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ABSTRACT 

The bovine papillomaviruses (BPV) are capable of 

transforming cells from a wide range of species both in 

vivo and in vitro. The 69% portion of the BPV-1 viral 

genome that contains the transforming region, as well as 

the 31% portion. were cloned in the pBR322 plasmid vector. 

An extensive restriction endonuclease map of the trans

forming region was prepared. Using the cloned tr9nsforming 

region as a 32p probe, BPV-1 coded mRNA transcripts from 

transformed cells were detected and sized using the northern 

blot technique. The largest open reading frame of the 

transforming region of the BPV-1 genome was sequenced using 

the Maxam and Gilbert chemical method and the amino acid 

sequence of a protein that this region could code for was 

presented. 
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CHAPTER 1 

INTRODUCTION 

The papovaviridae family contains two genera: (1) the 

papillomaviruses, and (2) the polyomaviruses. The papillo

maviruses possess a larger icosahedral capsid (55 nm versus 

45 nm) and a larger supercoiled, doublestranded DNA molecule 

(5.0 x 106 versus 3.3 x 106 ) than the polyomaviruses. Both 

genera possess oncogenic viruses capable of transforming 

cells (Crawford and Crawford, 1963). 

Initially, two classes of human papillomaviruses 

(HPV) were discriminated based on (1) unrelatedness immuno

logically, (2) dissimilar electrophoretic polypeptide 

patterns, (3) different restriction endonuclease DNA cleavage 

patterns, and (4) no polynucleotide sequence homology (Orth 

et al., 1977; Gissma~ et al., 1977). There are now believed 

to be seven different human papillomaviruses. HPV-1 (type 1) 

and HPv-4 are associated preferentially with deep plantar 

warts. HPV-2 is associated with common warts, and HPV-3 is 

associated with flat warts in normal individuals and is 

found in patients with epidermodysplasia verruciformis 

(Coggins and zur Hausen, 1977). HPV-5 has been implicated 

in the benign pityriasis-like lesions in patients with epi-

dermodysplasi a verruciformis and these lesions appear to 

1 



have the potential to undergo malignant transformation 

(Orth et al., 1980). It has been demonstrated in HPv-6 

isolated from genital warts (condyloma accuminata) the 

existence of two subtypes (HPV-6a and HPv-6b) (de Villiers 

et al., 1981). Recently, HPV-7 has been isolated from 

common warts found in meat handlers (Ostrow et al., 1981). 

Members of the polyoma genus are now suspected of 

having some type of role in a number of human diseases. JC 

virus was first isolated by Padgett and her co-workers from 

the brain tissue of a patient who had progressive multifocal 

leukoencelphalopathy (PML) and this virus has the morphology 

of a papovavirus (Padgett et al., 1971). Weiner isolated 

JC-type viruses from the brain tissue of patients with PML 

which proved upon analysis of the DNAs and other properties 

to be strains of sv40 (Weiner et al., 1972a; Weiner et al., 

1972b; Sack et al., 1973). BK, another human papovavirus, 

was first isolated in 1971 from the urine of a renal trans

plant patient who had received immunosuppressive drugs 

(Gardner et al., 1971). A patient with Wiskott-Aldrich 

syndrome, a genetic irununological disorder, had isolatable 

BK from the urine and brain (Takemoto et al., 1974). Both 

JC and BK have the ability to transform hamster cells in 

vitro (Major and Di Mayorca, 1973; Takemoto and Martin, 

1976) and to induce tumors in newborn hamsters (Shah et al., 

1975). 

2 
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The oncogenic potential of the papillomaviruses 

was first discovered in animals. The shope papillomavirus 

(CRPV), named after its discoverer (Shope, 1933), can pro

duce papillomas in cottontail rabbits (Sylvilagus floridanus) 

and domestic rabbits (Oryctolagus cuniculus) and some of 

these lesions have been observed to develop into skin squa

mous cell carcinomas (Rous and Beard, 1935; Syverton, 1952). 

Initially, two classes of BPV from ten cases of 

bovine fibropapillomas were reported. The two classes were 

found to: (1) share up to 52% to 58% polynucleotide sequences 

when assayed by saturation hybridization, (2) share 45% of 

the polynucleotide sequences by DNA-DNA reassociation kinet

ics, and (3) be antigenically cross-reactive, but not 

identical (Lancaster and Olson, 1978). Subsequently, a third 

BPV was reported and the three types of BPV could be distin

guished by nucleic acid hybridization and restriction endo

nuclease analysis (Pfister et al., 1979). A fourth BPV has 

been reported which may be associated with alimentary cancer 

in cattle and a limited restriction map (four enzymes) has 

been reported (Jarrett et al., 1978a; Jarrett et al., 1978b; 

Campo et al., 1980). Recently, a distinct type of BPV has 

been found associated with "rice grain" papillomas. The 

researchers have constructed a limited restriction endo

nuclease map and designated the new isolate as BPV-5 (Campo, 

1981) . 
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Both BPV and HPV have eight polypeptides, and CRPV 

has a similar number. BPV viral proteins (VP) one through 

four are thought to be structural proteins and VP five 

through eight remain associated with the DNA (Favre et al., 

1975). Recent work on the major viral capsid protein of 

BPV-1 and sv40 has shown a high degree of similarity which 

would suggest a genetic and-or evolutionary link (Meinke and 

Meinke, 1980). The proposal that the various papilloma

viruses are evolutionarily related received additional sup

port in a recent publication investigating DNA relatedness. 

Under nonstringent hybridization conditions conserved nucleo

tide sequences between HPV-1 and BPV-2, between CRPV and 

HPV-1, and between CRPV and BPV-2 (detected at 25% to 35% 

mismatch) were demonstrated (Howley et al., 1980). 

BPV has been shown to have the ability to cause in 

yitro transformation of cells from cows (Black et al., 1963), 

mice (Thomas et al., 1964), and hamsters (Geraldes, 1969; 

Geraldes, 1970; Meischke, 1979; Morgan and Meinke, 1980). 

When BPV is injected intracranially into the brains of sus

ceptible calves, fibromatous tumors of the meninges develop 

(Gordon and Olson, 1968). Calf meningiomas induced by BPV 

cODtain 700 to 800 BPV DNA equivalents per diploid cell and 

hamster fibromas induced by BPV have been shown to contain 

approximately 150 incomplete BPV genome equivalents per 

diploid cell (Lancaster et al., 1976). Intradermal injec

tion of BPV into horses results in a connective tissue tumor 
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which is histologically similar to equine sarcoid which does 

not metastasize, but excision often can result in the re

occurrence of the tumor (Voss, 1969). An examination of 

four of five spontaneous benign equine connective tissue 

tumors and BPV induced equine tumor showed the existence of 

60 to 500 BPV genomes per diploid cell (Lancaster et al., 

1977). A recent study has examined two equine sarcoids and 

found multiple copies of free BPV circular DNA but could not 

detect any integrated BPV DNA (Amtmann et al., 1980). A 

number of different research groups have examined trans

formed mouse, hamster, and bovine cells and have found BPV 

DNA present only in an unintegrated, episomal state 

(Lancaster, 1981; Moar et al., 1981a; Moar et al., 1981b; 

Breitburd, 1981). Mouse C127 cells transformed by full

length BPV-l DNA or by the 69% transforming region have been 

examined (Lowy et aJ.., 1980). These cells contained multiple 

copies of BPV DNA present as supercoils or nicked circles, 

but in no case was integrated DNA found. The researchers 

concluded that maintenance of transformation may be mediated 

by non-integrated viral DNA (Law et al., 1981). Recently 

BPV-l transformed hamster and mouse cells were examined with 

BPV-l DNA probes for the presence of RNA transcripts. The 

researchers examined whole cell RNA and found four sizes 

which were 1.1, 1.3, 1.6, and 1.8 kilobases in length 

(Amtmann and Sauer, 1982). 
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A DNA hybrid molecule containing the transforming 

region of BPV-1 DNA and the rat preproinsulin gene was con

structed and used to transform susceptible mouse cells. This 

foreign DNA was replicated and actively transcribed as an 

episome, and the transcripts translated into an authentic 

gene product (Sarver et al., 1981). In addition, a BPV 

plasmid has been constructed that can propagate in both bac

terial and mouse cells (Di Maio et al., 1982). BPV -1 is 

thus a novel eukaryotic vector and has been demonstrated to 

be highly effective for introducing foreign genes into animal 

cells. 

The papovaviridae family is clearly a very diversi

fied family possessing many members capable of cellular 

transformation who obviously have an important role in sev

eral different types of neoplasia. Polyoma, JC, BK, Sv40, 

HPV and BPV are all viruses which have some type of role in 

cellular transformation. This is a study of one of these 

members, BPV-1, which has a benign life cycle in its na.tural 

host, but also has the capability of inducing a transformed 

state in susceptible mammalian hosts and may be implicated 

in certain neoplasias. 

Mouse C127 cells, transformed by BPV-1 and selected 

by growth in soft agar, were screened for the presence of 

mRNA coded by the BPV-1 genome. The mere presence of a 

viral genome in a transformed cell is strong evidence impli

cating a possible role of that virus in the transformation. 
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If one can indeed demonstrate that mRNA transcripts are 

being produced by the virus, the evidence that the viral 

genome has a role in inducing and maintaining that trillLs

formed state is much stronger. By examining the large num

ber of cellular transcripts with a cloned BPV-l probe, this 

study sought the evidence that the BPV-l genome did have an 

active role in the cellular transformation of mouse C127 

cells. Furthermore, a region of the BPV-l genome containing 

a large open reading frame was sequenced by the Maxam illLd 

Gilbert chemical DNA sequence method. 



CHAPTER 2 

MATERIALS AND METHODS 

Isolation of the Virus 

BPV-l virions were isolated from naturally occurring 

bovine papillomas. After excision papillomas were stored in 

50% glycerol-saline at 4°. Virus particles were released by 

homogenization of approximately 5-6 g of outer papilloma

tious material in a Virtis homogenizer at 50,000 rpm for 3 

min at 4°. Homogenization was performed in 50 ml of extrac-

tion buffer of 1 M NaCI, 0.050 M Tris-HCI, pH 7.5. Cellular 

debris was removed by pelleting at 8,000 rpm for 20 min at 

4°. The pellet was then suspended in the same extraction 

buffer and the homogenization-centrifugation step was re

peated two more times. All three supernatant fluids were 

pooled at this point and further cleared of extraneous debris 

by centrifugation at 15,000 rpm for 30 min at 4°. The virus 

was removed from the supernatant fluid by pelleting at 

25,000 rpm for 2.5 hr at 4° in a Beckman type 30 rotor. The 

viral pellet was then suspended in CsCI ?-1.33 g/cm3 , 0.02 M 

Tris-HCl, 0.001 M EDTA, pH 7.5, and Dounce homogenized. Sub-

sequent centrifugation of the viral suspension at 15,000 rpm 

for 5 min at 25° followed homogenization. After this low 

speed centrifugatioYl, the supernatant fluid was centrifuged 

8 
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at 35,000 rpm for 24 hr at 25 0 in a Beckman SW50.1 rotor to 

yield two visible and distinct bands. The lower band con

taining virus was collected and dialyzed against 0.02 M Tris-

HCI , 0.001 M EDTA, pH 7.5 for 48 hr. 

Extraction of BPV-l DNA 

Isolation of BPV supercoiled DNA has been previously 

described by other investigators (Morgan and Meinl~e, 1980). 

BPV-l DNA was obtained from virus particles after lysis with 

sodium dodecyl sulfate (SDS) and N-Iauryl sarcosine (1% each) 

and heating to 370 for 30 min, followed by a 10 min period 

at 60 0
• After the solution cooled to room temperature, an 

equal volume of phenol saturated with 0.02 M Tris-HCI, 0.01 

M EDTA, pH 8.0 was added. The solution was shaken for 10 

min, followed by a low speed centrifugation at 12,000 rpm 

for 10 min to separate the two phases. The aqueous phase 

was removed and adjusted to a concentration of 0.3 M sodium 

acetate. DNA was precipit;ated by the addition of two volumes 

of absolute ethenol and stored at _20 0 overnight. 

DNA was pelleted the next day by centrifugation at 

15,000 rpm for 20 min at 40
• The DNA pellet was suspended 

in 2.0 ml of 0.02 M Tris-HCI, 0.001 M EDTA, pH 7.5, 0.46 ml 

of a 1 mg per ml ethidium bromide solution and 2.4 g CsCI 

The density of the solution was adjusted to 1.5818 g/cm3 and 

centrifuged at 35,000 rpm for 48 hr at 25 0 in a Beckman 

SW50.1 rotor. At the end of the centrifugation period, the 



lower band, which contains the BPV-l superhelical DNA, was 

collected and dialyzed against 1.5 M saline, 0.15 M sodium 

citrate (lOX SSC) for 48 hr, followed by dialysis against 

0.02 M Tris-HCI, pH 7.5 for 24 hr. 

Cloning of BPV-l DNA 

The viral DNA was cloned in two parts. BPV-l has 

10 

one HindIII site and one BamHI site. This cleaves the cir

cular genome into two pieces: (1) a 69% fraction that has 

been shown by other investigators to contain the transforming 

region and (2) a 31% fraction. The plasmid vector pBR322 

also contains one HindIII site and one BamHI site and the 

cleavage of pBR322 by these two enzymes removed a small 375 

basepair fragment which removed the tetracycline resistance. 

Thus, cloning the BPV-l genome in two parts offered a number 

of advantages: (1) since digestion with HindIII and BamHI 

results in nonidentical ends, the virus and plasmid would 

not recircularize, (2) the viral DNA could only be oriented 

in one direction in the plasmid, (3) studies on the trans

forming capabilities of the virus could be limited to a 

fraction (69%) of the viral genome, and (4) inactivation of 

the tetracycline gene facilitated D-cycloserine enrichment 

(see below). 

Equimolar amounts of the virus and plasmid DNA were 

cut by HindIII and BamHI. The total DNA concentration was 

100 ug/ml in a volume of 0.2 mI. T4 DNA ligase was used in 
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66 roM Tris-HCl, pH 7.6, 6.6 roM MgC12, 10 roM dithiothreitol 

and 0.5 roM ATP at 120 for 2 hr. T4 DNA ligase was at a con

centration of 1 unit/mI. 

The DNA samples for transformation of bacteria were 

prepared at a concentration of 1 ug in 0.1 ml of 30 roM 

CaC12 . RRI (HB101, rec+) bacteria were grown to 2 x 108 

cells/ml in L broth, pelleted by centrifugation (Sorvall 

SS34 rotor, 8,500 rpm, 4 0
, 5 min) and washed in 1/2 volume 

cold 10 roM NaCl. The cell pellet was resuspended in 1/2 

volume cold 30 roM CaC12 . After a 20 min incubation on ice, 

the cells were again pelleted and suspended in 1/10 volume 

cold 30 roM CaC12 . Then, 0.2 ml of this suspension was added 

to each 0.1 ml DNA sample and incubated on ice for 60 min. 

Each transformant was heated to 42 0 for 75 sec prior to the 

addition of 5 ml L broth. The culture was incubated at 37 0 

for 1 hr. 

For the selection of passenger fragments cloned in 

the tetracycline resistance genes of pBR322, samples of the 

transformation culture were diluted 1/50 and, after loga

rithmic growth was established, ampicillin was added to 

20 ug/ml. At cell saturation, the culture was diluted 

1/1000 and incubated for 1 hr, and tetracycline was added to 

a final concentration of 4 ug/ml. After a 45 min inCUbation 

in the presence of tetracycline, during which time the 

tetracycline-sensitive cells ceased growing, D-cycloserine 
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was added to a final concentration of 100 ug/ml and the cul

ture was incubated for 2.5 hr. The culture was centrifuged 

and the cells suspended in 100 ml of L broth without anti

biotics, incubation for 6 hr, and then plated for single 

colonies on L plates containing 10 ug/ml ampicillin. 

Colony Hybridization 

Colony hybridization allowed bacterial clones to be 

rapidly screened by DNA-DNA hybridization for those that 

contained specific DNA sequences. Nitrocellulose filters 

were cut into circles 8.2 cm in diameter, oriented with a 

pencil mark and placed on nutrient agar plates containing 

20 ug/ml ampicillin. The clones to be tested were trans

ferred to a designated spot on the filter and also to a ref

erence plate for storage at 40
• The colonies were grown to 

a diameter of 1 mm and then the filters were transferred to 

nutrient agar plates containing chloramphenicol (170 ug/ml) 

and incubated at 370 for 20 hr. All subsequent steps were 

performed at room temperature unless otherwise indicated. 

The filter was placed, colonies uppermost, on four sheets of 

Whatman 3MM absorbent paper, soaked in 0.5 M NaOH. After 5 

min, the filter was transferred to a filter block and suc

tion was applied until the colony residues appeared dry 

(1-2 min). Then, 120 ml 1 M Tris-HCI, pH 7.6, was poured 

through in 30 ml aliquots. This was followed by 120 ml 

1.5 M NaCI, 0.5 M Tris-HCI. pH 7.6, and then by 120 ml 



chloroform, both applied in 30 ml a.liquots. The filter was 

removed and allowed to dry at 60 0 for 15 min, followed by 

baking at 800 for 2 hr. 

13 

The filter was soaked in 3X SSC (SSC is 0.15 M NaCl, 

0.015 M Na Citrate), 0.02% polyvinylpyrrolidone, 0.02% 

Ficoll, and 0.02% bovine serum albumin at 60 0 for 5 hr and 

then dried at 60 0 for 15 min. Labeled BPV DNA (see below 

for "nick translation" labeling of DNA) in 0.9 ml 0.01 M 

Tris-HCl, pH 7.6 and 0.001 M EDTA was heat denatured in boil

ing water for 5 min. Then 0.1 ml 20X SSC was added. The 

filter was moistened with 1 ml of hybridization buffer (5 x 

106cpm per filter) and incubated at 550 for 16 hr under 

mineral oil. The filter was then washed three times (60 min 

each) in 100 ml 2X SSC at 550
. The filter was blotted dry 

and exposed to a piece of X-ray film with an intensifying 

screen to aid in illumination of the radioactive colonies. 

The 32p_DNA hybridized to only those colonies which contained 

the cloned BPV-l DNA fragment. 

Miniscreens 

The cloned colonies most likely to contain the viral 

DNA were subjected to a miniscreen scan. This is a rela-

tively quick method to obtain cloned DNA and to perform 

restriction endonuclease assays to determine if the viral 

DNA was indeed cloned. Transformants were grown overnight 

in 5 ml L broth and pelleted. The drained cell pellets were 
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frozen, thawed, and resuspended in 1 ml cold 25% sucrose and 

0.05 M Tris-HCI, pH 8.0 .To each sample was added 1. 2 ml 

lysozyme (5mg/ml in 0.05 M Tris-HC1, pH 8.0) and 0.05 ml 

0.25 M EDTA. After incubation on ice for 15 min, 5 ul RNase 

(10 mg/ml in 0.05 M sodium acetate, pH 5, boiled 10 min) was 

added. This was followed by the addition of 0.05 ml cold 

triton mix (3 ml 10% Triton Xl00, 7.5 ml 0.25 M EDTA, pH 8.0, 

15 ml 1 M Tris-HCI, pH 8.0, 7 ml H20) and the solution was 

gently swirled. Samples were placed on ice for 15 min. 

Lysates were cleared by centrifugation (Sorvall SS34 rotor, 

17,000 rpm, 4 0
, 35 min). Immediately, each supernatant fluid 

was carefully removed, diluted with 1 ml H20, and phenol ex

tracted and ethanol precipitated. The precipitate was col

lected by centrifugation (Sorvall SS34, 7500 rpm, 45 min) and 

suspended in 0.05 ml 0.02 M Tris-HCI, pH 7.5. The DNA was 

cut by the appropriate restriction endonuclease and electro

phoresed on a 5% acrylamide gel, stained with ethidium 

bromide, visualized under a UV light and compared with known 

standards to verify if the correct viral DNA had been cloned. 

Production of Cloned DNA 

The clones containing the viral DNA were transferred 

once every week to LB agar (one liter contained 5 g yeast 

extract, 10 g tryptone, 10 g NaCI, and 1.5% agar) containing 

50 ug/ml ampicillin. Colonies were transferred to sidearm 

flasks containing LB broth and 20 ug/ml ampicillin, and 
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shaken at 37° until a Klett value of 100-140 was reached. 

All of the following values are based on one liter of cul

ture. Chloramphenicol was added (150 mg in 2 ml of ethanol) 

and the cv 1 ture was incubated at 37° w'i th shaking overnight. 

The culture was harvested by centrifugation in a Sorvall GSA 

rotor at 5,000 rpm for 10 min. The pellet was resuspended in 

100 ml of 0.05 M NaCl, 0.005 M EDTA, 0.05 M Tris-NCl, pH 8.0, 

and pelleted. The supernatant fluid was discarded and the 

pellet was frozen and thawed. The cells were suspended in 

10 ml of 25% sucrose, 0.05 M Tris-HCl, pH 8.0. Cold lysozyme 

(2 ml of a 5 mg/ml solution in 0.25 M Tris-HCl, pH 8.0) was 

added and the solution was mixed gently. After 5 min at 0°, 

EDTA (4 ml of 0.25 M EDTA, pH 8.0,0°) was added. After 10 

min, 16 ml of a triton mixture (0.1% Triton Xl00, 0.05 M 

EDTA, 0.05 M Tris-HCl, pH 8.0) was added, the mixture was 

gently swirled and allowed to stanu at 0° for 15 min. After 

centrifugation at 17,500 rpm for 40 min at 4°, the super

natant fluid was collected. To each ml of supernatant fluid 

was added 1 g CsCl and 0.1 ml of a 5 mg/ml ethidium bromide 

solution. The solution was centrifuged in a Beckman SW50.1 

rotor at 40,000 rpm for 40 hr at 23°. The lower plasmid 

band was collected and dialyzed against 0.02 M Tris-HCl, 

pH 7.4, and then phenol extracted and ethanol precipitated. 

The DNA was suspended in 0.02 M Tris-HCl, pH 7.4, quantita

ted at 260 nm and stored at 4°. 
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Transformation of Mammalian Cells 

In each 100 mm plate were placed 5 x 105 C127 cells 

(C127 I, clone 4, derived from RIll mouse breast tissue) in 

10 ml of DMEM plus 10% FCS with incubation for 24 hr at 370
• 

To each plate was added 0.1 ml of a 500 ug/ml solution of 

IUdR, followed by a 24 hr incubation at 370
• The medium was 

removed and the plates were inoculated with 1 ml of BPV-l in 

DMEM with no FCS for 1 hr. Each plate received 4.8 x 1011 

virions which corresponds to a mUltiplicity of infection of 

approximately 5 x 106 • The cells were passaged approximately 

once a week for six weeks. The cells were removed by 

trypsin, centrifuged through newborn calf serum and between 

5 x 102 and 5 x 103 cells were suspended in 0.5% agarose-

containing medium. This was overlayed on a basal medium 

containing 1.0% agarose. After two weeks, small cellular 

clones were observable. The clones continued to grow with 

additional new medium (DMEM with 10% FCS and 0.25% agarose) 

for approximately two weeks, at which time individual clones 

were removed to be propagated as monolayers. 

RNA Extraction 

The BPV-l transformed cells were harvested by scrap-

ing off the cell monolayer with a rubber policeman and a 

small volume of sterile Tris-saline was added. The cells 

were washed three times with ten volumes of Tris-saline by 

repeated sedimentation and suspension with a wide-mouth 
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pipette. The washed cell pellet was resuspended in ice-cold 

lysis buffer (0.14 M NaCl, 0.0015 M MgC12 , O.OlM Tris-HCl, 

pH S.6, 0.5% Nonidet p-40) using 5 ml for each 10Scells, 

vortexed, and underlayered with an equal volume of 24% (w/v) 

sucrose, 1% NP40 in lysis buffer. After 5 min at 0°, the 

lysate was centrifuged at S,OOO rpm, 4°, for 20 min. The 

cytoplasmic (upper) phase was removed with a wide-mouth pi

pette, and then added to an equal volume of 2XPK buffer (0.2 

M Tris-HCl, pH 7.5, 0.025 M EDTA, 0.3 M NaCl, 2% (w/v)SDS, 

400 ug/ml proteinase K). The cytoplasmic fraction was incu

bated at 37° for 30 min, shaken briefly with an equal volume 

of phenol and centrifuged at 10,000 rpm for 10 min at lSo. 

The proteinase K digestion virtually eliminated interfacial 

denatured proteins. Nucleic acids in the aqueous phase were 

precipitated by the addition of 2.5 volumes of ethanol. 

After at least two hr at _20° the precipitate was recovered 

by centrifuged at 10,000 rpm for 10 min. The pellet was 

washed with a solution containing 75% (v/v) ethanol in 0.1 M 

NaOAc, pH 5.3, by suspension and sedimentation. DNA was 

digested with pancreatic deoxyribonuclease I (2 ug/ml) in a 

buffer containing 0.05 M Tris-HCl, pH 7.5, and 0.01 M MgC12 

for 30 min at 37°. Digestion was terminated by adding EDTA 

and SDS to final concentrations of 0.01 M and 0.2% respec

tively and the protein was extracted with phenol. The RNA 

was extracted with 2 volumes of ethanol after the addition 

of NaOAc, pH 5.3 to 0.2 M. Polyadenylated RNA was purified 
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by oligo-(dT)-cellulose column chromatography. The RNA 

sample, in dT-binding buffer (0.01 M Tris-HCl, pH 7.5, 0.5 M 

NaCl, 0.1% (w/v) Sarcosyl), was loaded onto an oligo(dT)

cellulose column (formed in a 5 ml plastic syringe, up to 

10 mg of RNA can be processed per ml of dT-cellulose) which 

had been washed with dT-binding buffer. The flow-through 

was reapplied to the column to ensure complete binding of 

the polyadenylated RNA. The column was washed sequentially 

with 2 ml per ml of column volume with dT-binding buffer, 

three times with 2 ml dT midwash buffer (0.01 M Tris-HCl, 

pH 7.5, 0.1 M NaCl, 0.1% Sarcosyl) and three times with 1 ml 

of dT-elution buffer (0.005 M Tris-HCl, pH 7.5,) .001 M EDTA, 

0.1% Sarcosyl). Nonpolyadenylated RNA (the flow-through and 

the first binding buffer fractions) were stored as suspen

sions in 70% ethanol at _20 0
. NaOAc (0.2 M, pH 5.3) was 

added to the polyadenylated RNA fractions before the ethanol. 

"Nick-Translated" 32P-Labeled BPV-l DNA 

DNase I was stored at 1 mg/ml and 0.5 ml was diluted 

to 100 ul in lX reaction buffer (0.05 M Tris-HC1, pH 7.5, 

0.01 M MgS04 ' 0.001 M dithiothreitol, 50 ug/ml bovine serum 

albumin. Five lambdas of this mixture were diluted to 0.2 ml 

in dilution buffer. The reaction contained 20 ul H20, 2.5 ul 

of lOX reaction buffer, 0.5 ug DNA, 0.5 ul of the diluted 

DNase I, 50 uCi of 32p_~-dCTP, 5 units of ~ coli polymerase 

I, and 0.2 roM each of dATP, dGTP, and dTTP. After 
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incubation at 140 for 2 hr, the reaction was terminated by 

the addition of 20 ul of 0.02 M EDTA. The mixture was loaded 

on a Sephadex G-50 column and eluted with 0.02 M Tris-HCI, 

pH 7.5, 0.001 M EDTA, and 0.1% Sarcosyl. One-half ml frac-

tions were collected and a 10 ul sample from each fraction 

was assayed for 32p activity. The DNA fractions were pooled, 

10 ug carrier salmon DNA were added and this was ethanol pre

cipitated. 

Detection of RNA 
Transcripts Coded by the BPV-l Genome 

Polyadenylated RNA isolated from the BPV-l trans

formed C127 cells was blotted to nitrocellulose by the 

method of Thomas (1980). The glyoxal solution (6M) was de

ionized by using a mixed-bed ion-exchange resin (BioRad) 

until neutral and stored at _20 0 in tightly capped tubes. 

Formamide was deionized using a mixed-bed resin and stored 

at _20 0
• RNA (up to 10 ug/8 ul reaction mixture) was incu

bated in 1 M glyoxal, 50% (v/v) Me 2SO, 0.01 M sodium 

phosphate buffer, pH 7.0, at 50 0 for one hour. The reaction 

mixture was cooled on ice and 2 ul of sample buffer 

ing 50% (v/v) glycerol, 0.01 M sodium phosphate buffer, pH 

7.0, and bromphenol blue was added. The samples were electro

phoresed at 90 volts for 2.5 hr. Constant recirculation of 

the buffer was required to maintain the pH 7.0. Glyoxalated 

RNA was transferred from agarose gels to nitrocellulose by 

using 3 M NaCI, 0.3 M sodium citrate (20X SSC), essentially 
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as described by Southern. After electrophoresis the gel 

(without prior treatment) was placed over two sheets of 

Whatman 3MM paper, saturated with 20X sse. The nitro

cellulose paper was wet with H20, equilibrated with 20X sse, 

and laid over the gel, covered with two sheets of Whatman 

3MM paper, and a 5 to 7 cm layer of paper towels, a glass 

plate, and a weight. Transfer of RNA was completed in 15 hr. 

The blots were dried under a lamp and baked for 2 hr at 80 0
• 

The prehybridization buffer contained 50% (v/v) formamide, 

5X sse, 0.05 M sodium phosphate buffer, pH 6.5, sonicated 

denatured salmon sperm DNA at 250 ug/ml, and 0.02% each BSA, 

Ficoll, and polyvinylpyrrolidone. The RNA blots were pre

hybridized for 8 hr at 420. The hybridization buffer con

tained 4 parts of the same buffer and 1 part 50% (w/v) 

dextran sulfate. The 32p_BPV DNA nick-translated probes 

were denatured at 100 0 for 5 min, cooled, and added to the 

hybridization buffer, and the blots were hybridized for 

20 hr at 420. The RNA blots were washed with four changes 

of 2X sse, 0.1% SDS, for 5 min at room temperature and then 

washed with two changes of O.lX sse, 0.1% SDS for 15 min 

each at 500. The damp blots were wrapped in Saran Wrap and 

an autoradiogram was made as described above. 

5' End-labeling with 32p _ -ATP 

Five micrograms of the DNA to be end-labeled was cut 

with the appropriate restriction endonuclease in a volume of 
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180 ul. To this was added 20 ul of 0.5 M Tris-HC1, pH 8.0, 

and 0.5 U bacterial alkaline phosphatase. After 1 hr at 65 0
, 

the mixture was phenol extracted four times followed by two 

ether extractions. The DNA was precipitated with the addi

tion of 25 ul 3 M NaOAc, 750 ul ethanol, chilling at -70 0 and 

centrifugation. The DNA was end-labeled by adding 45 ul 

32p_~_ATP (100uCi), 5 ul of 0.5 M Tris-HC1, pH 9.5, 0.1 M 

MgC12 and 0.05 M dithiothreitol. Twenty units of T4 poly

nucleotide kinase were added with incubation at 370 for 1 hr. 

To this was added 140 ul H20, 25 ul 3 M NaOAc, and 750 ul 

ethanol. After chilling and centrifugation, 250 ul 0.3 M 

NaOAc, were added, followed by 750 ul ethanol, followed by 

chilling and centrifugation. After a wash with ethanol, the 

pellet was dried. The DNA was now ready to be cut with a 

second restriction enzyme for subsequent use in DNA sequen

cing. 

Restriction Enzyme 
Mapping by the Smith-Birnstiel Method 

The method of Smith and Birnstiel (1976) was used to 

obtain a detailed map of the cleavage sites of several 

restriction enzymes. This procedure involved the use of 

labeling the 5' end of the genome or DNA fra~lent, and cut-

ting with a second restriction enzyme to yield two asymmet

ric pieces which could be separated on a 5% acrylamide gel. 

The DNA pieces were eluted as stated below. The DNA fragment 

was partially cleaved with a restriction enzyme, the 



resulting pieces were electrophoresed and an autoradiogram 

was constructed from which the sites were mapped. 

Briefly, in a 50 ul volume were placed: (1) 15,000 

cpm of end-labeled DNA, (2) one unit of the restriction 
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enzyme that was being tested, and (3) the appropriate restric

tion enzyme buffer. The mixture was heated to the appropri

ate temperature and 12 ul were removed at 2, 5, 15, and 40 

minute intervals into separate tubes containing 7 ul stop 

solution (0.01 M EDTA, 50% glycerol, and bromphenol blue). 

Half of the contents of each tube were electrophoresed on a 

5% acrylamide gel and an autoradiogram of the gel was made. 

From this, it was determined the most opportune time which 

gave the best visualization of each of the cleavage sites 

for the particular restriction enzyme. This time determina

tion procedure was done for all of the restriction enzymes 

that were being mapped and then one gel (10% acrylamide) was 

run with the best time digestion for each restriction en

zyme. This method enabled one to· map cleavage sites that 

may be as close as 20 or 30 basepairs from one another. 

Sequencing DNA 

The procedure for end-labeling the 5' end of DNA for 

a subsequent cleavage with a restriction enzyme which 

results in two end-labeled, unequally sized DNA fragments, 

and the separation of these two fragments in 5% polyacry

lamide have been described in Materials and Methods. The 



sequencing procedure was that of the partial chemical base 

cleavage described by Maxam and Gilbert (1980). 
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Elution of DNA from polyacrylamide gel: A 1 ml pi

pette tip was tightly plugged with siliconized glass wool. 

The apex of the tip was sealed with a small flame. A small 

gel slice was dropped into the plugged and sealed tip. The 

gel was crushed with a 3 mm diameter siliconized glass rod. 

The crushed gel was ground to a paste with the rod. To the 

paste was added 0.5 ml of 0.5 M ammonium acetate, 0.01 M 

magnesium acetate, 0.001 M EDTA, 0.1% (w/v) SDS, and 10 ug 

tRNA. The top of the tip was sealed with two layers of 

parafilm and heated at 370 for 10 hr. The parafilm was re

moved and the flame-sealed tip was cut off. The tip was 

placed in a siliconized centrifuge tube and centrifuged at 

3000 rpm for 2 min, the tip was discarded and 2 ml of ethanol 

was added to the eluate in the tube. The tube was sealed 

and chilled at -700 and centrifuged in the Eppendorf centri

fuge for 10 min. The supernatant fluid was removed and the 

pellet was dried. The DNA was recovered in 32 ul water. 

Limited DNA cleavage at guanines (G): The following 

were combined: 200 ul of 0.05 M sodium cacodylate, pH 8.0, 

0.001 M EDTA, and 5 ul end-labeled DNA. This was chilled to 

00 and 1 ul of dimethyl sulfate was added. After vortexing 

and heating at 20 0 for 10 plus/minus 5 min, the following 

was added: 50 ul 1.5 M NaOAc, pH 7.0, 1 M mercaptoethanol, 

100 uI/ml tRNA, and 750 ul ethanol. This was mixed well and 
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chilled at -70 0 for five min, followed by centrifugation at 

12,000 x G for five min. The supernatant fluid was removed 

and 250 ul 0.3 M NaOAc was added, followed by vortexing, and 

the addition of 750 ul ethanol. After mixing, chilling, and 

centrifugation, the supernatant fluid was removed and 1 ml 

ethanol was added. This was centrifuged for 15 sec and the 

supernatant fluid was removed. After drying under a vacuum, 

85 ul 1 M piperidine was added, vortexed, and heated at 90 0 

for 30 min. The sample is transferred to a clean tube and 

to this is added 220 ul of 0.3 M NaOAc and 750 ul ethanol. 

Following chilling at -70 0 for 10 min and a 10 min centri

fugation, 1 ml of ethanol was added, centrifuged for 1 min, 

the supernatant fluid removed and the pellet vacuum dried. 

Then 3 ul 80% (w/v) formamide, 0.01 M NaOH, 0.001 M EDTA, 

0.1% (w/v) xylene cyanol, and 0.1% (w/v) broQphenol blue was 

added (this is the sequencing solution). This was vortexed, 

heated at 90 0 for 1 min, chilled on ice, and immediately 

loaded on the sequencing gel. 

Limited DNA cleavage at guanines and adenines (G and 

A): Ten lambdas H20 and 10 ul end-labeled DNA were combined 

and 3 ul 1 M piperidine formate, pH 2.0, was added. After 

mixing and heating at 370 for 25 min, this mixture was frozen 

and lyophilized, dissolved in 20 ul H20, frozen, and lyoph

ilized. Then 85 ul 1 M piperidine was added, vortexed, and 

heated at 90 0 for 30 min. The sample was subsequently 
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treated as described previously for the limited cleavage 

at the guanines. 

Limited DNA cleavage at pyrimidines (C ffi1d T): For 

cleavage at cytosine and thymine 10 ul H20 and 10 ul end

labeled DNA were combined. For cleavage at cytosine (C) 

only, 15 ul 5 M NaCl and 7 ul end-labeled DNA were combined. 

Both of these reactions were then treated in the following 

identical manner. To each was added )0 ul hydrazine, mixed, 

and heated at 20 0 for 15 min. To this was added 200 ul 0.5 

M NaOAc, 0.001 M EDTA, 25 ug/ml tRNA, and 750 ul ethanol. 

This was mixed and then chilled at -70 0 for 5 min, followed 

by centrifugation. The supernatant fluid was removed and 

250 ul 0.) M NaOAc was added. This was mixed and 750 ul 

ethanol was added, mixed, chilled, centrifuged for 5 min, 

and the supernatant fluid was removed. The pellet was dried 

under vacuum. The pellet was suspended in 1 M piperidine, 

and heated at 90 0 for )0 min, and then transferred to a new 

tube and treated as described before. Three lambdas of the 

sequencing solution were added, mixed, and heated at 90
0 for 

1 min, chilled on ice, and used in~ediately on the sequencing 

gel. 

Polyacrylamide Sequencing Gels 

The cleavage preparations were run on a long, thin 

(0.4 mm) polyacrylamide gel. In general, an 8% 1:20 cross

linked gel was used for determining the sequence of bases 25 
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to 250 from the labeled 5' end and a 20% 1: 20 cross-linlced 

gel was used for determining the sequences of bases 1 to 30 

5 A . ° + 5° from the labeled 'end. fter electrophoresls at 50 - , 

an autoradiogram was made using Kodak X-Omat film held in a 

cassette containing Dupont Lightning-Plus intensifying 

screens. An average film exposure time was 48 hr at -70°. 

From these autoradiograms the sequence of the DNA was deter-

mined. 



CHAPTER 3 

RESULTS 

It was necessary to clone the BPV-1 genome in the 

pBR322 plasmid vector for two major reasons. First, BPV-1 

does not grow in tissue culture and the only source of the 

virus is from the bovine fibropapillomas which results in a 

large amount of time and work expended just to yield a rela

tively small amount of virus. Secondly, the preparations of 

viral DNA from papillomas that were believed to be only 

type 1 actually contained some type 2 DNA. In the initial 

attempts to clone type 1 DNA, type 2 DNA was consistently 

isolated in a cloned form from the preparations believed to 

contain only type 1 virus. If cloning of the BPV-l genome 

had not been done to ensure that type 2 or any other type of 

DNA was not present, the northern blots as well as the DNA 

sequencing gels could have yielded confusing and worthless 

data. 

The general scheme for the cloning of the BPV-l DNA 

in pBR322 is presented in Figure 1. Since the transforming 

region of the virus had been shown to be within a 69% region 

of the genome bounded by the single HindIII and BarnHI sites, 

it was advantageous to clone this section away from the un

wanted remainder of the viral genome. Fortunately, since 
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Figure 1. BPV-1 was cleaved at the single Hind III and 
BamH I sites to yield a 69% transforming region 
and 31% region. The pBR322 vector was cleaved 
with the same two enzymes allowing the two BPV-1 
regions to be ligated into the plasmid which 
resulted in a transformant that was ampicillin 
resistant and tetracycline sensitive. 

28 
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pBR322 has single HindIII and BamHI sites located in the -- --
tetracycline gene the insertion of any foreign DNA into these 

two sites would result in inactivation of the tetracycline 

gene and render the transformant tetracycline sensitive. 

This facilitated the use of D-cycloserine in the selection 

of such clones. In addition, since the ends of the pBR322 

vector are not cohesive the vector could not circularize it-

self without a foreign DNA inserted. The foreign DNA that 

was cloned could only orient itself in one direction and 

this eliminated the need for restriction endonuclease 

studies of the clone to determine the orientation of the in-

serted DNA. 

The ligation products diagrammed in Figure 1 were 

used to transform HB101 and these transformants were sub-

jected to D-cycloserine enrichment, followed by plating on 

ampicillin nutrient agar plates. Some researchers have 

claimed that D-cycloserine enrichment, in which all of the 

tetracycline sensitive clones should die, should result in 

90-100% of the transformants containing foreign DNA. In our 

hands this procedure did not result in that high of a rate 

of inserted DNA with approximately 50% of our transformants 

that survived D-cycloserine enrichment possessing foreign 

DNA. This was a significant increase over the 5-10% success 

rate we obtained when no D-cycloserine enrichment procedure 

was used. The Grunstein-Hogness technique proved valuable 

in selecting clones that had BPV-1 DNA. In this procedure, 
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transformants which survived the D-cycloserine enrichment 

and grew on ampicillin plates were grown on nitrocellulose 

filters resting on ampicillin plates. After amplification on 

chloramphenicol plates, the colonies were lysed and a nick

translated BPV-l probe was allowed to hybridize to the fil

ters. Those colonies containing BPV-l DNA exhibited a strong 

hybridization signal. Figure 2 is an autoradiograph obtained 

from one of the Grunstein-Hogness hybridization filters. 

The arrow designates a very strong signal indicative of 

cloned BPV-l DNA. Directly to the left of this signal is a 

much weaker signal designating a colony which contained no 

BPV-l DNA. Positive and negative control colonies are loca

ted at the bottom of the filter indicated by "+" and "_" 

respectively. 

The apparently positive colony from Figure 2 was 

subjected to a miniscreen analysis as described in Materials 

and Methods. The plasmid DNA was sequentially cut with 

HindIII and BamHI to release the cloned BPV-l fragment from 

the pBR322 plasmid vector. This DNA digest, along with sim

ilar digests of the complete BPV-l genome DNA and the com

plete pBR322 vector DNA were run on a 5% acrylamide gel, 

stained with a final concentration of ethidium bromide of 

1 ug per ml, observed under ultraviolet illumination and 

photographed. This photograph is presented in Figure 3. 

Lane 1 is BPV-l DNA from virions, lane 2 is the cloned DNA, 

and lane 3 is the pBR322 DNA. Thus the 69% transforming 
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Figure 2. Transformants suspected of possessing cloned EPV-1 
DNA \'lere subjected to a colony hybridization assay 
using the 32P-nick-translated 69% transforming 
region as the probe. The arrO't'l designates a col
ony possessinr the BPV-1 cloned DNA. The "+" and 
"_" designate positive and negative controls, 
respectively. 
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Figure '3. The transformant ,'11 th the strong hybridization 
signal seen in Figure 1 lias subjected to a mini
screen digest. Lane 1 contains BPV-1 DNA iso
lated from virions, lane 2 contains the 
transformant DNA, lane , contains pBR322 DNA, 
and lane 4 is a molecular ",eight marker. Lanes 
1, 2, and '3 't'lere dip:ested 't'1i th Hind III and BamH I. 
From this gel it appears that the transformant in 
lane 2 contains plasmid DNA consisting of the 69% 
transforming region of BPV-1 and the pBR322 
vector. 
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region located between HindIII and BamHI was successfully 

cloned as indicated by the band in lane 2 that was the same 

size as the band in lane 3 that was the 69% region of the 

viral genome. Unfortunately, a miniscreen test such as this 

is not thorough enough to confirm that the region of inter

est has definitely been cloned. It was shown in other ex

periments that cloned BPV-2 DNA would give the exact same 

results under these circumstances. In order to prove that 

the cloned DNA could only be BPV-l DNA, further more exten

sive restriction endonuclease enzyme digestions were required 

as shown in Figure 4. In this polyacrylamide gel two re

striction enzymes that are multiple cutters due to their four 

base recognition sequences, HinfI and HpaII, were used. In 

each case the cloned DNA restriction pattern contained frag

ments that were found either in the pBR322 digestion pattern 

or the BPV-l DNA digestion pattern. The only exception was 

the appearance in the cloned DNA pattern of one or two bands 

that did not correspond to any seen in the adjacent patterns. 

This was due to new fragments created when the pBR322 DNA 

and BPV-l DNA were joined together at the HindIII and BamHI 

insertion sites. Figure 4 contains the proof that the DNA 

cloned was actually the 69% transforming region of BPV-l. 

Since large quantities of the DNA of the transforming 

region of BPV-l were available, an extensive restriction 

endonuclease map was constructed. We had already constructed 

a good but somewhat limited map previously by using the slow 
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An extensive examination of the transformant 
suspected of harboring the 69% transforming 
region of DNA vTaS performed. Lanes 1 and 4 con
tain pBR322 DNA, lanes 2 and 5 contain the 
transformant's plasmid DNA, and lanes 3 and 6 
contain EPV-1 isolated from virions. Lanes 
1, 2, and 3 l'lere digested 'tvi th Hinf I and lanes 
4, 5, and 6 uere digested ~li th Hpa II. From 
these restriction endonuclease digestions it ",as 
possible to conclude that the DNA contained in 
the transformant's plasmid was the 69% region 
of BPV-1. 



and laborious method of double and triple digestions with 

various restriction enzymes (Morgan et al., 1980). A much 

more extensive map was constructed by the method of Smith 
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and Birnstiel. This method involves end-labeled DNA which is 

subjected to partial digestion by the enzyme. After electro

phoresis and autoradiography of the products, the restriction 

sites were easily mapped. Figure 5 presents the map ob

tained by this method and shows the cleavage sites of ten 

restriction endonucleases. This map was useful in the sub

sequent DNA sequencing procedures. 

The detection of BPV-1 specific RNA transcripts from 

BPV-1 transformed C127 cells required the use of northern 

blots. Briefly, polyadenylated mRNA from the cytoplasmic 

fraction of the transformed cells was denatured with glyoxal, 

electrophoresed through agarose and blotted to nitrocellulose. 

To this was hybridized the nick-translated 32p DNA probes. 

The probes consisted of the transforming 69% region and the 

nontransforming 31% region of BPV-1. Both probes were con

structed from cloned DNA to ensure that no contamination by 

the other region or by other types of BPV could occur. In 

Figure 6 it is shown that the two probes detected a number 

of common bands. This would be expected if transcripts were 

made from regions of the viral genome that overlapped the 

areas covered by each probe. In addition, a very strong 

hybridization signal was detected only with the transforming 
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Figure 5. The mapping of restriction endonuclease sites on 
the transforming region of BPV-l by the method of 
Smith and Birnstiel. The cloned 69% transforming 
region DNA was end-labeled and subjected to par
tial digestion by ten restriction endonucleases. 
After electrophoresis and autoradiography this 
restriction endonuclease map was derived. 
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The detection of BPV-1 coded mRNA transcripts 
obtained from BPV-1 transformed mouse C127 cells. 
The polyadenylated mRNA transcripts "Tere electro
phoresed through agarose and northern blotted to 
nitrocellulose. The blots ,-,ere exposed to 32p 
labeled probes of the 69% transforming region of 
BPV-1 as is shol"m in lane 1, or the 31% region 
as is shOl"ln in lane 2. The arrm-r designates an 
extremely strong hybridization signal detected 
by the probe containing the 69% transforming 
region. This mRNA band has a length of approxi
mately 1800 bases. 
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region probe. This band corresponded to a length of approxi

mately 1800 nucleotides. This band was by far the strongest 

hybridization band detected in the virally transformed cells 

indicating a very possible role in the initiation or mainte

nance of transformation of these eUkaryotic cells. This is 

significant since the length of the largest open reading 

frame of the transforming region of BPV-l is approximately 

1800 basepairs (see below). In addition, a hybridization 

band of approximately 8000 bases was detected. This is of 

interest since the entire length of the viral genome is ap

proximately 8000 basepairs and would suggest that a single 

RNA transcript from the entire genome was produced. These 

experiments were repeated three times and each trial had the 

same results. 

All sequencing reactions were performed by the Maxam 

and Gilbert chemical sequencing method. The sequencing prod-. 

ucts were electrophoresed on 40 cm long by 0.4 mm thick 8% 

or 20% polyacrylamide gels containing 8 M urea. After DNA 

sequencing of the transforming region was begun, it was 

learned from a commercial laboratory working on a similar 

project that the region between the single TacI and KpnI 

sites contained the largest open reading frame in the trans

forming region and was a likely candidate to code for a 

transforming protein (E. Chen, personal communication). We 

decided to turn our sequencing attentions to this area. The 

commercial company (Genentech, Inc.) used the extremely fast 
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Sanger dideoxy sequencing method and soon submitted for pub

lication the sequence of the stretch of DNA we were working 

on. Since we were well in the middle of this sequencing 

work, we decided to complete our sequencing studies to deter

mine if the DNA from the BPV-l transforming region we had 

cloned was identical to the Genentech region or if there 

were any differences between the two. The DNA sequence of 

each of the end-labeled fragments from our cloned region was 

determined and compared to the Genentech sequence. During 

this process it was decided that if our fragment sequence 

was identical to the corresponding Genentech fragment it 

would be possible to forego double sequencing of that frag

ment and move on to sequencing another fragment. After all 

of the fragments had been sequenced and compared it was con

cluded that although our cloned BPV-l DNA and the Genentech 

BPV-l DNA had been obtained from different isolates the DNAs 

sequenced were identical and did not differ by a single base. 

If the DNA sequence presented here had been different in 

some respect, it would have led to a more interesting dis

covery. As mentioned above, since the fragments sequenced 

were identical to those determined in a different laboratory, 

it was not believed to be necessary to further double se

quence the region. Figure 7 is the sequencing strategy used 

in this research project. Of special interest was the un

expected ability to sequence through the restriction endo

nuclease site to the actual nucleotide that was end-labeled. 
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Figure 7. The sequencing strategy used in determining the 
1920 nucleotide sequence presented in Figure 8. 
DNA fragments were dephosphorylated with bac
terial alkaline phosphatase or calf intestinal 
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phosphatase and then end-labeled with 32p_~_ATP 
and polynucleotide kinase. After asymmetric 
cleavage with a second restriction enzyme and 
separation on an acrylamide gel, the eluted frag
ments were subjected to the Maxam-Gilbert 
chemical sequencing method. One-half of the 
sequencing reactions were run on an 8% acryla
mide gel and the other half on a 20% acrylamide 
gel. 
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This WRS accomplished by using the 20% acrylamide sequencing 

gels which allowed visualization of end-labeled fragments 

of only one nucleotide in length. 

The DNA sequence determined is presented in Figure 8. 

As mentioned above, this is the sequence of the largest open 

reading frame of the transforming region of BPV-l. This 

sequence contains 1920 nucleotides and contains a large open 

reading frame consisting of 1851 nucleotides. A methionine 

coding initiation codon is located near the beginning of the 

frame at nucleotide fortynine and interestingly, four in

phase termination codons are located within a distance of 

18 nucleotides at the end of the open reading frame begin

ning at nucleotide 1864. This would yield a coding region of 

1815 nucleotides. The amino acid sequence of the protein 

that this region would code for is shown beneath the se

quence. Such a protein would have a molecular weight of 

approximately 66,500 daltons. 



60 
ACTCAGATTTAGACCTCTTGTGTCCACGTTGTAAATCTCGCGAGCGTCATGGCAAACGAT 

*** r~etAlaAsnAsp 

120 
AAAGGTAGCAATTGGGATTCCGGCTTGGGATGCTCATATCTGCTGACTGAGGCAGAATGT 
LysGlySerAsnTrpAspSerGlyLeuGlyCysSerTyrLeuLeuThrGluAlaGluCys 

180 
GAAAGTGACAAAGAGAATGAGGAACCCGGGGCAGGTGTAGAACTGTCTGTGGAATCTGAT 
GluSerAapLysGluAsnGluGluProGlyAlaGlyValGluLeuSerValGluSerAsp 

240 
CGGTATGATAGCCAGGATGAGGATTTTGTTGACAATGCATCAGTCTTTCAGGGAAATCAC 
ArgTyrAspSerGlnAspGluAspPheValAspAsnAlaSerValPheGlnGlyAsnHis 

300 
CTGGAGGTCT~CCAGGCATTAGAGAAAAAGGCGGGTGAGGAGCAGATTTTAAATTTGAAA 
LeuGluValPheGlnAlaLeuGluLysLysAlaGlyGluGluGlnIleLeuAsnLeuLys 

360 
AGAAAAGTATTGGGGAGTTCGCAAAACAGCAGCGGTTCCGAAGCATCTGAAACTCCAGTT 
ArgLysValLeuGlySerSerGlnAsnSerSerGlySerGluAlaSerGluThrProVal 

420 
AAAAGACGGAAATCAGGAGCAAAGCGP~GATTATTTGCTGAAAATGAAGCTAACCGTGTT 
LysArgArgLysSerGlyAlaLysArgArgLeuPheAlaGluAsnGluAlaAsnArgVal 

480 
CTTACGCCCCTCCAGGTACAGGGGGAGGGGGAGGGGAGGCAAGAACTTAATGAGGAGCAG 
LeuThrProLeuGlnValGlnGlyGluGlyGluGlyArgGlnGluLeuAsnGluGIuGln 

540 
GCAATTAGTCATCTACATC~GCAGCTTGTTAAATCTAAAAATGCTACAGTTTTTAAGCTG 
AlaIleSerHisLeuHisLeuGlnLeuValLysSerLysAsnAlaThrValPheLysLeu 

600 
GGGCTCT~TAAATCTT~GT~CCTmTG~AGCTTCCATGATATTACGAGGTTGT~TAAGAAT 
GIyLeuPheLysSerLeuPheLeuCysSerPheHisAspIle~hrArgLeuPheLysAsn 

660 
GATAAGACCAC~AATCAGCAATr.r,GTGCTGGCTGTGTTTGGCCTTGCAGAGGTGTTTTTT 
AspLysThrThrA6nGlnGln~rpValLeuAlaValPheGlyLeuAlaGluValPhePhe 

720 
GAGGCGAGTTTCGAACTCCTAAAGAAGCAGTGTAGTTTTCTGCAGATGCAAAAAAGATCT 
GluAlaSerPheGluLeuLeuLysLysGlnCysSerPheLeuGlnMetGlnLysArgSer 

780 
CATGAAGGAGGAACTTGTGCAGTTTACTTAATCTGCTTTAACACAGCTAAAAGCAGAGAA 
HisGIuGlyGlyThrCysAlaValTyrLeuIleCysPheAsnThrAlaLysSerArgGlu 

840 
ACAGTCCGGAA~CTGATGGCAAA.CACGCTft~TGTAAGAGAAGAGTGTTTGATGCTGCAG 
ThrValArgAsnLeuMetAlaAsnThrLeuAsnVelArgGluGluCysLeuMetLeuGIn 

900 
CCAGCTAAAATTCGAGGACTCAGCGCAGCTCTATTCTGGTTTAAAAGTAGTTTGTCACCC 
ProAlaLysIleArgGlyLeuSerAlaAlaLeuPheTrpPheLysSerSerLeuSerPro 

960 
GCTACACTTMACATGGTGCTTTAr.CTGAGTGGATACGGGCGCAAACTACTCTGAACGAG 
AlaThrLeuLysHisGlyAlaLeuProGluTrpIleAr~AlaGlnThrThrLeuAsnGlu 

42 

Figure 8. The DNA sequence of the largest open reading 
frame of the transforming region of BPV-1. The 
cloned DNA was subjected to the Maxam and Gilbert 
chemical sequencing method. The amino acid 
sequence of the protein that this region would 
code for is sho~m beneath the DNA sequence. This 
is the first half of the DNA seauence determined. 
The second half is shown on the-following pa~e. 



1020 
AGCTTGCAGACCGAGAAATTCGACTTCGGAACTATGGTGCAATGGGCCTATGATCACAAA 
Ser LeuG InThrG luLys Ph eAs pPheG lyThrr~etValG InTrpAlaTyr As pHi sLys 

1080 
TATGCTGAGGAGTCTAAAATAGCCTATGAATATGCTTTGGCTGCAGGATCTGATAGCAAT 
TyrAlnGluGluSerLysIleAlaTyrGluTyrAlaLeuAlaAlaGlySerAspSerAsn 

1140 
GCACGGGCTTTTTTAGCAACTAACAGCCAAGCTAAGCATGTGAAGGACTGTGCAACTATG 
AlaArgAlaPheLeuAlaThrAsnSerGlnAlaLysHisValLysAspCysAlaThrMet 

1200 
GTAAGACACTATCTAAGAGCTGAAACACAAGCATTAAGCATGCCTGCATATATTAAAGCT 
ValArgHisTyrLeuArgAlaGluThrGlnAlaLeuSerMetProAlaTyrIleLysAla 

1260 
AGGTGCAJ.GCTGGCAACTGGGGAAGGAAGCTGGAAGTCTATCCTAACTTTTTTTAACTAT 
ArgCysLysLeuAlaThrGlyGluGlySerTrpLysSerIleLeuThrPhePheAsnTyr 

1320 
CAGAATATTGAATTAATTACCTTTATTAATGCTTTAAAGCTCTGGCTAAAAGGt~TTCCA 
GlnAsnIleGluLeuIleThrPheIleAsnAlaLeuLysLeuTrpLeuLysGlyIlePro 

1380 
AAAAAAAACTGTTTAGCATTT!TTGGCCCTCCAAACACAGGCAAGTCTATGCTCTGCAAC 
LysLysAsnCysLeuAlaPheIleGlyProProAsnThrGlyLysSer~etLeuCysAsn 

1440 
TCATTAATTCATTTTTTGGGTGGTAGTGTTTTATCTTTTGCCJACCATAP~GTCACTTT 
SerLeuIleHisPheLeuGlyGlySerValLeuSerPheAlaAsnHisLysSerHisPhe 

1500 
TGGCTTGCTTCCCTAGCAGATACTAGAGCTGCTTTAGTAGATGATGCTACTCATGCTTGC 
TrpLeuAlaSerLeuAlaP.spThrfrgAlaAlaLeuValAspAspAlaThrHisAlaCys 

1560 
TGGAGGTACTTTGACACATACCTCAGAAATGCATTGGATGGCTACCCTGTCAGTATTGAT 
TrpArgTyrPheAspThrTyrLeuArgAsnAlaLeuAspGlyTyrProValSerIleAsp 

162C 
AGAAAACACAAAGCAGCGGTTCAAATTAAAGCTCCACCCCTCCTGGTAACCAGTAATATT 
ArgLysHisLysAlaAlaValGlnIleLysAlaProProLeuLeuValThrSerAsnIle 

1680 
GATGTGCAGGCAGAGGAr,AGATAT~TGTACTTGCATAGTCGGGTGCAAACCTTTCGCTTT 
AspValGlnAlaGluAspArgTyrLeuTyrLeuHisSerArgValGlnThrPheArgPhe 

1740 
GAGCAGCCATGCACAGATGAA'rCGGGTGAGCAACCTTTTAATATTACTGATGCAGATTGG 
GluGlnProCysThrAspGluSerGlyGluGlnProPheAsnIleThrAspAlaAspTrp 

1800 
AAATCTTTTTTTGTAAGGTTATGGGGGCGTTTAGACCTGATTGACGAGGAGGAGGATAGT 
LysSerPhePheValArgLeuTrpGlyArgLeuAspLeuIleAspGluGluGluAspSer 

1860 
GAAGAGGATGGAGAC.~.GCATGCGt·ACGTTTACATGTAGCGCAAGAAACJ..CAAATGCAGTT 
GluGluAspGlyAspSer~etArgThrPheThrCysSerAlaArgAsnThrAsnAlaVal 

192.0 
GJ..TTGAGAAAAGTAGTGATAAGTTGCAAGATCATATACTGTACTGGACTGCTGTTAGMC 
Asp"'** 
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Figure 8. This is the second half of the DNA sequence 
of the largest open reading frame of the 
transforming region of BPV-1. Four inphase 
termination codons are found within a distance 
of eighteen nucleotides at the end of the frame. 



CHAPTER 4 

DISCUSSION 

The research described in this dissertation investi

gated the cellular transformation of mouse C127 cells using 

molecular techniques. A major portion of the research cen

tered on the detection of virally coded mRNA transcripts in 

mouse C127 cells transformed with BPV-1. Additional experi

ments incll1.ded sequencing a portion of the BPV -1 genome 

which may eventually be shown to be required for cellular 

transformation. 

BPV-1 virions were obtained from naturally occurring 

fibropapillomas and the viral genome was isolated using 

ethidium bromide CsCl equilibrium centrifugation techniques. 

The BPV-1 genome was successfully cloned into the pBR322 

plasmid vector. This was accomplished by cloning the viral 

DNA in two pieces: (1) a 69% portion capable of cellular 

transformation of eukaryotic cells and (2) a 31% portion. 

The transformants which were ampicillin resistant and tetra

cycline sensitive were screened by the Grunstein-Hogness 

method. In this technique, bacterial colonies were lysed, 

the DNA attached to nitrocellulose, and cloned viral DNA 

detected using a BPV-1 32p probe. Positive colonies were 

evaluated by a miniscreen and through this restriction 
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endonuclease ffi1alysis it was verified that the viral genome 

was indeed cloned. An extensive restriction endonuclease 

map was prepared using the method of Smith and Birnstiel. 
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In this technique, 32p singly end-labeled fragments of DNA 

were isolated and were subjected to partial cleavage by 

several restriction endonuclease enzymes. Following electro

phoresis and autoradiography the restriction enzyme map was 

derived. Polyadenylated mRNA from cells transformed by 

BPV-1 was isolated ffi1d these transcripts were transformed to 

nitrocellulose using the northern blot technique. Using the 

69% and 31% regions as probes a virally coded transcript of 

approximately 1800 bases was detected which exhibited an 

extremely strong hybridization signal. Finally, the largest 

open reading frame of the transforming region of BPV-1 was 

determined by the chemical DNA sequencing method of Maxam 

and Gilbert. This sequencing work comprised 1920 nucleotides 

which contained a large open reading frame of 1851 nucleo

tides. At nucleotide fortynine was located· a methionine 

coding initiation codon and at the end of the open reading 

frame was found four inphase termination codons within a 

distance of 18 nucleotides. The amino acid sequence of a 

protein that this region could code for was presented. 

In mammals cell division is genetically controlled. 

Cancer cells multiply under conditions in which the growth 

of normal cells would be regulated. Certain viruses are 

capable of altering the cellular growth control mechanisms 
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which can result in the production of primary tumors in an 

animal. An analogous change is the transformation in vitro 

of normal cells into cells that have acquired a different 

set of properties, many of which are characteristic of tumor 

cells. The first viral transformation was demonstrated in 

the mid-1950's where Rous sarcoma virus was found to cause 

morphological changes in primary chick embryo fibroblasts 

(Manaker and Groupe, 1956). The cells became epithelial and 

had enhanced tumorigenicity in syngeneic hosts. Polyoma 

virus was the first DNA virus discovered to be capable of 

transformation of cultured cells (Dawe and Law, 1959). The 

cells were capable of surviving the crisis stage in cell 

culture and the cells grew in a disorganized manner with 

extensive overlapping and piling-up of cells (Vogt and 

Dulbecco, 1960). In general, the differences between un

transformed and transformed cells can be classified into 

three areas in which there are: (1) changes in the cell 

growth patterns, (2) changes in the cell surfaces, and 

(3) changes in the intracellular population of macro

molecules due to the presence of the viral genome. Trans

formed cells often exhibit the contact inhibition, lower 

serum concentration requirements, and the ability to grow 

in soft agar (Dulbecco and Johnson, 1970). The mouse C127 

cells transformed by BPV-1 in this study exhibited all of 

these new properties following the transformation. The 

untransformed C127 cells were from an established cell line 
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which exhibited an orderly growth pattern including contact 

inhibition once cells in a monolayer became confluent. The 

BPV-1 transformed C127 cells were selected through soft agar 

and grew at an extremely fast rate. The piling-up properties 

of these cells were so great that roller bottle propagation 

eventually resulted in large clumps of viable cells which 

had a lowered requirement for fetal calf serum. Additional 

characteristics often found in transformed cells include the 

appearance of tumor specific antigens, the enhanced aggluti

nation by lectins, the enhanced uptake of metabolites, 

changes in fibronectin distribution and the cytoskeletal 

architecture, and increased p~oteolytic activity (Chen et 

al., 1976). When a stable cell line of susceptible fibro

blasts are transformed by a small DNA tumor virus such as 

polyoma virus or sv40! the transformation appears to be an 

all or none phenomenon. This result is not surprising since 

only two or three viral gene products are required in these 

cases to initiate and maintain the transformed state. In 

transformation by sv40, two 19S mRNAs are derived from a 

common precursor heteronuclear RNA and the products differ 

in the size of a single intron removed. One species has a 

large intron removed which results in the large T antigen 

being produced with a molecular weight of approximately 

94,000 daltons. The second species has a smaller intron 

removed and the small t antigen is synthesized with a 

molecular weight of 17,000 daltons. These proteins are 



required for the initiation and maintenance of the trans

formed state (Berk and Sharp, 1978). Initially a third 

viral protein was believed to be involved in cellular 

transformation. This protein, p53, was found to be associ

ated in a specific and stable complex with sv40 large T 

antigen (Lane and Crawford, 1979). Subsequent experiments 

demonstrated, however, that p53 was clearly a host-coded 

protein found in an extremely large distribution of trans

formed cell lines which were virally or even chemically 

transformed (DeLeo et al., 1979). Polyoma virus has three 

early proteins that are involved in cellular transformation 

and these are large T, middle T, and small t antigens. The 

middle T is virally coded and may possess low levels of 

protein kinase activity (Smith et al., 1979). 
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The papovavirus family consists of the SV40-polyoma 

genus and the papillomaviruses. The designation papovavirus 

is derived from the first two letters of the major members 

known at the time it was constructed: pgpillomavirus, Qoly

oma virus and vacuolating virus (Sv4o) (Melnick, 1962). 

The two viral groups are very similar from a morphological 

view although the papillomaviruses have a larger virion 

capsid and a larger genome. In addition, under non-stringent 

conditions that are able to detect DNA homology with as much 

as 33% base mismatch, no DNA homology has been detected 

between papillomavirus DNA and sv40 DNA. The DNA sequence 

presented here comprises the largest open reading frame 
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found in the transforming region of BPV-1. In comparing 

this DNA sequence as well as the prutein that it would en

code with the sv40 large T and small t genes, no significant 

areas of homology could be found. 

The bovine papillomaviruses are naturally occurring 

viruses that can cause tumors in animals and transform cells 

from several different animals in vitro. The transforming 

region has been shown to be within a 69% region of the virus 

bordered by single Hin~III and BamHI restriction sites. 

Different degrees of DNA homology have been demonstrat~d 

between papillomaviruses from different species. Homology 

studies between BPV and HPV-1 DNA have shown that the two 

viruses may be genetically related. Currently, seven types 

of HPV have been demonstrated (HPV-1 through HPV-7), although 

subtypes of HPv-6 (designated as HPV-6a and 6b) have been 

separately cloned. It is possible that subtypes of BPV 

exist and that the difference between these subtypes may be 

so slight that even extensive restriction endonuclease maps 

could fail to detect the differences. In such a case, DNA 

sequencing of portions of BPV genomes isolated from different 

geographical locations may be important in the search for 

BPV-1 subtypes. In addition, the fact that the papilloma

viruses fail to grow in tissue culture has severely limited 

the study of these neoplasia-causing agents ruling out the 

use of ts mutants and other valuable tools commonly used to 

explore the mechanisms of transformation. At the present 
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time it is impossible to definitely state that the region we 

have sequenced codes for a transforming protein even though 

we have detected a BPV-l coded mRNA transcript very prevalent 

in BPV-l transformed mouse C127 cells that is the correct 

size to be coded for by this largest open reading frame of 

the transforming region. 

One approach to studying the mechanisms of transfor

mationofviruses that do not replicate in cell culture would 

be to compare the DNA sequences of open reading frames of 

similar areas of the genomes of different isolates of these 

viruses that can transform cells. The nucleotide sequence 

of the largest open reading frame in the transforming region 

of BPV-l that we have presented here is identical to the 

sequence which has been determined for the same region of 

BPV-l which was isolated in a different geographical location 

(E. Chen, personal communication). In both cases, the BPV-l 

isolates have been shown to be capable of transforming mouse 

C127 cells in tissue culture. The determination that the 

nucleotide sequence of this region from two separate BPV-l 

isolates is identical strengthens the suggestion that this 

region may be required for cellular transformation. 

The transformation region of BPV-l has been demon

strated to be very important in the development of novel 

eukaryotic vectors that may be highly effective for intro

ducing foreign genes into animal cells. Vectors utilizing 
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this region have been capable of introducing foreign DNA 

which is replicated and transcribed as an episome and, in at 

least one case, a transcript has been translated into an 

authentic gene product. The product of the region whose 

nucleotide sequence is presented here may subsequently be 

shown to be required for these activities to occur. 



REFERENCES 

1. Amtmann, E., Muller, H., and G. Sauer. 1980. Equine 
connective tissue tumors contain unintegrated 
Bovine Pappilloma Virus DNA. J. Virol. 12:962-964. 

2. Amtmann, E. and G. Sauer. 1982. Bovine papilloma virus 
transcription: polyadenylated RNA species and 
assessment of the direction of transcription. 
J. Virol. ±l:59-66. 

3. Berk, A.J. and B.A. Sharp. 1978. Spliced early mRNAs 
of simian virus 40. Proc. Natl. Acad. Sci. 
15.:1274-1280. 

4. Black, P.H., Hartley, J.W., Rowe, W.P. and H.M. Laird. 
1963. Transformation of bovine tissue cells by 
bovine papilloma virus. Nature 122:1016-1018. 

5. Breitburd, F., Favre, M., Zoorob, R., Fortin, D. and 
G. Orth. 1981. Detection and characterization of 
viral genomes and search for tumoral antigens in 
two hamster cell lines derived from tumors in
duced by bovine papillomavirus type 1. Int. J. 
Cancer ~:693-702. 

6. Campo, M., Moar, M., Laird, H. and W. Jarrett. 1981. 
Molecular heterogeneity and lesion sJte specificity 
of cutaneous bovine papillomaviruses. Virology 
111:323-335. 

7. Campo, M.S., Moar, M.H., Jarrett, W.F. and H.M. Laird. 
1980. A new papillomavirus associated with ali
mentary cancer in cattle. Nature 286:180-182. 

8. Chen, L.B., Gallimore, P.H. and J.K. McDougall. 1976. 
Correlation between tumor induction and the large 
external transformation-sensitive protein on the 
cell surface. Proc. Natl. Acad. Sci. 11:3570-3576 . 

9. Coggin, J.R. and H. zur Hausen. 1979. Workshop on 
papillomaviruses and cancer. Canc. Res. 12:545-
555. 

10. Crawford, L.V. and E.M. Crawford. 1963. A comparative 
study of polyoma and papilloma viruses. Virol. 
2.1:258-263. 

52 



53 

11. de Villiers, E., Gissman, L. and H. zur Hausen. 1981. 
Molecular cloning of viral DNA from human genital 
warts. J. Virol. 40=932-935. 

12. Dawe, C.J. and L.W. Law. 1959. Morphological changes 
in salivary gland tissue of the newborn mouse 
exposed to parotid-tumor agent in vitro. J. Natl. 
Canc. Inst. ~:1157-1168. 

13. De Leo, A.B., Jay, G., Appella, E., Dubois, G.C., 
Law, L.W. and L.J. Old. 1979. Detection of a 
transformation-related antigen in chemically in
duced sarcomas and other transformed cells of the 
mouse. Proc. Na tl. Acad. Sci. 12.: 2420-2J.j.24. 

14. Di Maio, D., Treisman, R. and T. Maniatis. 1982. 
Bovine papillomavirus vector that propagates as a 
plasmid in both mouse and bacterial cells. Proc. 
Natl. Acad. Sci. 12:4030-4034. 

15. Favre, M., Breitburd, F., Croissant, O. and G. Orth. 
1975. Structural polypeptides for rabbit, bovine, 
and human papillomaviruses. J. Virol. 12:1239-
1247. 

16. Dulbecco, R. and T. Johnson. 1970. Interferon
sensitivity of the enhanced incorporation of thy
midine into cellular DNA induced by polyoma virus. 
Virol. 42:368-375. 

17. Gardner, S.D., Field, A.M., Coleman, D.V. and B.Holme. 
1971. New human papovavirus (BK) isolated from 
urine after renal transplantation. Lancet 1:1253-
1257. 

18. Geraldes, A. 1969. Malignant transformation of hamster 
cells by cell-free extracts of bovine papillomas 
(in vitro). Nature 222:1283-1284. 

19. Geraldes, A. 1970. New antigens in hamster embryo 
cells transformed in vitro by bovine papilloma 
extracts. Nature 22b:81-82. 

20. Gissman, L., Pfister, H. and H. zur Hausen. 1977. 
Human papillomaviruses (HPV): Characterization of 
four different isolates. Virol. 1Q:569-580. 

21. Gordon, D.E. and C. Olson. 1969. Meningiomas and 
fibroblastic neoplasia in claves induced with 
Bovine Papilloma Virus. Canc. Res. 28:2433-2441. 



54 

22. Howley, P.M., Law, M., Heilman, M.A., Enge, L., Alonso, 
M.C., Lancaster, W.D., Israel, M.A. and D.R. Lowy. 
Molecular characterization of papillomavirus 
genomes. Cold Spr. Har. Sym. Quant. BioI. (In 
press) . 

23. Jarrett, W.F., Murphy, J., O'Neil, B.W. and H.M. Laird. 
1978a. Virus-induced papillomas of the alimentary 
tract of cattle. Int. J. Canc. 22:323-331. 

24. Jarrett, W.F., McNeil, P.E., Grimshaw, W.T., Selman, 
I.E. and W.I. McIntyre. 1978b. High incidence 
area of cattle cancer with a possible interaction 
between an environmental carcinogen and a papilloma 
virus. Nature 274:215-217. 

25. Lancaster, W.D. 1981. Apparent lack of integration of 
bovine papillomavirus DNA in virus-induced equine 
and bovine tumor cells and virus-transformed mouse 
cells. Virol. 108:251-255. 

26. Lancaster, W.D., Olson, C. and W. Meinke. 1976. Quanti
fication of bovine papilloma viral DNA in viral
induced tumors. J. Virol. 12:824-831. 

27. Lancaster, W.D., Olson, C. and W. Meinlce. 1977. Bovine 
papilloma virus: presence of virus specific DNA 
sequences in naturally occurring equine tumors. 
Proc. Natl. Acad. Sci. ~:524-528. 

28. Lancaster, W.D. and C. Olson. 1978. Demonstration of 
two distinct classes of bovine papilloma virus. 
Virol. ~:372-J79. 

29. Manaker, R.A. and V. Groupe. 1956. Discrete foci of 
altered chicken embryo cells associated with Rous 
sarcoma virus in tissue culture. Virol. 2:838-840. 

30. Lane, D.P. and L.V. Crawford. 1979. T antigen is bound 
to a host protein in SV40-transformed cells. 
Nature ~:261-263. 

31. Law, M., Lowy, D., Dvoretzky, I. and P. Howley. 1981. 
Mouse cells transformed by bovine papillomavirus 
contain only extrachromosomal viral DNA sequences. 
Proc. Natl. Acad. Sci. ~:2727-2731. 

32. Lowy, D.R., Dvoretzlcy, I., Shober, R., Law, M., Engel, 
L. and P.M. Howley. 1980. In vitro tumorigenic 
transformation by a defined sub-genomic fragment 
of bovine papilloma virus DNA. Nature ~:72-74. 



55 

33. Major, E.O. and G. Di Mayorca. 1973. Malignant trans
formation of BHK21 clone 13 cells by BK virus: 
a human papovavirus. Proc. Natl. Acad. Sci. 
1Q:3210-3212. 

34. Maxam, A.M. and W. Gilbert. 1980. Methods in Enzy
mology. £5:499-560. 

35. Meinke, W. and G.C. Meinke. 1981. Isolation and 
characterization of the major capsid protein of 
bovine papilloma virus type 1. J. Gen. Virol. 
~:15-24. 

36. Melnick, J.L. 1962. Papova virus group. Science 112: 
1128-1130. 

37. Meischke, H.R. 1979. In vitro transformation by bovine 
papilloma virus. J. Gen. Virol. ~:473-487. 

38. Moar, M.H., Campo, M.S., Laird, H. and W.F. Jarrett. 
1981. Persistence of non-integrated viral DNA in 
bovine cells transformed in vitro by bovine papil
lomavirus type 2. Nature £2}:749-756. 

39. Moar, M.H., Campo, M.S., Laird, H. and W.F. Jarrett. 
1981. Unintegrated viral DNA sequences in a ham
ster tumor induced by bovine papilloma virus. 
J. Virol. }2:945-949. 

40. Morgan, D.M. and W. Meinke, 1980. Isolation of clones 
of hamster embryo cells transformed by the bovine 
papilloma virus. Curro Micro. }:247-251. 

41. Padgett, B.L., Walker, D.L., ZuRhein, G.M., Eckroade, 
R.J. and B.H. Dessel. 1971. Cultivation of papova
like virus from human brain with progressive 
multi-focal leucoencephalophathy. Lancet 1:1257-
1260. 

42. Orth, G., Favre, M. and O. Croissant. 1977. Character
ization of a new type of papillomavirus that 
causes skin warts. J. Virol. 24:108-120. 

43. Orth, 0., Favre, M., Jablonska, K. and O. Croissant. 
1978. Viral sequences related to a human skin 
papillomavirus in genital warts. Nature ~:334-
336. 



44. Orth, G., Jablonska, S., Favre, M. and O. Croissant. 
1980. Epidermodysplasia verruciformisia model 
for viral carcinogenesis in man. In Viruses in 
Naturally Occurring Cancers. M. Essex, ed. 

45. Ostrow, R.S., Krzyzck, R., Pass, F. and A.J. Faras. 
1981. Identification of a novel human papilloma 
virus in cutaneous warts of meathandlers. Virol. 
15W.:21-29. 

46. Rous, P. and J.W. Beard. 1935. The progression to 
carcinoma of virus-induced rabbit papillomas. 
J. Exp. Med. 62:523-548. 

56 

47. Sack, G.H., Narayan, O.,'Danna, K.J., Weiner, L.P. and 
D. Nathans, 1973. The nucleic acid of an sv40-
like virus isolated from a patient with progres
sive multifocal leukoencephalopathy. Virol . 
..21: 3L~5-350. 

48. Sarver, N., Gruss, P., Law, 00., Khoury, G. and P.M. 
Howley. 1981. Bovine papilloma virus deoxyribo
nucleic acid: a novel eukaryotic cloning vector. 
Mol. Cell. BioI. 1:486-496. 

49. Shah, K.V., Daniel, R.W. and J.D. Strandberg. 1975. 
Sarcoma in a hamster inoculated with BK virus, a 
human papovavirus. J. Natl Canc. Inst. ~:945-949. 

50. Shope, R.E. 1933. Infectious papillomatosis of rab
bits. J. Exp. Med. ~:607-624. 

51. Smith, A., Smith, B., Griffin, B. and M. Fried. 1979. 
Protein kinase activity associated with polyoma 
virus middle T. Cold Spr. Har. Sym. Quant. BioI. 
44:141-148. 

52. Smith, H.O. and M.L. Birnstiel. 1976. A simple method 
for DNA restriction site mapping. Nucl. Acids 
Res. }:2387-2398. 

53. Southern, E.M. 1975. Detection of specific sequences 
among DNA fragments separated by gel electro
phoresis. J. Mol. BioI. ~:503-517. 

54. Syverton, J.T. 1952. The pathogenesis of the rabbit 
papilloma to carcinoma. Ann. N.Y. Acad. Sci. ~: 
1126-1140. 



57 

55. Takemoto, K.K., Rabson, A. S ., Mullarlcey, M. F., Blaese, 
R.M., Garon, C.F. and D. Nelson. 1974. Isolation 
of papovavirus from brain tumor and urine of a 
patient with Wiskott-Aldrich syndrome. J. Natl. 
Canc. Inst. 21:1205-1207. 

56. Takemoto, K.K. and M.A. Martin. 1976. Transformation 
of hamster kidney cells by BK papovavirus DNA. 
J. Virol. 11:247-253. 

57. Thomas, M., Boiron, M., Tanzer, J., LevY1 J.P.: and 
,T" Berna.rd. 1 q64. In vi tro transformation of 
mouse cells by bovine papilloma virus. Nature 202: 
709--710. 

58. Thomas, P.S. 1980. Hybridization of denatured RNA and 
small DNA fragments transferred to nitrocellulose. 
Proc. Natl. Acad. Sci. 12:5201-5205. 

59. Vogt, M. and R. Dulbecco. 1960. Virus-cell interaction 
with a tumor-producing virus. Proc. Natl. Acad. 
Sci. 46:)65-370. 

60. Voss, J.L. 1969. Transmission of equine sarcoid. Am. J. 
Vet. Res. ]Q:183-191. 

61. Weirner, L.P., Herndon, R.M., Narayan, 0., Johnson, 
R.T., Shah, K., Rubenstein, L.J., Preziosi, T.J. 
and F.K. Conley. 1972a. Isolation of virus
related to Sv40 from patients with progressive 
multifocal leukoencephalopathy. N. Eng. J. Med. 
280:385-390. 

62. Weirner, L.P., Herndon, R.M., Narayan, O. and R.T. 
Johnson. 1972b. Further studies of a s-imian virus 
40-like virus isolated from human brain. J. Virol. 
10:147-149. 


