A4-19a) or lIlultiple 

• 1 
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Figure 5. Detection of DNA fragments that contain 
polyoma sequences after cleavage of 
fragment-transformed èell DNAs wi th endo
nuclease Xba 1. 

Of 

Trans~ormed cell DNAs (5 ug) were digested to çompletion, 
wi th Xba I.and the result.ing fragments were fractionated' 
by electrophoresis through 0.7% agarose gels. Afte'r 
tra~fer of the DNA t~ a sheet of nitrocellulose and 
hybr dization with 32P-labelled pPHl-8 DNA, ·the filter 
was s bjected to autoradiegraphy. The fragment-trans
formed cell lines analyzed are: 2-4a CB), 6-la CC), 

IlS-Sa (D), A4-19a (Er, A8-3a (F) AB-8a (G) and, 
AB-lOa (~). Lane A cantains 10- ~ ug of pPH~ - 8, ferm 1 
DNA, 10- ug of Hind III fragment land 10- ug of 
pBR322 form III DNA. The autoradiogram~ shown in ~ and D 
were exposed for 4-8 hours and in B, C, E, F, Gand H 
for 5 days. 
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. 
insertions' 5~-la and 15,~5a) of recombinant DNA. Similar 

w results were obtained after digestion of fragmen~-transformed 
<. 

ce11ular DNA' Hpa 1 (Figure 6) J another no-eut enzyme for 
{~ . 

pPHl-8 DNA. 
A' 

Very often after ~he electrophores4s of cellular 

DNA.previously .digested with various restriction endonucl'easts, 
\. 

the ethidium bromide stained gel shows co-mig~ating bands 

present in lanes containing cellular DNA. These bands are 
I"l ~ " 1 

composed of tandemly repeated sequeQces present in,the 

cellular genome (70). The 3ZP-labelled p,rope DNA hybrid\zes 

~. "i llegal1.y''- t'o the DNA wi thin these band~ which can there~ore 
be,seen on the autoradiograms. However, no polyoma se~u nces 

') 

are present s ince these bands are also' seen after dige t n 

of untransformed cellular DNA. On'e good example of such co-? 

migrating bands ;is ... seen in Figure s. 
In general', rat cells trans lormed wi th polyoma vi rus 

contain free viral ·DNA molecules (68, 72, 76, 77) t. Figures 5 

a~d 6 ShOM that none of the fragment-transformants contain 

free, recombinant p~asmid DNA molecules (sensiti v·i ty of the 

metho' O.OZ copies of Hind 111-} fragment can be de~-ected). 
Such free molecu~es J if present, would remain unal tered after 

digestion wi th Xba 1 0SHpa 1 alld would therefore c,o-mi~rate 

... with pPHI-8 form 1 DNA or the Hind 111-1 fragment, and paR3Z'Z 

DNA shown in Figure SA . • 

• 1 
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Figure 6. Deteçtion of DNA fragments that contain polyoma 
seql1ence.s after cleavage of fragment transformed 
cell DNAs with endonuclease Hpa 1. 

Transformed cell DNAs (5 ug) were digested .... to completion 
with Hpa 1 and the resulting fragments were fractionated 
l?Y elect rophoresis through 0.7% agarose gels. After 
transfer of the DNA to a sheet of nitrocellulose and 
hybridization with 32P-labelled--pPFIl-B DNA, the filter' 
was subj ected to autoradiography. The fragment-trans formed 
ceU lines analyzed are: 2-4a (B), 6-la (C), 15-5a (D), 
A4-19a (E). AS-3a ~F) and AS-Sa (G),.. Lane A ,conta~ns (front 
top to bottom) 10- ug of pPHl-8 form III DNA, 10- ug of 
pPHl-8 form II DNA and 10-'5 ug of pPHl-8 form l DNA. The 
autoradiograms shown in A, Band D were exposed fol ~8 hours 
in C, E, F and G, fo~ 5 days. 
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" 

To determine if the integrat'ed recombinant plasmid 

sequences were arranged in a head toI tai! tandem repetition, 

the ceIlul'ar DNA of the fragment-transformants was digested , . 
wi th Kpn 1 and SalI, each of which cleave pPHl-4 or p~Hl-8 

DNA at only one site. Digestion of the cellular VNA with . 
sU,ch enzy,mes should generate full length linear recombinant 

molecules provided that the enzyme recognition site 'is 

duplicated at least once. These Molecules will then be 

revealed as bands co-migrating with the linearized marker 

DNA. Digestion with Kpn 1 (Figure 7) reveals that of the 

7 fragment transformants, only l5-5a contains a partial 

duplication of integrated pPHl-4 DNA. Similar results were 

obtained after digestion of l5-5a cellular DNA with SalI 

(Figure 8). 1t i$ noteworthy that the black dots seen in a 

number of autoradiograms are caused by background hybridization 

of the 32P-labelled DNA to the nitrocellulose filters (for 

example, see Figure 8). 
. 

The observation that the polyoma viral Hind ~III~l 

fragment was sufficient to cause transformation of cells in 

culture was surprising but we were still curious to 1earn 

whether the entire Hind l II-l fra,gment was essential to cause 
, 

cellular transformation. Ta determine this, we screened 

severa! fragment-transformed ceri lines for the presence of 
\ 

an intact polyoma viral Hind III-i fragment by cleaving the 
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Figure 7. Detection of DNA fragments that contain polyoma 
sequences after c1<eava~e of fragment-transformed 
cef! DNAs with endonuclease Kpn l. ' 

Ch 

Transformed cell DNAs (5 qg) were digested to completion 
with Kpn l and the resulting fragments were fractionated 
by eiectrophoresis through 0.7% agarose gels. After 
transfer of the DNA iO a sheet o~ nitrocellulose and 
hybridization with 3 P-'label1ed pPHl-8 DNA, the filter 
was subjected to autoradiography. The fragment-trans
formed ce1I lines analy~ed are: 2-4a (B), 6-1a (C), 
15-5a (0), AB-3a (E), AB-Sa (F) ~nd AB-IDa (G). Lana A 
contains 10-5 ug of pPHI-B DNA cleaved with K1n 1. The 
autoradiograms shown in A and D were exposed or 48 hours 
and those in B, C, E, F and G, for S'days. 

-""- .... ~ .. _---..... 

.J 

, 
l 
1 
i 
j 

l 

1 
l 

1 

.j 
1 
1 
1 
Î 

l f .1 
t 



52. 

K,pn 1 

~ , 
\ 

f 



- -_._--- _ .. ~-~ --- --_ ... - - ~ ~_. . _. ~.~. _.~~--_ ... - ~.- ---------_ .. _-- _ .... _--. ---'--'-------

J 

Figure 8. Detection of DNA fragment~ that contain polyoma 
sequences after cleavage of fragment-transformed 

~ cell DNAs wi th endonuclease SaIl. 

Transformeq ceU DNAs CS ug) were digested to completion 
with SalI-and the resulting fragments were fractionated 
by electrophoresis through 0.7% agarose gels. After , 
transfer of the DNA '20 a sheet of nitrocellulose and 
hybridi zation wi th 3 P-Iabelled pPHl- 8 DNA, the filter 
was subjected to autoradiography. Lane A shows the 
migration point of pPHl-8 linear molecules of DNA. The 
t rans formed cell lines analyzed are: 2-4a (B), 6-la CC), 
15-Sa (D), A4-19a (E), A8-3a CF), AS-Sa CG) and AS-lOa 
CH). Lane A contains 10- 5 ug of pPHl-8 DNA linearized with 
SalI. The autoradiograJJ5 shown were expos ed for 5 days. 

\ 

1 

1 

1 ---
') 



53. 

Sai 1 

A B C 0 E A F G 'H 

\ 



· ----. ----------- .~---
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cellular DNAs with Hind III. The results (Figure 9) show 
1 

thB:t 5 of the 7 fragment-transformed cell lines (2-4a," 

6-la, IS-5a, A4-l9a, AB-IOa) contain a complete integrated 

copy of the Hind 111-1 fragment of viral DNA. Two of the 

t ransformed cell lines (A8-3a and AB-Ba) did not contain such 

a co-migrating DNA fragment (Figure 9). One possible 

explanation f~r the absence ~f an intact Rind III-I fragment 

in these two cell 1ines could be that recombination between 

cellular~~~ and recombinant plasmid DNA occurred within the 

polyoma Hind 111-1 sequences. 

To deduce the co-ordinates of the smallest continuous 

se gment of vi raI sequences present, we inves~_ted in greater 

detail ~he arrangement of polyoma viral DNA in A8-3a and 

AB-Ba. To do this, we digested 10 ug of high molecular weight 

cellular DNA with a variety of restriction endonucleases whose 

sites 0 f cleavage in pPHl- 8 DNA are lcnown. The resul ting 

DNA was then fractionated by agaro5e gel electrophoresis, 
1 ,\;Ji 

tyansferred to nitrocellulose filters and hybridized with radio-

active pPHl-8 DNA. By comparing the fragments obtained by 

digestion of pPHl-8 DNA with a particular restriction enzyme, 

" with those derived 'from cellular DNA, it is possible to 
~ \ 

construct a map of the pPHl-8 sequences integrated in the 

cellular DNA. The results of such an analysis of A8-3a 

cellular DNA are shown in Figure 10 and summarized in, Figure Il. 



Figure 9. 

1 

.. 

Detection of DNA fragments that contain polyoma 
sequences after cleavage of fragment-transformed 
celi DNAs with endonuclease Hind III. 

Transformed cell DNA (S ug) were digested to completien 
with Hind III and the resulting fragments were fractionated 
by electrephoresis through 0.7% agarose gels. After 
transfer of the DNA te a sheet of nitrocellulose and 
hybridization wi th 32P-labelled pPHI-B DNA, the fil ter 
was subjected te autoradiography. The fragment-transformed 
cell lines analyzed are: 2-4a CB) J 6-1a CC), 15-Sa CD), 
A4-19a (E), AB-3a CF), AB-Ba CG) and AB-10a CH). Lane A 
contains 10- 5 ug of pPHI-B DNA cleaved with Hind III. 
From top to bottom, the first band is linearized pBR322 DNA 
and the second one is po1yorna H~ng III-1 fragment. 
The autoradiograms shown in A, and D were exposed for 48 
hours and those shawn in C, ~, F, Gand H) for 5 days. 
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Figure 10. The arrangement of polyorna sequences in 

the DNA of A8-3a. 

10 ug quantities of cellular DNA were digested with 
a variety of restriction endonucleases. The 
resulting fragments were fractionated through 0.7\ 
agarose gels, transferred to a sheet of nitro
cellulose and hybridized with 32P-labe11ed pPHl-8 
DNA. M refers to a marker of pPH~-8 DNA (10- 5 ug) 
digested with the restriction endonucleases shown 
above. C ,efers to A8-3a cellular DNA. 
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Figure Il. Phy....sical map of the pPHl-8 sequences .integr,ted 
into the genome of A8-3a. 

The data shawn in Figu~e 10 is summarized here. Bach 
circular plasmids h~ve been opened at the Eco RI, site 
within pBR322 J;)NA. \The map at the top sh6wsthe structure 
of, pPHl-8 DNA. The numb'e.rs refer to the map uni ts on the 
polyoma physic:al map. The darkened area~ indicat-e the 
early regian sequences. The fragm~nts containing polyoma 
sequences present in each restridtion enzyme digest of, 
pPHl-8. DNA are numbered according to their size. The 
underlined fragments, represent those present in di,gests of 
A8-3a cellular DNA. Digestion of pPHl-8 ONA' wi th Hha 1 
yields a number of fragments, hqwever only those wiIëh 
a~pear on the gel (Figure 10) are indicated here. The 
bottom map shows the structure of t-he integrated pPHl-8 
sequences. 
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Those obtained after the analysis of AB-Ba are showed in -, 
Figure 12 and summarized in Figure ~3. 

In both cell lines, one junction between cellular, 

and pPHl-8 DNA occur~ within polyorna sequences (between 45.0 

and 50.3 rnap units) therefore destroying the polyoma Hind III 

site at 45 map units. The other junction between cel~ularo J 

. . , ... 
and recombinant plasmid DNA occurs entirely within plasmid 

sequences. ,Therefo!e, in both AS-3a and AS-Sa cell lines, 
. 

the sequences of~he early region eontained in pPHI-B DNA 

(from 70 to 1.4 map units) remain intast. 

Although the junction between cellular and 

pPHl-8 DNA oceurred within the same region of polyoma 

sequences (45 to 50.3 map uni ts; however, i t is. not known 
'~ , 

; 1. 

whether'integration occurred at the sarne point within thi$ . 
< 

region) the integration points of pPHI-8 DNA into the genome 

of A8-3a and A8~8a are not identical. This conclusion is 

eorrohorated ~Y t~~resul~s obtained after cleavage of 

~ellular DNA with various no-eut enzymes (Figures 5 and 6). 
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. Figure 12. The arrangement o:f'polrom'a sequences in the DNA of A8-8a. 
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10 ug quantities of cellular DNA were digèsted with a variety of restTic~ion endonucleases. The resulting fragments were.#' fractionated "through' O. 7% agarose gels, trans~2rred to·a shee;t of nitrocel1~lose and hybridized with P-label1ed PPHl-8~A. M refers to a marker of . pPHl-8 DNA (10- 5 ug) dige ed~ wi th the -restriction endonueleases shown abov. C refers to AS-Sa cellular DNA. . 
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Figure 13. Physical map of the pPHl-S sequences integrated 
into the genome of AS-Sa. 

The data shown in Figure 12 is.summarized here. Each 
circular plasmids have been opened at the Eco RI site 
within pBR322 DNA. The map at the top shows the 
structure of pPHl-8 DNA. The numbers refe'r to the map 
units on the polyoma physica.l map .. The darkened areas 
indicate the early region sequences. The fragments 
containing polyoma sequences present in each restriction 
enzyme digest of pPHl-8DNA are numbered according to 
thei-r size. The underlined fragments represent thos,e 
pres/ent in digests of AS-Sa cellular DNA. Digestion of 
pPHI-8 DNA with Hha l yields a number of fragments. 
However, 'only thôSë which appear dn the gel, (Figure 12) 
are indicated here. The bottom map shows the struc~~re 
of the integrated pPHl-! sequences. 
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F. ~he Arrangement of Viral DNA in Secondary 
Trans fo rman ts 

Different mechanisms have been proposed to explain 

integration of polyoma and SV40 seque~ces into cellular DNA. 

Included among these is one which suggests that integration 

occurs by legitimate recombination 'between viral and cellular 

DNA sequences./ To test this hypothesis, we transfected Rat-l 

ceIIs in culture with cellular DNA isolated from one of the , 

fragment transfo~med cell lines (15-5a). If integration occurs 

by homologous recombination, then the cellular DNA sequences 
. r. 

flanking a particular in.sertion of pPHI-4 DNA should find 

homo10gous sequences on the cellular genome and integrate at 

that site. This would then be revealed by the presence of 

co-migrating fragments in the "secondary-transformants" and. 

the parental 15-5a cellular DNA afterdigestion with a 

restriction enzyme which does not cleave pPHl-4 DNA. 

To analyse the arrangement of pPHl-4 sequence~ 

wi thin severai secondary trans formants, the ce'lilular DNA of 

these cells was first digested with Xba 'I (a no-eut for . .---
pPHl-4). The resulting fragments were fractionated by gel 

, ~ 

electrophoresis, transferred to nitrocellulose filtefs and 

hybridized with 3ZP-labelied pPHl-4 DNA. The results ate 

sho~n in Fi~ure 14. Four of the seven cell lines analyzed 
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Figure 14. Detection of DNA fragments that cont~in polyoma 
sequences after cleavage of secondary trans
formants cellular DNA with endonuclease-Xba 1. 

" 

5 ug of transformed cell DNAs were digested to complet"fon 
with ~ l and the resu1ting fragments were fractionated 
by e1ectrophoresis through 0.7% agarose gels. After 
transfer of the DNA ~o a sheet of nitrocellulose ,and 
nybridization with 3 P-labe1led pPHl-4 DNA, the filter~ 
was s~bjected to autoradiography. The secondary trans-

,formed cell lines ana1yzed are: S15-1 (D), 815-2 (E), 
815-4-1 (F), 815-5-1 (G), 815-5-2 (H), 815-5-4 (I) and 
815-5-5. (J). The arrows in lane A show fro~ top to bottom: 
pBR3~2 for~ III DNA and polyoma viral Hind III~l fragment 
(10- ug of e.ach). Lanes Band C show one anq two ug of 

,15-5a DNA c1ea~ed with Xba I. The autoradiograms shown 
were exposed for 60 hours. \ . 
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63. 

(SIS-l, SI5-2, S15-4-l, S15-5-1) contaih on1y one insertion 

of recombinant plasmid ~uences and one of them (515-5-2) 

contains four. Only a smear could be detected in the 

remaining two cell lines (515-5-4 and SI5-5-5) and there

fore, these were not further characterized. 5imilar res~its 

were obtained after digestion of cellular DNA from secondary 
~ , 

transformants with ~ II (Figure 15). The digestion of 

cellular DNA from cellular transformants with either Xba 1 or 

~ II did not generate fragments co-migrating with 15-5a 

" cellular DNA fragments th us indicating that integration 

probably does not occur! by hpmologous recombination 

mechanism. . 

lS--5a cellular D~JA contains a number of insertions 

of recombinant plasmid DNA (pPHl-4)arranged -in tandem 

repeats (see previous section). To :investigate if the' genome 
1 • 

1 

of celIs transformed by 15-5a cellular DNA {secondat! trans
I 

~o;mants) c~ntainJ' a similar organ~zation of.- recombinant . 

sequences, the cellular DNAs of four secondary t:rans,formants , 

were d~gested with Kpn l (~hiè4 recognizes only'one s~tebof 

cleavageJin pPHI=4 DNA). The results (Figure 16) sliow no 

fragments within the cellular DNA digests tha~ co-migrate 
/ - , 

with linear pPHI-4 markeT DNA, ther~fore indicating that 
1 

1 1. 

none of the secondary transformants cQntains tandem repeats 

of recombinant plasmid DNA. 
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Figure 15. Detection of DNA fragments that contain po~yoma 
sequences after cleavage of secondary trans
formants cellular DNA wi th endonuclease ~ II. 

5 ug of transformed ce II DNAs were digested to completion 
with Bgl II and the resulting fragments were fractionated 
by e1ectr~phoresis through 0.7% agarose gels. A~ter 
transfer of the DNA t~ a sheet.of-nitrocel1ulose and 
hybridization with 32P-labelled pPHl-4 DNA, the filter 
was subj ected to autoradiography. The s·econdary trans
formed celis analyzed are: S15-1 (C), 815-2 (D),o 515":'5-1. > 

(E) . and 515-5-2 (F~. The arrows in lane A indicate ~rqm. . 
top to bottdm: 10- ug of pPHl-4 form. II DNA and 10- ug of 
pPHl-4 form l DNA. Lane B shows 2 ug of 15-Sa DNA c1eaved 
with Bgl II. The autoradiograms shown were exposed for 
5 days. l' 
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Figure 16. -Detection of DNA fra'gments that contain polyoma 

sequences afterfcleavage of secondary tran~
formants cellular DNA wi th endonuclease lCpn 1. 

5 ug of transformed èell DNAs were digested to completion 
with Kpn l and the resulting fragments were fràctionated 
by electro'phoresis. through o. 7f"'~garose gels. After ' 
trans.fer of the DNA to a sheet of ni trocel1ulose and , 

, , 

-

(, --) 

\ 

hyhridization wi th 32P-labelled pPHl-4 DNA, the fil ter . 
was subjected to autoi'adiography. 'The secondary 
transformed cell Unes analyzed are: S15-1 fC3,- Sl.S-~, _-'-_ 
(D), 515-5-1 CE) and 515-5-2 CF) 0, Lane A shows 10_~5 ug ~~----~---
of pPHI-4 for~ III DNA. Lane B shows 2 ugr'of 15-Sa DNA 
cleaved wi~h ~Ph I. The autoradiograms shown were 
e:xpo~ed for 1 ours .- \ 
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66. 

We were still curious to learn whether an entire 

Hind III-i fragment (present in l5-5a cellular DNA) was, 

necessary to cause cellular transformation. Secondary 

~transforrnant cellu.lar DNAs were therefore digested with 
rd, 

Hind III and screened for the prese ce of~ an intact poly.oma 

vi raI ~ind II 1-1 f;agment. The resu ts are shown in ~ 
Figure 17. Two of the four cell Hnes te~ted (SlS-I~, 

515-5-1) contain an inta,ct Hind III-i fragment as revealed 

by the presence, in the ce 1 Iu1.p.r DNA di,ges t, of fragments 

that co-rnigrate "wi th the vi rB:X~Hind III -1 fragment. Di ges tion 

of cellular DNA isolated from 515-2 and 515-5-2 ceIIs however, 

fail to reveal the presence of such co-migrating fragments 

(Figure 17). The arrangement of po1yoma vi raI DNA sequences 

in 515-2 ~as then investigated in gr'eater detail as described 

in the previous section (for AB-3a' and A8-Ba). The resu1ts 

are shown in 'Figure 18 {ind summarized in Figure 19. Digestion' 

of 515-2 cellular DNA with Pvu II, ~ 1, Pst 1 & Hind I~ and 

\.. p ~ tIre ve aIs tha t the ins e rt i~n of vir."l '1!NA 'con tains 

-sequences i"ncluded betweèn 52.7 and 1.4 map uni ts . The 

sequences of the early region included in pPHl-4 th~refore 1\ 

remain intact in 515-2 DNA. 
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Figure 17. Detection of DNA fl('agments that conta,in po1yoma 
si€quences after cleavage of s_econdary trans,
fermantS> ce'llular DNA wi th endenuclease Hind II 1. 

5 ug of transformed ceU DNAs w~re dicgested to comp1etion 
wi th Hind II l and the resul ting fragments were \fractionated 
by e1ectrophoresis through O. 7% agaro~se gels. After 
transfer of the-DNA ta a sheet of nitrocellulose and 
hybridization with'~2P-labelled pPHl-4 DNA, the filter 
was subj ected to autoradiography #' The secondary transformed 
cell lin,es shown are: S15-1 (C), ""S15-2 (D), 8+5-5-1 (E) and 
S15-5-2 CF). Lane A shows frem top to bottom: 10-5 ug of 
pBR322 linear DNA and 10- 5 ug of polyoma viral Hind III-I 
fragment. The aûtoradiogr,.ams were e~posed for ITnours. 
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Figure 18. The arrangement of polyoma sequences in the 

DNA of 815:-2. 

10 ug quanti ties of cellular DNA was digested wi th a' 
variety of restriction enzymes. The resulting . 
fragments were fractipnated through 0.7\ agaTose 
gels, transferre% to à sheet of nitrocellulose and 
hybtidized wi~h< 2P-label1ed pPHl-4 DNA. The arrows 
indicate the.position of the marker pPHl-4 DNA 
fragments obtained with.the restriction endon'ucleases 
shown above. ' 
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Figure 19. Physïca1'map of the pPH1 4 sequences integrated 
into the genome of 515-2 

The ,data shown in Figure 18_is summarized here. Each 
circu~aT.plasmid 'have been.opened at the Eco RI site 
within pBR3Z2 DNA. The map at the top shows the 
sttuctu~e of pPHl-4 DNA. ·The numbers refer to the 
m,ap uni ts on the po1yoma phys ica1 map. The darkened 
areas indicate the ear1y region seqûences.· The 
fragments containing po1yoma sequençes present ln 
each r~strictiori enzyme digest of pPHl-4 DNA are 
numbered according to their size. The under1ine 
fragments represent·those present in digests of S15-2 
cellular DNA. The bottom map shows the structure of' 
the maximum pPHl-4 sequences integratèd .. 
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• , 11\' '. 
The Arrangement of Vl. raI Sequences in 
Rand B Transformants, 

J , 

\\1 

Rat cells trans formed by polyoma virus~ have been 

shown to contain integ~at~\d tandem iepeats of viral DNA 

sequences (72). How thes~ tandem repetitions of' viral, 

sequences arise in .the cel~Ular genome of transformed rat 

ce1Is is still unknown but' different 'mechanisms have been 

proposed (79). Most of the,~e suggest tha~ s'ingle stranded 

regions exposed in rollipg circle or replicative interme

diates of the Cairns type-~~g viral DNA replicati~n are 

involved in the initial base pairing between the viral and 

cellular DNA sequences. Becaus.e large T antigen is 'essential 

for 'the initiation "of viral ,DNA r;Pli~ation (48, 49), the 

models predict that\' large T antigen should be present in cells 

harboring tandemIy integrateQ. vir~l sequen,ces. 
• , J 

To elucidate the role played by large T antigen 

during the integrat ion process, we compared the arrangement 

of integrated viral DNA sequences in Rat-l'cells transformed 

br recombinant, plasmid DNA molecules incapable of encoding 

larçe T antigen (pPRL~and pPR2-) wi th.· those_ of ct}ll.$ 
f ~ ~ • 

transformed by recombinant plasmids capable of doing SIO • 

. 
Initially, we were interested in learning whether the number 

of separate insertions of viral sequences within the cellular . \ 

genome of host cells ~endëd on the ~cti,~ity of large 

T antigen. Fi gure 20 shows "the resul ts obtained after 
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Figure 20; Detection of \DNA fragments -that contain polyorna 
, sequences after cleavage of R-transformed cell 

DNAs wi th endonuclease !!B.!. 1 1. . 

Transformed celI DNAs (5 ~g) were digested to compl~tion' 
wi th !!&l II and the resul ting fragments we're fractionated 
byelectrophoresis through 0.7'\ agarose gels. A~te ' 

- transfer of the DNA to a sh'eet of nitrocellulose a a 
hybridization with 32P-Iabe11ed pPRl DNA, the fil er was 
subjected to auto..radiography'. The transformed c 1 lines 
analyzed are: Rl'-l (B), R2-1 CC), R3-1 (D),- R4-4 \, (E) , 
RS-2 (F), R6-1 CG), R9-1 (H) and Rl'()-2 (1). Lane A 
contains from top to bot,tom: 10-5 ug or pPRI form 1,1 DNA' 
and 10-5 ug of pPRI form l DNA. The autoradiograrns 
were exposed for 6 days . 
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,cleavage of high mo1ecular we~ght DNA isolated from cells 

transformed by pPR1 or pPR2 recombinant' DNA (sub.sequently 

referred to as R transformants) with BgL II ,'which does not 

v recognize any cleavagesi te in pPRI 'and pPR2 DNA, Fi ve of , 

th~ eight celIs- line~ tested (R2-1, RS-2, R6-1, R9-1, Rio-i) 

contain a single insertion of recombinant plas!Jlid.'DNA.-

. RJ.-1 ce1ls show two separate insertions of pP'Rl pNA while 

R3-l'ana R4-4 show 13 and 10 different insértions of \ 

recombinant plasmid DNA respectively ~Figure 20). These 
../ . 

J • 
. r~sultS' are c'onfirmed by the digests of the R transfol"med 

cellular DNA with Hpa r,~ançther ho~cut enzyme for p~Rl DNA 
1> • 

v () • ~ " 

(Figure 21). For comparÎson, ,the cellular DNA ~solate~ 

from 8 cel1 lines transformed by pPBl or pPB2"DNA, -. .. 
(B transformants) was also cleaved with Bgl rI and ~pa' 1. 

" 

The' resu1 ts are shown in Figures 2Z' and 23' respecti vely" 

Four o{\ the eight clones ana~yzed (Bl-l ,. ~7-l; Bl3-I"and '" 

~ BIS-2) contained only one. insertion of recombinant pla?~id' 
) .. \ ~ 

DNA'while the remaini~ cell lines either f~ntain twb 

separate insertions (B3-1) or multiple .inse~tiôns (BZ-I,' 

B4-1 and BI4-1) of r'ecombinant DNA~ In summary, five 'of'. 
. " 

the eight R transformed cel1 lines (incapable of encodirtg 

, 'large T antigen) and' four. of the eight B transformants, 

(capable of encoding large T antigtm) co~ta1ned single. 

insertion of viral 'sequences wi thin their cellular genomê. /'. 
, , 

l 

" 

r 
, , 

" 

t 

i' 
! 
1 
1 

. f 
i 
!. 
1 
" r 

, 1 

, . 

j 
, , 
l , 

1 
l, 

1 



, , 
i 
, " , ' 
( , , , 
! -", 

'1 ~ \ 

1 
, " , 
J ,-

, 

l" 

. 
, 

: ;_J 
; 1. 

l' 

'. . 
i i, 

, 
\' 

!' 
1 

.. 1 
1 
i 

J 
j 

1 

1 
t 

/. 

1· 

, 
~ 

"0 

• '\ 

! 

" . 
• _~ ..... _____ ~,o-.. __ .... ~" .......... ~ ~..; ..... ".~ ........ ~.J.,..",~~ __ ",, __ -. ____ _ "~_, _r..,...~ .. ~~--.. .. ~ __ c ' __ "~_"_'$l""fM_" ___ _ 

. ' 

\ 

Figure lI., Detection l,of DNA fragments thât contain po1toma 
sequences after cleavage of R-trànsformed cell 
DNAs with endonuclease Hpa 1.' • 

." 

Trans formed cell DNAs\ (5 ug) were, digested to completion, 
with Hpa 1 and the result~ng fragments"were ,fract; onatEld 
by electrophores is thro--ugJlO. 7% agarose gels. After 
transier of the DNA to a sheet of nitrocellulose and 
hybridization with 32P-labelled pP RI fiNA, t,he filter w~ 
subj ected to autoradiography. The transformed' cell lines 

. analyzed' are: Rl-l (B),' R2-1 CC), R3-1 CD), R4-4 CE)" ' 
'R5-2 (F), R6-1 CG), R9-1 (H) and RIO-2 (1). Lane A,' , 

contains ,f·roJ!l top to bottom·: 10-5 -ug of pPRI form 1 l ,DNA 
and 10-5 ug of pPRI farm 1 DNA. Th'~ autoradi~rains were 
exposed for 6 days. 
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Figure 22~ Detection of DNA fragments that contain potyoma 

sequences after cleavage of B transforme~ell DNAs 
with endonuclease ~ II. 

Transformed cel1 mIAs CS ug) we,re digested to complet~on 
with ~ II and rhe resulting fragments were fractionated 
by electrophoresis through O. 7~% agarose gels. After '" 
transfer of the DNA to a sheet of fiitroce11ulose and 
hybridization with 32P-labelled pPBl DNA, the filter was' 
subjected to autoraaiography. Tqe transformed cel1s • 
an a 1 y z e d are:· &1-1 C B), B 2 -1 (C), B 3-1 CD), B 4 -1 CE), 
B7-1 CF), B13-1 CG), B14-1 CH) and BlS-2 CI). Lana A 
shows from tpp to bottom: 10-; ug of pPB2 form II DNA and 
10-5 ug of pPBZ for~ l DNA. The autoradiograms w,re 
exposed for 6 days. ' " 
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Figure 23. Detection of DNA fragments that contain polyoma 
sequences after cleavage of B transformed cell DNAs 
with endonuclease Hpa 1 

Transformed cell DNAs "(5 ug) were' digested to' completion 
with Hpa 1 and the resulting fragments were fractionated 
by electrophoresis through 0.7% agarose gels. After 
transfer of the DNA to a sheet of nitrocellulose and 
hybridization with 32P-label1ed pPBl DNA, the filter was 
subjected to autoradiography. The transformed cells 
ana1yzed are Bl-1 (B), B2-1 (C), B3-1 (D), B4-1 (E), 
B7-1 (F), B13-l (G), B14-l (H) and B15-~ (1). Lane A 
shows from top to bottom: 10- 5 ug of ~FB2 form II DNA and 
10- 5 ug.J of p'PB2 form 1 l)NA. Lane J shows 10"'5 ug .ot pPB2 
form In DNA. Lane K shows from top to bottom: 1,0- ug 
of polyoma (A2) DNA farm, 'II and 1. 
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Consequently, the number of s,eparate vit:al DNA integration 

sites do~s !not depend on the presence of large T antigen. 

Figures 20 to 23 also show that none of the R or B clones 
1 • 

contained fTee viral DNA. 

'" To determ~ne' if the recombinant plasmid s~~ces 
were tand'emly integrated in these cells,' the cellular DNA 

of the R tr~nsformants was~digested with Xba 1 and SaI J. 

Both of these enzymes cleave pPR1 and pPR2 DNA on1y once. 

(Xba cl~aves at two sites separ;ted by only 45 base pairs 

9in the distal part of the early region of the polyomagenome). 

The resul ts obtained after digestion of the cellular DNA" wi th 

Xba lare shown in Figure 24. Of the eight clones analyzed, 

two [R3-l and R4-4) contain at least a partial tandem 

duplication of the integrated pP RI DNA. On the other hand, 
, . 

~ digestion with SaI 1 reveals~the presence of tandem' 

repetitions of recombinant <sequences in two additional cell 

lines; RS-2, R9-1 (Figure 25). For comparison, cellular 

DNAs isolate~ fro,B transformed cell li~es were a1so cleaved 

-~h ~ l ~o de~rmine whether the re.Çombinant 'plasmid 

sequences were integrated in tandem repetitions" The results 

(Figure 26) show that three of the seven cell lines analyzed 

(B3-1, B4-1 and B14-1) con/tain tandem repeats of recombinant -
.. . 
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~igure 24. 
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, 

Detection of DNA fragments that contain polyoma ' 
sequences after cleavage of R-transformed cell 
DNAs with endonuclease Xba I. 

Transformed cell 'DNAs (5 ug) were digested to completion 
with Xba l and the resulting fragments were fractionated 
by electropharesis thraugh 0.7% agarose gels. After 
transfer of the DNA ta a sheet of nitrocellulose and 
hybridizatian with 32P-Iabelled pPRI DNA, the filter was 
subjected to autoradiography. The transformed cel! lines 
analyied are: Rl-I (B), R2-1 (C), R3~1 (D), R4-4 (E), 
R5-~ CF), R6-1 CG), R9-l (H) and RIO-2. (l'). Lane A shows 
10- ug of pP RI form III DNA. 
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Figure '25. Detectio~ of DNA fragments that contain polyoma 
sequences after cleavage of R-transformed celI 
DNAs with ~ndonuclease SaI l 

Tr,ansformed celi DNAs ·l~. ug) were digested to completion 
with 'Sail and the resultin~ fragments were fractionated 
by electrophoresis through O.~' agarose gels. After 
transfer of the DNA to a sheet 'of nitrocellulose and 
hyliridization wi th 32p· ... labelled pPRI DNA, the fil ter was 
subjected to autoradiography. The transformed celI lines 
analyzed are: Rl-l (B), R2-1 (C), R3-1 (D), R4~4 (E), 
R5-~ (F), R6-1 (G), R9-1 (H) and RIO-2 (1). Lane A shows 
10- ug of pPRl form III D~A. 
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Figure 26. Detection of DN~ fragments that co~tain polyoma 
sequences a~r c1eavage of B ~ransformed ce11 DNAs 
with endonu ease Xba 1. --- . 

Transforrned ce11 DNAs- (5 ug) weré digested to cornp1etion 
with Xba 1 and the tesu1ting fragments were ~ractionated 
by e1ëëtrophoresis .tbrough 0.7% agarèse gels. After 
transfer of the DNA to a sheet of nitrocellulose and 
hybridization with 32P-1abel1ed pP~l DNA\, the fil ter was 
subjected to autoradiography. , The transforlJled ce11s 
ana1yzed are: B1-1 (B), B2-1 (C), B3-1 (D), B4-1 (P.), 
B7-l CF). B13-1 CG), B14~1 (H) a~d B15-2 (1) .. Lane A 
contains 10-5 ug of pPB2 form III DNA. 'The autoradiograms 
were exposed for 6,days. 0 
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'"' plasmid sequences. Theref<?-i=~, in ~ummary, the pr~sence of, 
~ '1" 4 

large T antigen'in transformëd cells doés'not signlficantly, 
- \ 

alter the f·requency at whiçh '~andem i·ntegration, ,?ccurs 

;{ ~ 

\ 

T <>lsi~~e four of the eight R tr~nsforDJant~ and thr~e ~f the " 

seven ~ transformant~ anàlyzed containe~ integrated tandem 

repet i tions of Tecombinant piasmid DNA . . 
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We have measured the trans~orming capacity of 

èight recombinant plasm1d D~As (Fig~re 3)- containing either 
, 

the entiI:e or only par.t ol- the polyomL-y'~ral, gen'ome', The 0 

. . 
resul ts we have presen ted show that only part of the early , 

region, ~hè Si-proximal h~lf (70-100 map units) is required 

to establish, transformation of Rat-1 cells. This concluston 

, ~ stems from the observation tha:t recombinan1: p~Jsmids contain

ing either the entire polyoma genome interrupted at the viral 
/ 

Eco RI site (0/101 map units) or' thel'Hind III-i fr~gment of -, 

polyoma .DNA (45-~.4 map units) ~re capa~le of transforming 

rat cells. The cioned Hind 111'-'2 fragment of polyoma ,viral' 

DNA .(1.4-45 map uni ts) which does not include seque~ces from 

the proximal portion of the ea!ly region, is incapable' of 

i~~ucing the transformed phenotype. 
; , Moreover, the. frequency 

of transformation qbtained-by infection with recombinant 
~ ~ 

plasmid DNAs cap'able of encoding large T antigen (pPBl and 

pPB2) and those incapable of doing 50 (pPRl and pPR2, pPHl-8 

and pPHI-4) ,are 'approximately the same .. Because., the c~ding w 

sequences for small 'a~d middle T antigens aTe locatéCi 
'. 

, exc:lusi vely in the proximal part of the early region 
> . 

(7-0·1'00, map units) J whereas the sequences encoding '1 J P.I . 

. , 

' . 
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the ~OXimal .u W~ll- as in large T antigen 'are located in 

the'distal part of the early region, these results suggest 

that large T antigen neither enhances n~r inhibits the 
c 

, , 
establishmeI;lt of DNA mediated transforllJation. This 

l , 

) 

~onclusion contradicts the observati~n th~~~ge T antigen 

is necessary for the initiatio~ of cellular transformation 
. \ 1- - . 

(83, 84, .85) '\ One ~xp~anation for thlS apparent dis-

cr,epancy could be that we have studied transformation after 

DNA transfection. Tt is possible that during DNA infections, 
- 1 

a small number of cell! take up large amounts of viral DN~. 
\ 

This increased' q\uanti ty 'of polyoDÎa DNA ·wi thin the cel! could 
1 

1 th en overcome the ne.,e-â for large T antigen ta initiate 
l , 

\ trans formation. 1 '~"~'.'. 

B~cause we reasonèd by,an~logy to SV40 that the 

entire early region of polyoma virus woUld be required to 
, . 

induce ~ransformation, the observation that la~g~ T' antigen 
, :4. ". - -.- . . 

is· not essential to transform cells was. surprising .. Using . . -

the blot-hybridization technique, w~ therefore sèreened .. 
severai fragment transformant~-for other (contaminating)_ 

'DNA sequences,than those insluded in the Hind 1I17l , 
f 

'\ fragment and found none. .Wi thout. any' doubt th en , these rat ., . 
,'cells ar~ transfotmed' by sequen~e5 incap~ble of encoding . . . 
thè entire large T antigén. 
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These results are confirmed by several recent 

studies. First, large 'r antigen is not found in the 

fragmert\-transformants (Pomerant-z, B., 1to, Y. and Hassell, 

J.A., unpublished data) nor is it found in hamster cells , 
, 

transformed by polyoma vitus (31) or in hamster· tumor cell 
. 

lines established by infettion wi th polyoma viral DNA (115). 

Furthermore, Israel ~ al. (114) have reported that 

. rec~m~inant plasmids containing pBR322 DNA i~rted into the 

Eco mi te of the polyoma vi ra~ genome (0/100 map l.Jni ts) 
f) 

and therefore interrupting the s~quences of the early region, 

was tumorgenic when injected into hamsters. Kamen et al. 
/' 

(25) analyzed the polyoma viral mRNAs found in mouse and rat 

transformed celis and reported that sorne cell lines did not 

contain RNA sequences ~erived from the distal portion of the 

early region. Lania et al. (73) have analyzed 13 Rat-1 cell 

!ines transformed by po1y<!ma virus. Included among these 

were two cell lines w~contained only a single insertion 

of viral DNA with an incomplete early region. Neither of 
\ 

these cell line-s synthesized large t antigen '(73J. Taken 

together, these data s trongly suggest that large T antigen 

• is not required to maintain the transformed state. Further-

more, rat cells containing an integrated hr-t viral genome and 

synthesizing q functional large T antigen but no middle and 
\ 

1 \ 1 \ , 
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small T antigens display a normal phenotype (73), thus 

indicating that large T antigen alone i5 not sufficient 

for 'the maintenance of transformation. 

Whether middle and small T antigens are essential 

to maintain the tran.sformed state is still not clear. 
. . 

However, these protein5 have been detected in fragment-
-

transformed cell lines (Pomerantz, Ito and Hassell, 

unpubl i shed data) and are always detected in pol yoma

t,ransformed ce'Us (28, 31 yS), therefore establishing a 

strong correlation between their presence and the 

maintenance of the t rans formed phenotype. In ad di tion , 

cells transformed by polyoma virus containing deletions 

1 wi thin the sequences encoding middle and large T antigens' 

(88, 89) transform cells less efficiently than the wild 

type virus. Therefore, if small T antigen alone is not 

sufficient to fully transform ceUs and large T antigen 

alone is not capable of transforming cells (discussed 

earlier), t~en middle T antigen appears to be required to 

maintain the tr.ansformed state. Nevertheless, i t can 
• t 

still be argued that thé combined action of large and small 

T antigen is responsible for maintaining the transformed 

phenotype. No mutant with les ions in sequences encoding 
. \ 

middle T .antigen alone has yet been isolated. Such p~lyoma 
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mutants, wi thout a middle T antigen would then resemble a 

SV40 genome which encodes only large and srnal1 T antigens. 

Unlike polyorna virus however, SV40 large T antîgen alone 
\ 

is capable 'of transforming certain cells in vitro. 

Our resul ts also show that there a re no specifie 

si tes in the cellular genome of rat cells' at which 

integration of polyoma preferentially occurs and additionally, 

there are no specifie sequences on polyoma DNA at which 

attachrnent to the host chromosome takes place. These 
I!' 

results were obtained by comparing the arrangement of the . 
viral DNA sequences wi thin the cellular genome of seven 

Hind III-i fragment transformed cel1s, eight R transformants 

and e igh t ~ trans formants. Sirni l ar res ults have been 

obtained frorn the analysis of several polyoma trans formed 

rat and hamster cells (72-74). In addition, integration of 

SV40 sequences within rat ~lular DNA has also been shown 

to be non-specific (70, 113). The integration of polyoma 

vi rus and SV40 therefore contras ts sharply wi th that of 
/ . 

bacteriophage ~ into the E. coli genome. Here, unit 

length >.. viral DNA Molecules always integrate into a weIl 

dèfined chromos omal si te. Botchan et a1.. (70) recently 

proposed that unlike k.. vi raI DNA, inte gration of polyoma 
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and SV40 vi raI sequences into celI u~ar genomes could be a 

generalized phenomenon that occurs by legi timate or 

illegi timate recombin,ation between viral and cellular 

sequences. However, the arrangement of viral seque~ces 
-

within the genome of our secondary transformants suggests 

that integration does not occur by homologous recombi-
"1 

nation~ Nev-ertheless, a srnall degree of homology between 

viral and cellular sequences at the viral a\\d cellular 

DNA j unctions could exist and could not be detected by the 

rnethods used. These could only be detected by deterrnining 

the sequence of nucleotides at the site of linkage between 

viral and cellular DNAs. Botchan et al. (79) "have already 

done suc,h an analysis on a SV40 transformed rat ceU line 

and found no evidence of partial homology at the junction 

of cellular and viral sequences. They also postulate that 

single stranded regions exposed in rolling circle br 
t 

replicative intermediate of the Cairns type during \TiraI 

DNA replic~tion are involved in the initial base1pairing 

between the viral and ce llular DNA sequences. Further 

evidence to s.upport this hypothe,sis cornes from the 'arrangement 

of integrated viral sequences in various rat transfprmed cells. 

Indeed, polyoma and 'SV40 sequences are a'lways (Polyorna) a~d , 
" ~ 

, " 

often (SV40) found to be integrated in head' to taU -tandem ' 

( 
" 

, 1 
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repet i tions wi thin the cellular genome of rat cells (72, 

73, 70, 113., 116). These tandem arrays of vir:al sequences 

were s40wn to contain up to 5 unit-Iength copies of the 

viral genome (72), suggesting" that vil'al DNA replication 

took place before integration. Large T antigen should 

therefore be present in these cells. We' have investigated 

the role played by large T antigen during the integration

process by comparin& the arrangement of integrated vi raI 

sequences in Rat-l celis transformed by recombinant plasmid 

DNA molecules incapable of encoding large T antigen CR 
t. 

~ells) with those of cells transformed by recombinant 

p,lasmid capable of dOlng so CB cells). We found nO 

significant difference in the organization of the viral 
6 :- • 

sequences ~ithin the two types Qf transformed cells. These 

experiments therefore seem to' suggest that large T antigen 

is Ilot resRonsible for" the tandem integrat-ion of the viral .. 
DNA. 1t i5 of interest to note,' however, that among the.' 

seven Hind 111-1 fragment transformed cells (also incapable 

. -of encodi~g large 'f, épltigen), only one CIS-Sa) contains 

" tandemly r~peated recombinant plasmid sequences. This .. . 
find~ng is'~onsid~rabli different from that obtained from 

the, R transformants. ,~~ resolve this dic;crepancy, we 

p-ropose 'that recombin'ant plasmids containing the' polyoma 

.r ... .... 
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gename inserted into the RI site could encode a truncated 

form of large T antigen which could stifl promote, to a 

certain degree, viral DNA replication and therefore tandem 

integration. Cells transformed by the viral Hind 111-1 

/fragment ix:serted into the Hind III si te of pBR3,22 DNA 

could not' encode such functioning truncated proteins and 
\ . 

therefore would not contain integ~ated tandem repetiti~ns 

of viral sequences. The viral specifie proteins present in 

\ 

fragment-transformed cell 1ines have been analyzed (Pomerantz, 1 
, 

Ito and Hassell, unpublishèd data). Among aIl the fragment 

transformants studied, only 15-5a contained what seemed to be 
" 

a truncated form of large T antigen. Acco'rdingly, this cell 

line was also shown ta be the anly fragment transformant 
./ 

containing viral sequences tandemly integrated. 

To explain the absence of free viral orrecom-
~, 

binant plasmid sequences within the transformed cell lines 

analyzed, we can postulate that although the hypothesized 

truncated large T antigen present in these cells is 
, 

sufficient to initiate viral DNA replicatlon, it is, incapab'le 

• of mediating excision of the viral sequences from the , 
integrated state as it has already been suggested as a 

function for large T antigen (81). 
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The observation that the cellular DNA isolated 

from l5-Sa cells transforms Rat-l cell in cultur&. confirms 

that the oncogenic potential of the v.iral DNA is maintained 

after integration. In addi tion, this further" confi rrns the 

observation that the proximal part (70-1.4 map uni ts) of 

the early region of polyoma virus encodes aIl the information 

needed to stably transform rat celis in culture. 
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