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ABSTRACT 

The papillomaviruses do not appear to be capable of passage in 

cultured cell lines despite numerous attempts to identify conditions 

permissive for their propagation. These viruses induce benign tumors 

in animals (warts, papillomas) by unknown mechanisms. A broad range of 

animal species is susceptible to papillomavirus-induced tumorogenesis. 

The basic molecular mechanisms of papillomavirus replication, 

transcription, and translation to produce virus-specific products in 

cells are unknown. Since the viruses do not reproduce in vitro, no 

conditional-lethal and deletion mutants like those characterized in 

other systems exist. Thus, progress in understanding the papilloma

virus-host cell interactions leading to neoplasia has been severely 

hindered. 

This dissertation is concerned with biochemical analysis of 

bovine papillomavirus type 1 (BPV-l) DNA and RNA in BPV-l transformed 

and tumor cells. The specific conditions of infection resulting in 

stable lines of BPV-l transformed cells are described. Colonies of 

BPV-l transformed cells exhibiting anchorage-independent growth in 

agarose-containing medium were isolated and cloned cell lines were 

established. Formation of tumors in a rabbit following inoculation with 

BPV-l is reported and represents the first evidence of BPV-induced 

tumorogenesis in this animal species. 
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The BPV-I transformed and tumor cells are characterized with 

respect to the quantity and physical state of the BPV-l genome in the 

cells. The BPV-l DNA is present in high copy numbers in free, non

integrated supercoiled and nicked open-circular forms. No evidence of 

integrated BPV-l sequences is noted. This is unusual since all other 

characterized DNA tumor viruses require covalent integration of at least 

a portion of the viral DNA in the cellular genome during transformation. 

A detailed restriction endonuclease cleavage map of the BPV-l 

genome is presented, representing a more complete physical characteriza

tion of the viral genome. The first evidence of BPV-I specific trans

cripts in transformed cells is reported. These results should aid in 

functional characterizations of the BPV-l genome, particularly the 

determination of the specific regions of the BPV-l DNA transcribed 

during transformation of cells, analogous to early regions defined in 

other DNA tumor virus systems, and analysis of post-transcriptional 

processing mechanisms involved in the synthesis of BPV-l specific 

messenger RNA. 



INTRODUCTION 

The papillomaviruses have been shown to be the etiological 

agents of warts (papillomas) in a variety of animal species including 

man. The tumors induced by these viruses are often benign, self

limiting neoplasms of the epidermis; however, malignant growths have 

been identified. Much work is in progress to assess the oncogenic 

potential of the papillomaviruses; however, the lack of suitable cell 

lines for propagation of these viruses in vitro has been a major 

obstacle. 

Papillomaviruses compose one genus of the family papovaviridae. 

The other genus includes simian virus 40 (SV40), polyoma, JC, and BK 

viruses. All of the papovaviruses contain double-stranded, supercoiled 

DNA enclosed in capsids exhibiting icosohedral symmetry and lacking an 

envelope. The papillomaviruses exhibit the largest capsid diameter 

(55nm) and nucleic acid molecular weight (5 X 10
6) of the papovaviruses 

(Crawford 1969) . 

The human papillomaviruses (HPV) are subdivided into six classes. 

These classes are distinguished by restriction endonuclease cleavage 

patterns of the viral genomes, variations in DNA sequence homologies, 

and antigenic properties of the capsids (zur Hausen, 1978). As can be 

seen in Table 1, individual classes of HPV induce specific tumors, which 

vary in potential for malignant conversions (Orth 1977; Zur Hausen 1978) . 

1 



2 

Table 1. Characteristics and Types of Human Papillomaviruses. 

Antigenic Types Tumor Oncogenic Potential 

HPV la Plantar warts Low (if any) 
lb 
lc 

HPV 2 Common hand warts Low (if any) 

HPV 3 Flatwarts, 
Epidermodysplasia verruciformis Low (if any) 

HPV 4 Plantar warts Moderately high 

HPV 5 Epidermodysplasia verruciformis Very high 

HPV 6 Condylomata acuminata Moderate 
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Generally, HPV-l and HPV-4 induce histologically similar tumors; however, 

only HPV-4 plantar warts have been shown to progress into malignant 

growths. HPV-5-induced epidermodysplasia verruciformis undergoes malig

nant conversions at very high frequencies. This is not the case with 

HPV-3 lesions of the same type. Other lesions have moderate malignant 

conversion rates are the condylomata acuminata or human genital warts. 

The virus associated with these tumors is classified as HPV-6. Limited 

by the minute amounts of virus that can be extracted from these tumors, 

few studies have been conducted on the purified viral DNA (zur Hausen 

1978). There is some evidence for the presence of tumor-specific anti

gens in condylomata acuminata tissue (Dunn et al. 1981). 

Other major members of the papillomavirus genus includes the 

rabbit (Shope) and bovine papillomaviruses. Papillomas have been 

discovered on a variety of hosts, including dogs, hamsters, pigs, 

horses, goats, giraffes, impalas, coyotes, and birds. 

Rabbit papillomaviruses (RPV) induce papillomas in both cotton

tail and domestic rabbits. These tumors are capable of conversion into 

carcinomas. Infectious virus has been isolated from cottontail rabbit 

papillomas exclusively; no virus has been recovered from domestic rabbit 

tumors. The presence of the virus may be necessary to maintain malig

nant as well as benign tumors (Stevens and wettstein 1979). 

The bovine papillomaviruses (BPV) induce benign and malignant 

tumors in hamsters, mice, calves, and horses (Olson et al. 1969). When 

clarified suspensions of homogenized bovine fibropapilloma tissue were 

injected subcutaneously into Syrian hamsters, 67 to 100 percent of the 



inoculated hamsters produced tumors in 25 to 56 weeks (Robl and Olson 

1968). Jarrett et al. has found high frequencies of fibropapil1oma and 

squamous cell carcinoma growth in the alimentary tracts of cattle 

consuming bracken fern, which contains the carcinogen quercetin, 
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thought to be the active agent in bracken fern. The authors suggest 

possible co-carcinogenic activity involving the bovine papi110maviruses 

and consumption of the bracken fern (Jarrett 1978; Jarrett et a1. 1978a, 

1978b). Bovine papi110maviruses were isolated from the papillomatous 

tissue. A large proportion of the papillomas showed histological evi

dence of malignant conversion to carcinomas. Also, BPV DNA was found in 

the alimentary carcinomas and in lymph node extracts. Other studies 

have shown that intracranial injections of BPV into calves result in 

meningiomas (Gordon and Olson 1968). Injections of BPV into the epi

dermis of horses produce fibromas (Olson and Cook 1951). Naturally 

occurring bovine papillomas are large, benign growths on the epidermis 

containing large quantities of bovine papi11omaviruses. Because of the 

inability of the papi110maviruses to reproduce in vitro, these bovine 

tumors serve as natural reservoirs for obtaining BPV for scientific 

studies. 

Bovine papilloma viruses are thus able to cross species barriers 

to induce tumors in heterologous hosts. Calf meningiomas and hamster 

fibromas induced by BPV have been shown to contain BPV-specific se

quences in reassociation kinetics assays. These studies revealed 

approximately 800 genome equivalents per diploid cellular DNA in the 



meningioma and 150 incomplete BPV genome equivalents per diploid cellu

lar DNA in the hamster fibromas (Lancaster, Olson and Meinke 1976) • 

Naturally occurring tumors in heterologous hosts have also been 

examined for the presence of BPV sequences. Equine sarcoids appear 

morphologically similar to BPV-induced tumors; thus the sarcoids were 

examined for the presence of BPV-specific sequences. Between 60 and 

5 

500 genome equivalents per diploid cell DNA were found in these tumors, 

and 20 to 75 percent of the BPV genome appeared to be present (Lancaster, 

Olson and Meinke 1977). 

Four types of bovine papilloma viruses have been defined by their 

antigenic properties, sequence homologies, and restriction endonuclease 

digestion patterns. BPV-l and BPV-2 differ in their ability to hemag

glutinate mouse erythrocytes, and show cross-reactive but not identical 

responses in complement fixation tests (Lancaster and Olson 1978) . 

Their genomes share approximately 50% of their polynucleotide sequences 

as determined by reassociation kinetic and saturation hybridization 

assays (Lancaster and Olson 1978). EcoRI, HpaI, HindIII, and BamHI each 

cleave BPV-l DNA at single sites, while HindIII cleaves once, and HpaI, 

BamHI, and HindII each cleave at multiple sites (Lancaster 1979). No 

sequence homology has been detected between BPV-2 and BPV-3 DNA 

(Pfister et ale 1979). A fourth type of bovine papillomavirus has been 

recently reported, but has not yet been extensively characterized (Campo 

et ale 1980). 

The genomes of the human, bovine, and rabbit papillomaviruses 

have been analyzed for conserved polynucleotide sequences under 



nonstringent hybridization conditions (Law, Lancaster and Howley 1979). 

In these studies utilizing Southern blot analyses, hybridizations oc

curred between radiolabeled BPV-l, BPV-2 and RPV probes and HPV-l 

restriction fragments bound to nitrocellulose. Labeled RPV and HPV-l 

DNA probes also hybridized with immobilized fragments of BPV-2 DNA. 

Labeled BPV-l DNA probes hybridized with large restriction fragments of 

BPV-2 DNA, as would be expected since they share 50 percent of their 

sequences, but the specific regions of homology were not determined. 

The lowered conditions of stringency allowed hybridization to occur 

despite 25 to 30 percent mismatch in the homologous regions. Under 

stringent hybridization conditions usually applied in techniques such 
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as reassociation kinetics assays, no sequence homology was noted between 

the bovine, rabbit, and human papillomavirus genomes, since hybridiza

tions would not be possible under stringent conditions at this level of 

base mispairing. The relaxed conditions were thus required in order to 

see any relationship between these various species of papillomavirus 

DNAs. 

The papillomaviruses vary in their ability to transform cells 

in culture. The human papillomaviruses are incapable of in vitro trans

formation, although persistence of HPV DNA in infected human cell 

cultures has been reported (Lancaster and Meinke 1975). The bovine 

papillomaviruses reportedly transform cell lines established from mouse, 

hamster, and cattle tissues (Black et al 1963; Boiron et al. 1964; 

Boiron, Thomas and Chenaille 1965; Geraldes 1969, 1970; Meischke 1979; 

Thomas et al. 1964). The early studies of transformation of cells by 



BPV based the criteria for transformation upon morphological and growth 

changes of the infected versus non-infected cells. No evidence of the 

presence of BPV-specific sequences in the infected cells was reported, 

nor Were the cells shown to exhibit anchorage-independent growth in 

agar. These are two major criteria for determining transformation of 

cells established from studies in other oncogenic ~irus systems. 

The mechanisms by which the SV40 and polyomaviruses transform 

cells have been clearly elucidated through the analysis of deletion and 

temperature-sensitive mutants of the viruses (for review, see Lebowitz 

and Weissman 1979). The genomes of both viruses are similar in that 

each contains early and late regions, each region occupying separate 

halves of the genome. The origins of replication and transcriptional 

initiation sites are located in similar proximity to the sequences cleaved 
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by EcoRI, which recognizes a single site in each genome. The early 

regions encode the transcripts for tumor antigens thought to be impor

tant in the initiation and maintenance of transformation and replication 

by these viruses. The late regions function exclusively during the 

lytic cycles of the virus infections to code for products required for 

maturation and assembly of nascent virus particles. The transcripts of 

both regions are processed in the cell nucleus by splicing mechanisms in 

which noncontiguous regions of the transcripts are positioned to produce 

the final messenger RNA which serves as the templates for translation 

in the cytoplasm. The splicing patterns of the SV40 and polyomavirus 

transcripts have been determined, as have those in other DNA tumor 

viruses. 



Covalent integration of at least a portion of the virus genome 

into the cellular genome is required during transformation and replica

tion by all DNA tumor viruses. Some DNA viruses, such as SV40, BK, and 

Epstein Barr viruses, also contain quantities of non-integrated viral 

DNA molecules (Ter Schegget et al. 1980). 
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The mechanisms of transformation by the bovine papilloma viruses 

are unknown. Thus, the project outlined in this dissertation is con

cerned with the molecular events involved in the transfor~ation of cells 

by bovine papillomavirus type 1, with the following objectives: 

1. Produce lines of BPV type 1 transformed and BPV-I induced tumor 

cells for study. 

2. Estimate the number of genome equivalents of BPV-l DNA per 

diploid cell with reassociation kinetics assays. 

3. Physically characterize the BPV-I genome by construction of a 

detailed restriction endonuclease cleavage map. 

4. Determine whether the BPV-I DNA is covalently integrated into 

the cellular genome. 

5. Attempt to determine if BPV-l-specific transcripts are produced 

in detectable quantities in BPV-I transformed cells. 



MATERIALS AND METHODS 

Cells and Media 

Non-infected C127 mouse cells were generously supplied by C. 

Heilman, Ph.D., National Institutes of Health. The BPV-1 transformed 

C127 cell line was produced by M. Henley in this laboratory. The rabbit 

papilloma cell line was established from the minced tissue of a BPV-1 

induced papilloma excised from a rabbit. The hamster embryo cells were 

obtained as follows. Ten-day-01d embryos were removed from Golden 

Syrian Hamsters (Graffi or LVG strains). Embryos were washed repeatedly 

with sterile 0.02 M Tris-buffered saline, pH 7.4, the tissue was minced, 

and cells were released by three successive treatments with trypsin 

(0.05%, Flow Laboratories). Cells were pe11eted through newborn calf 

serum and subsequently suspended in Dulbecco's medium containing 10% 

fetal bovine serum. Cells were distributed to 10-cm Petri dishes at a 

density of 10
7 

cells per dish. The medium was replaced within the 

first 24 hi subsequent medium changes occurred at 3-5 day intervals. 

Isolation of BPV (Type 1) 

BPV was extracted from bovine papilloma tissue which had been 

stored at 40C in 50% glycerol-saline. A total of 3-5 g of outer fibrous 

tissue was placed in a virtis extraction flask containing 50 ml of 2 M 

NaCl and 10 roM sodium citrate, pH 7.0. Release of virus particles was 

accomplished by homogenizing the tissue at 45,000 rpm at 4
0

C for 15 min. 

9 
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Cellular debris was subsequently pelleted at 3,000 X 9 for 10 min at 

4
0

C. The pellet was suspended in the same solution and the homogeniza-

tion-centrifugation step was repeated. The two supernatant fluids were 

combined and further clarified by centrifugation at 7,000 X g for 10 min 

at 4
0

C. The virus was pelleted from the supernatant fluids by centrifu-

gation at 32,000 rpm for 90 min at 40 C in a Beckman 50.2 rotor. The 

pellet containing virus was suspended in CsCl, p 1.33, 0.02 M Tris-

hydrochloride, pH 7.5, and homogenized at 30,000 rpm for 2-5 min in the 

virtis. o After low-speed centrifugation (12,000 X g at 20 C), the super-

natant fluid was centrifuged at 32,000 rpm for 24 h at 25
0

C in a SW 

50.1 rotor. Two visible bands were observed; the lower band was col-

lected and dialyzed against 0.15 M sodium chloride, 0.015 M sodium 

.citrate (SSC) for 24 h at 4oC. The NaCl concentration was then adjusted 

to 1.5 M. More recently collected viral bands were dialyzed directly 

against 1.5 M NaCl, 0.001 M Tris-hydrochloride, pH 7.5 buffer. 

Isolation of Supercoiled BPV-l DNA 

Purified virus was disrupted by treatment of solutions with 1% 

sodium lauryl sulfate and 1% N-lauroyl sarcosine for 15 min at 37
0

C, 

followed by a 10-min period at 600 C. Solutions were rapidly cooled and 

an equal volume of phenol saturated with 0.2 M Tris-hydrochloride and 

0.01 M ethylenediaminetetraacetate (EDTA), pH 8.0, was added. Solutions 

were shaken for 15 min and the phases separated by low-speed centrifu-

gation. The aqueous phase wa~ removed and adjusted to 0.3 Msodium 

acdtate and DNA was precipitated by addition of 2 volumes of absolute 



ethanol and storage overnight at _20oC. DNA was pelleted by centrifu

gation (12,000 X g at 4oC). Pellets were suspended in 2.0 ml 0.02 M 

Tris, 0.001 M EDTA, pH 7.5; 0.46 ml ethidium bromide (1 mg/ml) and 

2.4 g CsCl were added and the density was adjusted to 1.5818 g/c2 • 

Solutions were centrifuged for 48 h at 32,000 rpm at 250 C in an SW 

11 

50.1 rotor. The lower band corresponding to supercoiled DNA was col

lected, and ethidium bromide was removed by addition of an equal volume 

of isopropyl alcohol saturated with CsCl (p 1.50). DNA was dialyzed 

for 24 h against 10 X SSC, then with either 20 roM HEPES in saline, pH 

7.02, or 10 roM tris, pH 7.5. BPV-l DNA was stored at 40 C in the pres

ence of chloroform. 

Viral Infection of Cells 

Primary hamster embryo cells at 85-90% confluence (in 10-cm 

plastic dishes) were grown overnight in Dulbecco's medium containing 

10% horse serum and 1 ~g m1 of bromodeoxyuridine to increase viral 

transformation frequencies (Todaro and Green 1964). The medium was 

removed, cells were washed with Dulbecco's medium minus serum, and 0.5 

ml of viral inoculum (in Dulbecco's medium) was applied to each dish. 

The inoculum was a 1:10 dilution of a virus preparation which had been 

treated with chloroform to render it free of microbial contamination. 

Undiluted virus had a hemagglutination titer of 2,560 before and after 

exposure to chloroform. This titer would correspond to about 2.5 X 10
10 

virus particles per ml of inoculum (Favre et al. 1974). Mock-infected 

plates were inoculated with Dulbecco's medium only. After a 90-min 
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incubation period, cell cultures were overlaid with Dulbecco's medium 

containing 10% horse serum and incubated at 370 C in a 5% CO2 atmosphere. 

Plating of Cell in Agarose-Containing Medium 

The procedure previously outlined by Macpherson was utilized 

(Macpherson 1969). Basal layers consisting of 7-10 ml of 0.5% agarose 

in Dulbecco's medium containing 20% fetal bovine serum were prepared in 

8.5-cm Petri dishes or 6-cm multiwell dishes. Dilutions containing 

2 5 
between 5 X 10 and 5 X 10 cells suspended in 5-8 ml of 0.22-0.30% 

agarose-containing medium were applied to the solidified basal layers 

and were incubated at 37oC· in 5% CO
2 

atmosphere. New agarose-containing 

medium (5 ml) was added to the plates every 10 days. 

Induction of Tumors in Hamsters and Rabbits 

Graffi hamsters one to two weeks old were injected subcutane-

ously over the left or right front shoulder on the dorsal side with 1:10 

dilutions of BPV-l in SSC. Rabbits were given dorsal subcutaneous 

injections with either purified BPV-l preparation or crude bovine 

papilloma extracts suspended in Freund's incomplete adjuvant. 

Isolation of Cellular and Tumor DNA 
Reassociation Kinetics 

The procedures described by Meinke et al. were followed (Meinke, 

Goldstein and Hall 1974). Cells grown in roller bottles, culture dishes, 

or large culture bottles were removed by trypsinization and pelleted by 

low-speed centrifugation. The pellets were suspended in PBS and stored 
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at -70
o

C. Tumor tissue was finally minced prior to the procedures 

described below. 

The cell pellets were thawed and suspended in buffer consisting 

-3 
of 8 M urea, 10 M EDTA, 1% SDS, 2% isoamyl alcohol, 0.14 M sodium 

phosphate, pH 6.8. The cells (or tumor tissue) were then subjected to 

two 3D-second cycles in a Waring Blender. 

The resulting lysate was applied to a hydroxyapatite (Biorad, 

HTP) column at room temperature equilibrated in 8M urea, 0.14 M sodium 

phosphate, pH 6.8, and was washed with this buffer to remove single-

stranded DNA, RNA, and protein. Urea was removed by waShing with 0.14M 

sodium phosphate, pH 6.8, and double-stranded DNA was then eluted by 

passing 0.48 sodium phosphate, pH 6.8 through the column. The fractions 

with appropriate optical densities were pooled, treated with RNase 

(20 ~g/ml) for 30 minutes at 37oC, and phenol extracted with an equal 

volume of 1:1 phenol-chloroform after dilution to 0.14 M phosphate 

concentration (Refractive Index: 1.3350). The DNA solution was then 

subjected to shearing by submitting 50-ml aliquots to virtis homogeni

zation at 60,000 rpm for 5 min at 4oC. This has been shown to result 

in fragments with lengths ranging from 425 to 750 base pairs (approxi-

mately 7S) (Meinke and Goldstein 1974). The sheared DNA was then 

applied to a second hydroxyapatite column equilibrated at 600 C in 0.14 M 

sodium phosphate, pH 6.8. After washing with this same buffer, the 

double-stranded DNA is eluted with 0.48 M sodium phosphate, pH 6.8, the 

fractions with high O.D'
260 

pooled, and after dialysis in 0.5 roM EDTA, 



pH 6.8, the DNA was lyophillized. This same procedure was utilized to 

isolate the tumor DNA. 

In Vitro Labeling of BPV-l DNA 

Supercoiled BPV-l DNA was incubated with bovine pancreatic 

DNaseI (Sigma) in 0.OSMKC1, O.OOSM MgC1 2 , O.OSMTris, pH 7.S for 40 

min at 37
0 

(1000:1 DNA/enzyme, wt/wt). The reaction was terminated by 

incubating for 10 minutes at 6SoC. The DNA was then phenol-extracted 

and extensively dialyzed (4-S changes) in 0.07 M potassium phosphate, 

o 
pH 7.4, 0.007MMgC12 , O.OOlMmercaptoethanol and stored at -20 C. 

14 

The DNA was labeled in vitro with E. coli DNA polymerase I under 

conditions of repair synthesis. The reaction mixture contained O.S ~g 

BPV-l DNA, 71 ~mol potassium phosphate, pH 7.4, 7.1 ~mol MgC1 2 , 1.1 ~mol 

mercaptoethanol, and O.OS ~mol of dNTPs (minus labeled dNTPs). Also 

present was 12S ~Ci/~g DNA 3H-dTTP (112 Ci/mmol) and l2S ~Ci/~g DNA 

3H- dATP (14.2 Ci/mmol) or 12S ~Ci/~g DNA each 32p_dTTP, 32p_dCTP (840 

Ci/mmol) (dried under vacuum). DNA synthesis was begun by addition of 

40 units of DNA polymerase, and was terminated after 1 hour at 130 C 

with addition of sarcosyl to 1%. During the I-hour incubation, samples 

were removed at specific time intervals and precipitated in 10% TCA, 

O.OlM sodium pyrophosphate in the presence of 100 ~g carrier tRNA onto 

fiberglass filters (Whatman GFC) and counted in Omnifluor. 

The reaction mixture was then passed through a GSO Sephadex 

column (0.7 x 20.0 em) equilibrated in 0.02MTris-HCl, pH 8.0, 0.001 M 

EDTA, 0.1% sareosyl. Fractions containing peak radioactivity were 
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pooled, phenol extracted, and ethanol precipitated. The precipitated 

DNAs were suspended in 0.4BM sodium phosphate, pH 6.B, 0.05% SDS, 0.001 M 

EDTA and stored at 40 C under chloroform. The piece size of the BPV-l 

fragments was determined by comparison with 7S l4C-labeled Wil-2 cell DNA 

in alkaline sucrose gradients (Meinke and Goldstein 1974). A sedimentation 

coefficient of 7S corresponds to an approximate molecular weight of 200,000; 

thus each fragment contained approximately 570 nucleotides (Meinke and 

Goldstein 1974). The specific activity of the 3H-BPV-l DNA was 1.5 X 

10
6 cpm/~g; the specific activity of the 32p_BPV_l DNA was approximately 

2.B X 107 cpm/~g. 

To obtain 32p_BPV_l DNA at higher specific activities for analy

sis of nucleic acids bound to ni trocellulose filters (1-2 x lOB cpm/~g) , 

the modified procedures described by Rigby et al. were used (Rigby et 

al. 1977). Briefly, the reaction mixture consisted of the following 

components (per 0.5 ~g DNA in 0.25 ~l volume): 50 roM Tris-HCl, pH 7.5, 

10 roM MgC12 , 1 roM dithiothreotol (DTT), 50 ~g/ml BSA, 0.02 roM of each 

32 
dNTP minus the P-labeled dNTPs; 0.0125 ng DNaseI; 50 ~Ci (2 mCi/ml) 

each 32p_dCTP, 32p_dTTP (B40 Ci/mmol), vacuum-dessicated prior to use; 

1 ~g ~. coli DNA Polymerase I. ~be reaction conditions and purification 

of the labeled DNA are as described above, minus the piece-size determi-

nation of sucrose gradients. The highly radioactive BPV-l DNA was 

finally suspended in 0.5-1 ml of 10 roM Tris, pH 7.5, 1 roM EDTA. 

Reassociation Kinetics Assays 

The labeled BPV-l and various cell DNA were combined at the 

appropriate ratio (5.0 X 104 cell DNA to labeled BPV-l DNA), and 25 ~l 



a1iquots were sealed into glass capillary pipets, one pipet per time 

point. These tubes were heated for five minutes at 1090 C to denature 

the DNA. o The tubes were then placed at 64 C and the DNA allowed to 

reassociate. At the appropriate time periods, the tubes were opened 

and the DNA added to 2 m1 0.14M sodium phosphate, pH 6.8, 0.05% SDS. 

This was applied to hydroxyapatite columns equilibrated in the same 

buffer at 60oC. The columns were washed with four volumes of this 
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buffer to remove single-stranded DNA and 3 volumes of 0.48Msodium phos-

phate, pH 6.8, 0.05% SDS to remove double-stranded DNA. The samples 

were then counted in Omnif1uor-Triton X (2:1 vol/vol) scintillation 

fluid. 

Digestion and Electrophoresis of BPV-1 
Restriction Endonuclease Fragments 

to Determine Cleavage Sites 

Digestions of variable amounts (0.25 to 0.70 ~g) of BPV-l DNA 

with each restriction endonuclease were carried out according to the 

conditions recommended by the manufacturer. Single digests with all 

test enzymes were first analyzed by electrophoresis in 1.2% agarose slab 

gels to determine the number and size of the fragments produced. Double 

digestions by each test enzyme in the presence of previously mapped 

enzymes were analyzed after electrophoresis both in 1.2% or 1.4% agarose 

and in 5% or 10% po1yacrylamide-10% glycerol slab gels (Denniston-

Thompson et a1. 1977). Following electrophoresis, DNA bands were visual-

ized by staining gels with ethidium bromide and by photogr~phy under 

ultraviolet light. Polyacrylamide gels were necessary to resolve 
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low molecular weight DNA fragments generated by enzymes which gave 

multiple cuts and to screen for the presence of minute DNA fragments 

undetectable in agarose gels. Fragments as small as approximately 70 

base pairs could be well resolved in the acrylamide gels. 

The molecular weights of the BPV-l DNA fragments were estab-

lished with two sets of DNA markers. High molecular weight markers con-

sisted of either DNA digested with HindIII or 29-DNA digested with EcoRI. 

Low molecular weight markers were comprised of selected pBR322 DNA 

fragments produced by cleavage with various enzymes to provide a distri-

bution ranging from 4362 to 127 base pairs. 

Isolation of High and Low Molecular 
Weight DNA from Cells 

Modified procedures of Penman were followed (Penman 1969) . 

Confluent cultures of cells were trypsinized from three to ten culture 

dishes or from roller bottles and were washed by twofold centrifugation 

through SSC. The cells were then suspended in 2 ml of a hypotonic 

buffer solution (RSB) consisting of 10 roM NaCl, 10 roM Tris, pH 7.4, and 

1.5 roM MgC1 2 plus 0.5% Nonidet-P40 (NP-40) and incubated at 4
0

C for 5 

to 10 min. The nuclei were pelleted for 2 minutes at low speed in a 

tabletop clinical centrifuge and the RNA-containing supernatants were 

removed. The nuclear pellet was suspended in the same buffer, and 

centrifuged for 2 minutes. The supernatants were removed, combined with 

the previously collected supernatants, and stored frozen at -70
o

C. 

Isolation of high molecular weight DNA was accomplished by sus-

pending the nuclear pellet in 50 mM EDTA, 10 roM Tris-HCl, pH 8.5. This 
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solution was then adjusted to 0.5% SDS, 100 ~g/ml proteinase K, and was 

incubated at 37
0

C overnight. The preparation was then gently extracted 

twice in phenol (equilibrated in 20 roM Tris-HCl, pH 7.5, 1 roM EDTA) com

bined with an equal volume of chloroform-isoamyl alcohol (24:1 vol/vol) . 

The phenol was removed following low-speed centrifugation to separate 

the phases, and the aqueous phase was further extracted 1 or 2 times 

with the chloroform-isoamyl alcohol. The viscous aqueous phase was 

dialyzed against one-tenth-strength SSC overnight at room temperature. 

Following removal from the dialysis bags, the solution was digested with 

RNase A (20 ~g/ml) for 30 minutes at 37°C. The preparation was ex

tracted once more with chloroform-isoamyl alcohol, and was then precipi

tated in 2.5 volumes ice-cold ethanol. High molecular weight DNA was 

spooled onto a sterile glass rod and suspended in 10 roM Tris-HCl, pH 

7.5, 0.1 roM EDTA. Low molecular weight DNA was centrifuged at 8000 rpm, 

4oC, in a Sorvall SS-34 rotor for 20 minutes and suspended in the same 

buffer in a separate container. The DNA solutions were stored at 4oC. 

Isolation of Cytoplasmic RNA 

After lysing the cells in hypotonic buffer as described above, 

the nuclei were pelleted and the cytoplasmic-RNA-containing supernatants 

were collected and stored at -70
o

C. After thawing, the solution was 

adjusted to 30 roM EDTA, pH 7.4, and then to 5% SDS. An equal volume of 

phenol equilibrated in Slater's buffer (0.1 M NaCl, O.lMsodium acetate, 

0.001 M MgC12 , pH 5.2) was added and the mixture was incubated at 55
0

C 

for 2 to 3 minutes. After thorough mixing, 2 ml of chloroform was 
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added, and the solution was again incubated at 550 C for 2-3 minutes. 

The phases were separated by low-speed centrifugation and the aqueous 

phase extracted 3-4 times with chloroform alone, bringing the tempera

tures to 5S
o

C for a brief period each time to keep the SDS in solution. 

The RNA was precipitated from the aqueous phase with the addition of 2.5 

volumes ice-cold ethanol and storage at -20oC for at least 4 hours. 

o The precipitate was pelleted at 8000 rpm at 4 C in a SS-34 Sorvall rotor 

for 20 minutes and suspended in 20 mM Tris-HCl, pH 7.5, 10 mM MgC1
2

• 

The preparation was then treated with 20 ~g/ml DNase I (Sigma, nuclease-

free) at room temperature for 45 minutes. The RNA preparation was 

extracted once more with 1:1 phenol chloroform and stored as an ethanol 

precipitate at -20oC. The purified RNA was later pelleted as described, 

and suspended in 10 mM Tris-HCl, pH 7.5, 1 mM EDTA prior to use. 

Isolation of Nuclear RNA 

Nuclei were isolated fro~ the cells as described, with the 

addition of 10 mM vanadyl ribonucleoside complex in the hypotonic lysing 

buffer to inhibit ribonuclease activity. The nuclei were suspended in 

2 ml RSB, to which 0.3 ml of a mixed detergent solution containing 2 

parts 10% Tween 40 and i part sodium deoxycholate was added. After 

vigorous vortexing, the nuclei were pelleted at low speed for 2 minutes, 

the supernatants were removed and discarded, and a high salt buffer 

(HSB) composed of 0.5 M NaCl, 0.05 M MgC1 2 , and 0.01 M Tris-HCl, pH 7.4 

was added. DNase I was added to 20 ~g/ml, and after a short incubation 

at 370 C the pellet was vortexed until it could be suspended in the 



supernatant. The preparation was then proces~ed to purify the RNA as 

described for cytoplasmic RNA. 

Southern Blot Analysis of High and 
Low Molecular Weight DNA 

Cellular DNA was cleaved with appropriate restriction enzymes 

according to the specifications of the manufacturer. The cleaved or 

nondigested DNA (10-20 ~g) samples were loaded into vertical agarose 

gels (1%) measuring 15 em X 18 cm X 0.6 cm to undergo electrophoresis 

at approximately 1 'volt per em for 15 to 20 hours. After electrophor-

esis, the DNA in the gels were visualized by staining the gel in ethy-

dium bromide and visualizing the lanes under ultraviolet light. The 

gels were then placed into two changes of 0.25 M HCl for 15 min. to 
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slighly depurinate the DNA to facilitate the transfer of large fragments. 

Following this, the gels were soaked in 2 changes of 0.5 M NaOH, 1.5 M 

NaCl to denature the DNA. The gels were then neutralized in 0.5 M 

Tris-HCl, pH 7.5, 1.5 M NaCl for 30 minutes. The transfer of DNA from 

the gels were conducted by the revised procedures of Southern (Southern 

1975). Briefly, a gel was placed upon 12 sheets of Whatman 3MM filter 

paper saturated with sterile 20X SSC. A piece of nitrocellulose 

(Schleicher and Schuell,BA85) was placed upon the top of the gel. Five 

sheets of sterile water-saturated filter paper were positioned in the 

nitrocellulose filter, and a stack of paper towels cut to the size of 

the gel was applied. The assembly was weighted and enough 20X SSC was 

added to the bottom filter papers to enable the blotting to occur over-

night. The next day, the dried gel was removed from the nitrocellulose 
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filter and discarded. The filter was then washed in a 6X sse prior to 

baking at 800 e for two hours. 

The nitrocellulose filters containing the DNA were sealed into 

plastic bags in the presence of 0.2% Ficoll, 0.2% polyvinylpyrrolidone-

360 (PVP-360), 0.2% BSA in 3X sse (4 ml/IOO cm2 filter) and were allowed 

to prehybridize for 3 hrs at 650 e (Denhardt 1966). The bags were opened, 

the fluid removed, and the same volume of fresh buffer of the same 

composition made in 6X sse plus 0.1% SDS and 50 ~g/ml denatured, sheared 

salmon sperm DNA was added. The bags-were resealed and prehybridization 

was continued for 1 hour at 650 e. 6 At this time, 3-5 X 10 cpm/ml 

denatured 32p_BPV_l DNA (specific activity 1-2.5 X 108 cpm/~g) was 

added and hybridization was allowed to occur for 15-24 hours. The DNA 

was denatured by heating to 1000e for 10 minutes prior to hybridization. 

After hybridization, the filters were washed in 0.2% Ficoll, 0.2% PVP-360, 

0.2% BSA in 6X sse for one hour at 650e, the same solution in 3X sse for 

30 min. at room temperature, and then several stepwise 5-minute changes 

of 3X sse, IX sse, O.lX sse plus 0.1% SDS at room temperature until no 

detectable counts about background remained in the wash fluid (Jeffreys 

and Flavell 1977). The filters were then dried and exposed to X-omat 

ARS film with a eronex "Lightning Plus" intensifying screen at -70
o

e 

for 3-24 hours. 

"Dot" Hybridizations to Detect 
BPV-l-Specific Transcripts 

The methods for dot hybridizations were described by Thomas 

(Thomas 1980). Specifically, a small piece of nitrocellulose (Schleicher 
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& Schuell, BAB5) was pretreated with sterile distilled water, 20X SSC, 

and then dried. The RNA was applied to the filter in 1-5 ~l volumes, 

containing 5-10 ~g RNA, and then dried under infrared lamps and baked 

for 2 hrs at BOoC. 

The filter was then sealed into a plas~ic bag and prehybridized 

for 4-6 hours at 42°C in buffer containing 50% vol/vol formamide (MCB), 

5X SSC, 50 roM sodium phosphate, pH 6.B, sheared, denatured salmon sperm 

DNA at 200 ~g/ml, and 0.02% Ficoll, PVP-360, BSA, in 5X SSC. The pre-

hybridization buffer was then replaced with the same buffer plus 10% 

5 6 / 32 (. f' .. dextran sulfate and -6 X 10 cpm ml P-BPV-l DNA spec1 1C act1v1ty 

1-2.5 X lOB cpm/~g) denatured by heating to 100°C for 10 minutes. The 

filter was then incubated at 42°C for 20 hrs, removed from the bag and 

washed with four changes of 2X SSC, 0.1% SDS for 5 min each at room 

temperature, and finally washed with two changes of O.lX SSC, 0.1% SDS 

at 500 C for 15 minutes. The filter was dried, placed into plastic bags, 

and exposed to Xomat-ARS film in a cassette containing Cronex Lightning 

Plus intensifying screens at -70°C for 3-14 hours. 



RESULTS 

Transformation of Cells with BPV-l 

Primary cultures of newborn Syrian hamster kidney cells (Graffi 

strain), hamster embryo cells (Graffi and LVG strains), and bovine 

spleen, thymus, liver, and kidney cells were infected at high multipli

cities of infection (approximately 1.2 x 103 BPV-l particles per cell) 

after preincubation overnight in medium containing 1 ~g/ml bromodeoxy

uridine (BUdR). The BUdR was included to optimize the chances of ob

taining transformed cells, since Todaro et al. showed increases of 

transformation frequencies (4 to 7 percent) in 3T3 cells infected with 

SV40 following incubation in 1 ~g/ml BUdR (Todaro and Green 1964) . 

The only cultures of cells showing morphological signs of trans

formation were hamster embryo cells (Figure lA) infected with BPV-l as 

described in Materials and Methods. About 14 days after infection, long, 

spindle-shaped cells appeared in these cultures. Similar cells were not 

observed in mock-infected control dishes. The spindle-shaped cells were 

more refractile than cells seen in control cultures and tended to grow 

in localized areas of the monolayer, overgrowing neighboring cells to 

form complex masses or foci (Figure lB). 'Foci increased in size and 

number with continued cell passage. The spindle cells exhibited optimal 

growth in Dulbecco's medium prepared with 0.85% bicarbonate. This modi

fication provided a slightly more acidic environment than did the usual 

Dulbecco's formula (3.7% bicarbonate). 
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Figure 1. Properties of hamster embryo cells transformed with 
BPV-l. -- Plates A, B, C, E and F were photographed 
at the same magnification (XIO). 

A. Noninfected cells, about 3 weeks in culture. 

B. Focus formation by spindle-shaped transformed cells. 

C.- Homogenous populations of spindle-shaped cells. 

D. Left, focal growth of BPV-l transformed cells; right, 
confluent growth of noninfected cells (cells stained with 
0.1% crystal violet in 20% ethanol). 

E. Growth of infected cells in dilute agarose medium to form a 
colony. 

F. Colony (from IE) transferred from dilute agarose medium into 
liquid medium, demonstrating the spindle-shaped cells growing 
out and away from the transferred colony. 
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Infected monolayers contained both spindie-cell foci and cells 

showi~g normal morphology. These normal-appearing cells remained on the 

plates for several generations after their counterparts in the mock

infected cultures had become nonviable. The mock-infected cells 

exhibited signs of senescence after approximately 45 days; giant vacuo

lized cells became predominant. The extended lifespan of the normal

appearing monolayers in infected cultures may have been due to the 

presence of factors secreted by the spindle-shaped cells. Approximately 

2-1/2 months after infection, cells of normal morphology completely 

disappeared from the cultures, leaving a population of only spindle

shaped cells (Figure lC). 

In the absence of normal-appearing cells, confluent monolayers 

became difficult to obtain, since the spindle-shaped cells tended to 

grow in localized foci rather than in uniform distribution over ~he 

surface of the dishes (Figure ID). This resembled the anchorage

independent mode of growth characteristic of transformed cells, an 

assay for which is the ability of the transformed cells to proliferate 

while suspended in agarose. 

BPV-l-infected cells (passaged 5-7 times in a period of 4-9 

weeks after infection) were tested for anchorage-independent growth in 

agarose-containing medium. Dishes containing large spindle-cell foci 

which had almost completely overgrown the monolayers of normally shaped 

cells were utilized for the agarose assays. Cells were removed from 

the dishes by trypsinization, pelleted through newborn bovine serum, and 

suspended in Dulbecco's medium. Five X 10
2 

to 5 X 105 cells were 
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diluted in agarose-containing.medium and poured onto basal layers as 

described in Materials and Methods. After varying the concentration of 

agarose in the upper layer containing the cells, the optimal percentage 

which permitted growth in agarose was determined to be 0.25%. Initially, 

the dilute agarose-containing medium was composed of Dulbecco's (0.85% 

bicarbonate) medium, 20% fetal bovine serum, and agarose. In later 

assays, double-strength Dulbecco's was diluted to normal concentration 

with tryptose phosphate ~l% final concentration), nonessential amino 

acids (1%), 10% fetal bovine serum, and agarose as described by Mac-· 

pherson (Macpherson 1969). 

During the initial 2 weeks in agarose, visible colonies of cells 

were not readily apparent. In approximately 3 weeks, one to four small 

colonies per dish became microscopically evident. In 5-6 weeks, these 

colonies increased in size to a diameter of about 1-2 rom (Figure IE) and 

appeared similar to those colonies produced by cells transformed with 

SV40 Or polyoma virus. During the next 3-4 weeks, approximately 10 mOre 

colonies per dish were discovered. However, the number of colonies 

produced from cells infected with either inoculum was very low consid

ering the total number of cells in each dish was approximately 5 X 105. 

Individual. colonies were picked from agarose with Pasteur 

pipettes and placed into 35-rom wells of multiwell culture dishes. Cells 

were then separated from residual agarose by gentle pressure under glass 

coverslips. Growth medium was added and dishes were incubated overnight 

at 37oC. Cover slips were removed the following day and the cells were 

allowed to grow onto the plastic surfaces (Figure IF) • 
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As previously stated, mock-infected cells became senescent and 

died. This occurred prior to agarose assay. By the time the spindle-

cell-to-normal-cell ratio in the infected clutures was high enough to 

warrant testing for growth in agarose, mock-infected cultures were 

nonviable. 

BPV-l Induction of Tumors in Hamsters 

Approximately twenty Golden Syrian hamsters (Graffi) aging from 

newborn to adult were injected subcutaneously with either purified 

preparations of BPV-l in O.lX sse (100 ~l of 1:10 dilution of BPV-l 

t k . . . 1 2 1010 . . 1 ml f s oc s conta~n1ng approx1mate y X v~rus part~c es per 0 

inoculum) or with up to 0.5 ml crude extracts of emulsified bovine 

papilloma tissue) . 

The BPV-l preparations had undergone purification by equilibrium 

density centrifugation in cesium chloride gradients as described in 

Materials and Methods. The BPV-l was further purified by pelleting the 

virus through 20% sucrose (30,000 rpm for 5 hr at 200 e in a Beckman SW 

50.1 rotor), suspending in sse, and dialyzing the solution overnight 

against the same buffer. 

The bovine papilloma extracts were produced by mincing a few 

grams of the papilloma tissue, emulsifying the tissue in sse in a Virtis 

homogenizer at 30,000 rpm, 4
oe, for 15 minutes, and dounce homogenizing 

with the pestle mounted onto an electric drill. A homogenous solution 

resulted, which, after addition of antibiotics to prevent infection, 

was injected into the hamsters. 
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All hamsters injected with either the purified BPV-l prepara

tions or the papilloma extracts produced tumors at the injection site 

in 12 to 15 months, corresponding to frequencies of BPV tumor induction 

reported by other investigators (Robl and Olson, 1968). The tumors, if 

left untreated, formed dense fibromas 5-40 rom in diameter weighing 

10-20 grams. 

The hamsters were bled completely; the sera were separated and 

stored at -20
o

C for other studies. The tumors were excised and either 

stored frozen, minced and trypsinized in attempts to establish hamster 

tumor cell lines, or used for DNA extractions. Very few tumor cells 

attached themselves to the plastic culture dishes for growth, and the 

cultures that were successfully started did not survive two passages. 

DNA was extracted from the tumors as described in Materials and Methods, 

and the rates of reassociation of the tumor DNA with a labeled BPV-l 

DNA probe was compared to those of in vitro transformed hamster embryo 

cells. 

BPV-l Induction of Papillomas in a Rabbit 

In attemp~s to produce rabbit anti-bovine papilloma antiserum, 

a rabbit was injected over a period of several months with extracts of 

bovine papilloma tissue of the same types that were inoculated into 

hamsters, with the addition of Freund's incomplete adjuvant (1:1). The 

adjuvant mixture was injected subcutaneously into a rabbit in 0.1 ml 

volumes. In approximately 19 months after the initial inoCUlation, two 

large tumors were noted a,t the injection sites. The rabbit serum was 
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isolated and frozen, and the tumors were excised and utilized in estab-

lishing rabbit papilloma cell cultures (RbP cells). The BPV-l-induced 

tumor cells exhibited rapid growth in culture, and biochemical analysis 

of the state of the BPV-l genome in the cells is reported in this 

dissertation. 

The bovine papilloma viruses have been shown to cross species 

barriers to form tumors in horses, mice, and hamsters. No evidence of 

tumorogenicity in primates by these viruses has been reported. This 

is the first report of BPV-l induction of tumors in a rabbit. 

Construction of a Detailed Restriction 
Map of the BPV-l Genome 

Very limited physical maps of the BPV-l, BPV-2, and BBV-3 genomes 

have been constructed (Lancaster 1979; Pfister et al. 1979). EcoRI, 

HpaI, HindIII, and BamHI all cleaved BPV-l DNA at single sites while 

HindII produced three fragments (Lancaster 1979). These five enzymes 

provided convenient reference points for the construction of a more 

detailed restriction map of the BPV-l genome. 

Presented in this study are the cleavage sites of 15 additional 

restriction endonucleases, which now provide the locations of 72 specific 

BPV-l DNA fragments. The molecular weights of the restriction fragments 

produced by cleavage with the various identified enzymes are presented 

in Table 2. The relative positions of these fragments are illustrated 

on the circular map (Figure 2). The single EcoRI cleavage site was used 

as the zero reference point for all the restriction endonucleases exam-

ined. 



Table 2. Molecular Weight of the Restriction Fragments of BPV-l DNA. 

6 
M.W. (x 10 ) of Each Fragment 

Restriction 
Endonuclease A B C D E F G H I J K L M 

PvuII 4.90 0.22 

~I 4.20 0.95 

~II 2.96 1.64 0.41 

ClaI 3.85 0.96 0.42 

AccI 2.70 1.65 0.60 0.27 

AvaI 2.75 1.60 0.91 0.09 

~I 2.32 1.35 0.81 0.45 

!!2.AI 2.78 2.20 0.12 0.10 

HhaI 1.48 1.40 0.63 0.56 0.30 0.28 0.25 0.19 

~II 2.40 1.00 0.59 0.41 0.23 0.23 0.20 0.18 0.09 0.08 0.07 

AvaIl 1.85 0.83 0.79 0.73 0.24 0.22 0.21 0.13 0.12 0.10 0.07 0.05 

HinfI 0.82 0.73 0.58 0.52 0.47 0.44 0.39 0.27 0.26 0.22 0.21 0.14 0.10 

N 0 

0.06 0.04 

Total 
M.W. 

5.12 

5.15 

5.01 

5.23 

5.22 

5.35 

4.92 

5.20 

5.09 

5.48 

5.34 

5.25 

w 
o 



BPV-1 

Figure 2. Restriction map of BPV-l DNA. -- Each circle represents 
the genome with the cleavage sites of one restriction 
endonuclease. The circular genome has been divided into 
tenths and the enzyme sites have been mapped according 
to the fractional lengths of the fragments produced by a 
given enzyme. The zero map unit was assigned to the 
single EcoRI site. 
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In addition to the enzymes listed in Table 2, four did not 

cleave BPV-1 DNA: XhoI, Sa1I, SacI, and Ball. These enzymes produced 

patterns indistinguishable from undigested BPV-1 DNA when examined in 

gels. Three other enzymes examined produced single cuts which converted 

supercoi1ed and open circular DNA to the linear form: SmaI, KpnI, and 

BstEII. These three enzymes became useful in mapping the cleavage sites 

of other restriction endonuc1eases. 

EpaII, AvaIl, and EinfI cleaved BPV-1 DNA int~ 11, 12, and 15 

fragments, respectively. Three EpaII fragments (I, J, K), four AvaIl 

fragments (E, I, K, L), and three EinfI fragments (J, K, 0) could not 

be accurately positioned because double digests failed to cleave these 

minor fragments. Nevertheless, these fragments were placed at unlabeled 

areas on the map based on their molecular weights. Verification of the 

positions of these remaining fragments is currently being determined in 

this laboratory by the methods of Smith and Birnstiel (Smith and Birn-

stiel 1976) • 

The total molecular weight of the BPV-l fragments generated by 

6 each enzyme utilized in this study averaged 5.20 X 10. This molecular 

weight is slightly higher than the previously reported molecular weight 

of 5.0 X 106 (Lancaster 1979). The discrepancy probably arises from 

the different electrophoretic gel systems employed in the two studies. 

The acrylamide-glycerol gel system employed here proved to be more 

satisfactory in determining molecular weights below 1 X 10
6 

and in 

cases where numerous cuts were generated during double enzyme digestions. 



Demonstration of the Presence and Quantity 
of BPV-l Specific Sequences in the 

Genomes of Transformed and Tumor Cells 
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Reassociation kinetics has been found to be a reliable technique 

for determining the presence of viral DNA sequences in transformed and 

tumor cells (Gallimore, Sharp and Sambrook 1974; Sharp, Pettersson and 

Sambrook 1974; Wetmur and Davidson 1968). This technique is very sensi-

tive; 0.1-0.2 genome equivalents of virus DNA per diploid cell DNA are 

measurable. The technique involves in vitro labeling of viral DNA to 

6 
high specific activity (at least 10 cpm per microgram DNA) by the 

process of nick-translation. The labeled viral DNA is then used'as a 

probe for viral sequences associated with transformed or tumor cell 

genomes. 

The kinetics of DNA:DNA reassociation have been described by 

Britten and Kohne and can be expressed by the equation C IC = 1 + KC t, 
o 0 

where C is the initial concentration of single-stranded labeled virus 
o 

DNA, C is the concentration of single-stranded DNA at any specific 

incubation time t, and K is the reassociation constant (Britten and 

Kohne 1968). When C IC is plotted against time of incubation, the 
o 

resulting curves reflect second-order kinetics with the slope in direct 

proportion to the total virus DNA concentration. Linear rates of reas-

sociation reveal the presence of incomplete viral genomes in the cells 

or related viral DNA sequences. The rate of reassociation will depend 

upon the c.oncentration of viral DNA present. If the cell DNA contains 

viral sequences, then the total concentration of viral DNA during 

hybridization is increased relative to cellular DNA containing no viral 
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sequences, and an increase in reassociation rate is noted. The magni-

tude of the rate increase is determined by the specific amount of viral 

DNA associated with the cellular genome. 

Based upon the amount of increase in the reassociation rates, 

the number of viral genome equivalents per diploid cell DNA can be 

calculated (Gelb, Kohne and Martin 1971). This is illustrated in the 

following scheme: 

1. Molecular wt. diploid cell DNA/Molecular weight of viral probe 

DNA = maximum number of viral genome equivalents (A). 

2. Concentration labeled viral probe DNA/Concentration cellular 

DNA = proportion of labeled viral probe DNA in raction (B). 

3. A x B = C = number of genome equivalents labeled viral probe in 

the reaction. 

4. InCrease in rate of reassociation of test DNA/control DNA r. 

Number of unlabeled viral genolne equivalents/cell DNA = Increased 

rate of reassociation of test/control DNA (r) ~ number of copies labeled 

viral genome in reaction (C) minus number of labeled copies of viral 

probe present in reaction (C). Or: viral genome equivalents/diploid 

cell DNA = (r) x (C) - (C). 

The results of reassociation kinetics assays on BPV-l trans

formed and induced tumor cells are presented in Figures 3 through 5. 

All labeled viral DNA probes used in these experiments migrated to the 

78 position in 5-20 percent alkaline sucrose gradients, corresponding 

to an average piece size of approximately 570 nucleotiqes (Meinke and 

Goldstein 1974). The specific activities of the probes were determined 
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Figure 3. The reassociation of 3H BPV-l DNA with BPV-l transformed 

hamster embryo cell (HEC) DNA. -- Each reaction mixture 
contains 300 ~g/ml cellular DNA: 0.006 ~g/ml 3H BPV-l DNA, 
a ratio of 5 X 104 • The results are plotted as Co/C versus 
hours of incubation. The 3H BPV-l DNA was allowed to reas
sociate in the presence of BPV-l transformed HEC (clone) 
DNA (A); HEC (nonclone) DNA (A); noninfected HEC DNA (.); 
salmon sperm DNA (0); and salmon sperm DNA plus 10 ng/ml 
unlabeled BPV-l DNA (.). All cellular and viral DNA were 
sheared as described in Materials and Methods. 
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Figure 4. The reassociation of 3H BPV-l DNA with BPV-l induced hamster 
tumor DNA. -- Each reaction mix contains cellular DNA: 
3H BPV-l DNA in proportions described in Figure 3. The 
sheared hamster tumor DNA is represented as (.); HEC (clone) 
transformed cell DNA (A) and HEC noninfected cell and salmon 
sperm (Q) DNA controls are included for comparison. 
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Figure 5. The reassociation of 32p BPV-l DNA with BPV-l transformed 
C127 mouse cell DNA, clone 1 (.), and BPV-l induced rabbit 
papilloma DNA (A) purified and sheared as described. -
Also present is sheared salmon sperm DNA plus 10 ng/ml 
unlabeled BPV-l DNA (.). Each reaction mixture contains 
250 ~g/ml cellular DNA: 0.005 ~g/ml 32p BPV-l DNA (sheared 
and sized as described in Materials and Methods) at a ratio 
of 5 X 104 . 
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637 to be about 1.5 X 10 cpm/~g DNA for the H-BPVl DNA and about 3 x 10 
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for the 32p_BPVl DNA. The increase in rates of reassociation of approx-

imately 2.9 and 1.9 correspond to about 30 BPV-l genome equivalents per 

diploid cell for the cloned BPV-l transformed hamster embryo cells 

(HEC), and about 15 genome equivalents for the noncloned HEC cells, 

respectively (Figure 3). The ratio of cell/viral probe DNA in this 

experiment was 5 X 10
4 

(300 ~g/ml : 0.006 ~g/ml). A ratio of 10
4 

to 

10
6 

is required to visualize the small amounts of unlabeled viral 

sequences present in the cells. 

Represented in Figure 4 are the curves for two BPV-l induced 

tumor DNA samples. These reassociation rates are extremely rapid, 

indicating a large representation of associated BPV-l specific sequences 

present in the cells. Although rates of this magnitude are rather inac-

curate for calculations of genome equivalents, the linear slopes are 

increased 50 times that of controls, indicating about 775 BPVl genome 

equivalents per diploid cell DNA. 

All control DNA in the experiment exhibit expected rates of 

reannealing. The non-infected HEC DNA follows the same curve as the 

salmon sperm DNA control. Salmon sperm DNA in the presence of 10 ng/ml 

unlabeled nicked BPV-l DNA reassociates at a rate intermediate between 

the cloned and noncloned BPV-l transformed HEC DNA. This curve indi-

cates a rate about 2.4 times that of the salmon sperm control, which is 

close to the rate of increase expected (2.6) with the addition of 10 

ng/ml unlabeledBPV-l DNA. Therefore, the probe appears to be func-

tioning properly in these experiments. 
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C127 mouse cells were originally transformed with BPV-l by 

Dvoretzky et ale (1980). C127 also have been transformed with BPV-l in 

this laboratory. The cells were infected under conditions described 

earlier, and cloned lines of BPV-l transformed cells were established 

in culture. DNA was isolated from a line of these cells, C127 clone 1 

(C127-l), and from the rabbit papilloma cell line, RbP, and analyzed in 

32 
reassociation kinetics assays using a P-BPV-l DNA probe. The results 

of these studies are illustrated in Figure 5. The concentrations of 

cel'lular DNA/labeled BPV-l probe DNA is 50,000 as in the experiments 

just described for the hamster embryo cell DNA (250 ~g/ml cell DNA: 

32 0.005 ~g/ml P-BPV-l DNA). A sample of the same preparation of nicked 

BPV-l DNA used in previous experiments was labeled under conditions of 

repair synthesis as described in Materials and Methods. 

The rates of reassociation for the BPV-l transformed C127-l and 

RbP DNA are much more rapid than reported for the transformed HEC DNA. 

The RbP increased the rates 7 times over non-infected hamster cell con-

trols, and the C127-l DNA approximately 14 times, corresponding to 

estimates of 100 and 200 genome equivalents/cell, respectively. The 

linear curves imply that complete BPV-l genomes are present in the 

transformed cell DNA. 

Analysis of the Physical State of the 
BPV-l DNA in Transformed Cells 

Transformation of cells by the SV40 and polyomaviruses requires 

integration of at least one copy of the early region of the viral DNA 



in the host cell genome. The site of integration appears to be random 

(Botchan, Topp and Sambrook 1976). 
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As shown in this dissertation, BPV-1 transformed and tumor cells 

contain large numbers of copies of the BPV-l DNA associated with the 

host cell genome. However, reassociation kinetics assays do not indi

cate whether the BPV-l DNA is covalently integrated into the cell 

genome, or if it exists in free, episomal forms which coprecipitate 

with the cell DNA. 

Methods to determine evidence of viral integration have been 

developed in the papovavirus system. In the past, SV40-transformed 

cells were lysed and the DNA pelle ted according to the procedures of 

Hirt or Varmus (Hirt 1967~ Varmus, Vogt and Bishop 1973). These pellets 

were then subjected to extensive centrifugation steps through alkaline 

sucrose gradients and cesium chloride equilibrium density gradients to 

determine if virus sequences could be physically separated from the high 

. molecular weight cellular DNA (Sambrook et al. 1968). Several problems 

exist with this procedure, among them the possibility of entrapment of 

free viral DNA sequences in the high molecular weight DNA with false 

conclusions of integration. Detection of covalently linked viral 

sequences in transformed cell DNA can be accomplished in a reliable 

manner by using the DNA blotting techniques originated by Southern 

(Southern 1975). Briefly, this technique involves cleavage of cellular 

DNA with restriction endonucleases, electrophoresis into agarose gels, 

and transfer of the DNA from the gels to nitrocellulose filters. The 

DNA is then tightly bound to the filters by baking at 80
0 

for 2 hours, 
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the filters are exposed to labeled viral DNA probe under conditions for 

hybridization, and the bands are visualized following autoradiography. 

When the restriction endonuclease used cleaves the high molecular 

weight cellular DNA at multiple sites and the viral DNA at a single 

site, non-integrated viral DNA sequences can be distinguished from 

covalently-integrated viral sequences (Hiscott, Murphy and Defendi 

1980). The nonintegrated DNA will migrate to the position of linear 

viral DNA. Covalently integrated DNA would occupy two or more discrete 

sites in different positions, depending on the specific length of cel

lular DNA that is attached to the viral sequences. The presence of a 

single band at the position of linear viral DNA with no additional bands 

indicates that no integrated forms of viral DNA are present in the 

cells. 

When restriction endonucleases cleave the cellular DNA at 

multiple sites but do not cleave the viral DNA, the integrated viral 

DNA migrates to the linear or to a higher molecular weight position, 

depending on the attached cellular sequences. Nonintegrated virus DNA 

appears in the supercoiled (Form I) and open circular (Form II) posi

tions (Hiscott et al. 1980). 

Cells transformed by the BK and JC viruses, as well as some 

strains of SV40, contain both integrated and free forms of viral DNA 

(Chenciuer et al. 1980; Hiscott et al. 1980; Ter Schegget et al. 1980; 

Wold et al. 1981). If the BPVl transformed cells also contain both 

forms of viral DNA, the presence of free BPV-l molecules in the prepara

tions would make analysis of the integration patterns difficult to 
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interpret. Therefore, in the studies reported here, the transformed 

and tumor cell DNA were fractioned into high and low molecular weight 

samples prior to digestion with restriction endonucleases. Both size 

classes were digested with the same sets of restriction enzymes and run 

in separate" lanes in agarose gels for the Southern blot analysis. 

The results of these studies are illustrated in Figures 6 and 

7. In Figure 6, the BPV-l-transformed C127-l high molecular weight and 

low molecular weight DNA have been digested with EcoRI, which cleaves 

BPV-l DNA at a single site, or with SstI, which does not cleave BPV-l 

DNA. Lane A contains a sheared salmon sperm DNA negative control. 

Lanes G, H, and J contain BPV-l DNA digested with EcoRI, SstI, or no 

enzyme, respectively. The positions of the three forms of viral DNA· 

can be noted in lane J: the top band contains open-circular molecules 

(Form II); the bottom band contains supercoiled (Form I) DNA molecules. 

The middle band contains the linear (Form III) molecules, which can be 

seen most clearly in lane G. This lane contains linear molecules after 

digestion of BPV-l DNA with EcoRI. Lane H contains BPV-l DNA digested 

with SstI, which, as can be seen, does not cleave the DNA. With the 

positions of these bands in mind, the other lanes can be analyzed. 

Lanes B-D contain high molecular weight BPV-l-transformed C127-l DNA. 

The three bands seen in the BPV-l control lanes are visualized in 

lane B, containing nondigested C127-l DNA, and in lane D, containing 

C127-l DNA digested with SstI. The smear at the top of lane B is due 

to entrapped molecules of BPV-l in the highly viscous nondigested 

cellular DNA which barely enters the gel. The bands at the top of 



Figure 6. Southern blot analysis of high and low molecular weight 
digests of BPV-l transformed C127-l mouse cell DNA, 
clone 1. -- The samples were hybridized with 32p BPV-l 
DNA, specific activity 2 X 108 cpm/~g, after electrophor
esis into a 1% agarose gel and transfer onto nitrocellu
lose. (A) Salmon sperm DNA; (B, C, and D) high molecular 
weight transformed C127-l cell DNA digested with no enzyme, 
EcoRI, and SstI, respectively; (E, F, and I) low molecular 
weight transformed C127-l DNA digested with EcoRI, SstI, 
and no enzyme, respectively; (G, H, and J) BPV-l DNA, 
unlabeled, digested with EcoRI, SstI, and no enzyme, 
respectively. The high molecula;-;eight samples contain 
10 ~g C127-l DNA plus 10 ~g sheared salmon sperm DNA. 
The low molecular weight samples contain 2 ~g C127-l DNA 
plus 18 ~g salmon sperm DNA. The BPV-l controls contain 
50 pg BPV-l DNA in 20 ~g sheared salmon sperm DNA. 



43 

.... *1: 

.( 

A B c D E F G H I J. 



Figure 7'. Southern blot analysis of high molecular weight digests of 
BPV-l induced rabbit papilloma (RbP) DNA. -- The samples 
were hybridized on nitrocellulose with 32p BPV-l DNA, 
specific activity 2 X 108 cpm/~g. (A) Salmon sperm DNA, 
sheared; (B, C, H) high molecular weight RbP DNA digested 
with EcoRI, SstI, and no enzyme, respectively; (F, G, J) 
BPV-l DNA digested with EcoRI, SstI, and no enzyme, respec
tively. RbP samples contain 10 ~g RbP DNA plus 10 ~g 
sheared salmon sperm DNA; BPV-l samples contain 50 pg 
BPV-l DNA, unlabeled, plus 20 ~g sheared salmon sperm DNA. 
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lane D probably correspond to multimers of BPV-l DNA which are linear

ized when the DNA is digested with EcoRI, in lane C. 
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As explained, integrated BPV-I DNA fragments would appear at 

distinct positions in lanes Band C depending on the length of attached 

cellular sequences. No such bands are seen; therefore, BPV-I DNA is 

apparently not integrated into the C127-1 genome. 

Lanes E, F and I contain low molecular weight C127-1 DNA di

gested with EcoRI, SstI, and no enzyme, respectively. The absence of 

additional bands in these lanes other than those already described also 

suggests that the Cl27-1 cells contain free copies of BPV-I DNA 

exclusively. 

Similar results are noted in Figure 7 when RbP DNA is analyzed 

by the same methodology. No low molecular weight DNA is evident on this 

blot. Lane B contains high molecular weight RbP DNA cleaved with EcoRI. 

Again, complete linearization of the BPV-l genome is noted, with no 

additional bands implying integration. Lane C contains high molecular 

weight RbP DNA digested with SstI, showing two bands in the region of 

the open-circular (Form II) position. The lower band of the doublet is 

again most likely the result of BPV-I multimers which are linearized in 

the EcoRI digest. 

These results provide evidence that transformation by BPV-l, 

unlike other known viral systems, does not require integration of the 

viral DNA into the cellular genome. 



Analysis of BPV-l-Transformed and 
Tumor Call RNA for the Presence of 

BPV-l-Specific Transcripts 

As previously stated, BPV-l does not appear to replicate in 

cultured cells, nor are detectable levels of BPV-I transcription found 

in vivo or in vitro. However, BPV-l-specific transcription must occur 

at least at low levels during transformation of cells. It is the pur-

pose of the studies reported here to determine if BPV-l specific mRNA 

can be detected in the RNA isolated from the nuclei or cytoplasms of 

transformed and tumor cells. 

RNA was isolated from cell cytoplasms, and, in the case of the 

C127-l line, nuclei as well. The various cellular RNA were then 
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screened for the presence of BPV-l specific sequences for the technique 

of dot hybridization described by Thomas (Thomas 19BO). Briefly, 5-10 

~g of each RNA was applied to nitrocellulose filters in 1-5 ~l volumes, 

the RNA was baked onto the filters for 2 hrs at BOoC, and hybridization 

32 with a P-BPV-l probe was conducted. 

The results are illustrated in Figure B. The filter contains 

a positive control of 50 pg BPV-l DNA (A) and four samples of RNA iso-

lated from the BPV-l transformed cells: C127-1 cytoplasmic RNA (B), 

C127-l nuclear RNA (C), cloned hamster embryo cell (HEC) , cytoplasmic 

RNA (D), and RbP cytoplasmic RNA (E). C127-l nuclear RNA and cloned 

HEC cytoplasmic RNA appear to. hybridize with the 32p_BPV_l DNA probe. 

The other two classes of DNA were obscured by background spotting and 

cannot be analyzed at this time. The negative control, in this case 

a sample of RNA from nontransformed cells to eliminate the possibility 



Figure 8. Hybridization of BPV-l transformed cell and induced tumor 
cell RNA with 32p BPV-l DNA. -- Specific activity 2.5 X 
108 cpm/~g. Each spot represents a single sample. (A) 50 
pg BPV-l DNA, unlabeled; (B) 10 ~g BPV-l transformed C127 
cytoplasmic RNA; (C) 10 j.Ig BPV-l transformed C127 nuclear RNA; 
(D) 10 ~g BPV-l transformed hamster embryo cell (HEC) 
clone RNA: (E) 5 ~g BPV-l induced RbP RNA. 
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of nonspecific binding,_ is not included on this filter; however, this 

control shall be tested in future studies of BPV-I specific transcrip

tion conducted in the laboratory. This finding represents the first 

evidence that BPV-I does indeed serve as a template for transcription 

of virus-specific messages during the transformation of cells and 

induction of tumors. 
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DISCUSSION 

The papillomaviruses replicate quite effectively in vivo but do 

not appear to replicate in vitro. The bovine papillomaviruses induce 

tumors in a variety of animal species yet these viruses have been shown 

to transform only two or three species of cultured mammalian cells. 

These paradoxical traits have delayed progress in understanding the 

molecular biology of these viruses, yet make this particular oncongenic 

virus system quite interesting for study. 

The genomes of the bovine papillomaviruses have been, until 

recently, almost completely uncharacterized. In 1979, Lancaster pub

lished restriction maps of BPV-l and BPV-2 DNA containing the cleavage 

sites of 4-5 enzymes per virus genome (Lancaster 1979). Pfister et al. 

reported similar restriction analyses of the genomes of BPV-2 and BPV-3 

in the same year (Pfister et al. 1979). Campo and Jarrett-have, in 

the last year, determined the cleavage sites of 3 restriction endo

nucleases in BPV-4 DNA, as well as additional cleavage sites of another 

restriction enzyme in the BPV-l genome (Campo et al. 1980). Most of 

the above enzymes cleave the BPV DNA at 1-3 sites. The BPV genomes 

contain approximately 8000 nucleotide base pairs (Crawford 1969), thus 

vast areas of the DNA have not been physically characterized. 

To facilitate detailed molecular studies of these viruses, 

detailed restriction maps of BPV-l, BPV-2, and RPV were determined in 

49 
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this laboratory (Morgan et a1. 1981; Murphy et a1. 1981; Potter et a1. 

1981). Regions of conserved polynucleotide sequences between these 

three genomes were determined based by analysis of common patterns of 

restriction endonuclease cleavage sites in the three genomes (Murphy et 

a1. 1981; Potter et a1. 1981). The restriction site analysis of BPV-1 

DNA is reported in this dissertation. This detailed map is necessary 

for studies of the molecular processes involved in BPV-1-induced trans

formation of cells, tumorogenesis, and, perhaps at some future point, 

DNA replication. 

As stated in the Introduction, the bovine papi110maviruses have 

been reported to transform cells of bovine, murine, and hamster origin 

based upon changes of growth rate and morphology of the infected cells 

(Black et al. 1963; Boiron et al. 1964, 1965; Geraldes 1969, 1970; 

Meischke 1979; Thomas et a1. 1964). The cells in some cases were 

reported to be tumorogenic in animals. These studies failed to provide 

evidence of the physical presence of BPV-specific sequences in the 

infected cells, and the cells apparentiy were not tested for anchorage

independent growth in agar. The specific types of bovine papi11oma

viruses used in the infections were not reported. Few followup studies 

of these reports were published. 

The bovine papi110maviruses are indeed capable of stable trans

formation, as has been shown in this dissertation; however, the ranges 

of cell species susceptible to BPV transformation is extremely narrow. 

Many continuous cell lines have been infected with BPV-l in unsuccessful 

attempts to obtain transformed cells; EBtr (embryonic bovine trachea); 
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EU (buffalo lung); BHK-2l (Baby hamster kidney); wi-38 (Human long, 

diploid); CV-l (African green monkey kidney); Balb/3t3 (Mouse); E. Derm 

(Equine dermis), to name a few (Meinke, 1981, personal communication). 

Thus, transformation of cells by BPV, unlike tumor induction by these 

viruses, is quite host-specific. 

To obtain cell lines of BPV-transformed cells for study, the 

following changes in approach were made: 

1. Use characterized types of BPV for the studies (BPV-l in this 

case). 

2. Decontaminate BPV-l stock preparations by incubating overnight 

at 4
0

C in the presence of chloroform; not by millipore filtra

tion. 

3. Infect primary cell lines instead of continuous cell lines. 

4. Infect the cells at high multiplicities of infection. 

5. Prior to infection, preincubate the cells overnight in the 

presence of bromodeoxyuridine (1 ~g/ml) in Dulbecco's medium. 

Substitute horse serum for the fetal calf serum usually in

cluded in the media to avoid possible immune reaction of traces 

of the calf serum with the bovine papillomavirus. 

6. Assay cells showing signs of morphological transformation for 

anchorage-independent growth in agarose-containing medium. 

Colonies of cells growing in the agarose-medium can be isolated 

and cell lines of monoclonal origin can then be established. 

The most common types of bovine papillomaviruses in the united 

States appear to be the BPV-l and BPV-2. BPV-3 and BPV-4 were isol~ted 



in Europe, and the distribution of these viruses causing tumors in 

cattle in the United States is unknown. Obtaining pure types BPV-l or 

BPV-2 depends upon the particular papilloma used for the virus purifi

cation. In this laboratory, all papillomas used as source of virus 

have been classified as containing either BPV-l or BPV-2, based upon 

the patterns exhibited when viral DNA isolated from the tumors is 

analyzed by electrophoresis in agarose gels following restriction 

endonuclease digestion. BPV-l was used exclusively for all studies 

described in this dissertation. 
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Removing microbial contamination from the BPV-l stock prepara

tions by millipore filtration is not acceptable, since the BPV-l titers 

in v.irus hemagglutination assays were extensively reduced or eliminated 

completely following passage through a Millex 0.45 ~m filter. Over

night incubation of the BPV-l preparation in the presence of chloroform 

does not influence the hemagglutination assay titers, however (personal 

observation). The chloroform is, of course, removed prior to infection 

of cells. 

Past studies reporting morphological transformation of cells 

with bovine papillomavirus utilized primary or secondary cell lines 

derived from tissue of fetal or embryonic animals: Black et ale infected 

fetal bovine conjunctival cells (strain DBS), a semi-continuous line 

(Black et ale 1963); Meischke utilized primary and secondary fetal 

bovine skin cultures (Meischke 1979); Geraldes infected primary hamster 

embryo cells (Geraldes 1969, 1970); and Thomas et ale used C3H/eB mouse 

embryo cell lines in transformation studies (Thomas et ale 1964). As 





noted, little or no success has been achieved when continuous cell 

lines were infected with BPV. Thus, extended passage of cells prior 

to infection may inhibit their ability to be transformed by the bovine 

papillomaviruses. It appears that fetal or embronic cells may ,be 

particularly susceptible to transformation by these viruses, however. 
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At the present time, only three cell lines representing two 

species of animals have been stably transformed in vitro by BPV-l or 

BPV-2 with cloned lines established from colonies of cells growing in 

agarose-containing medium. The first documented report concerned the 

hamster embryo cells (HEC) transformed in this laboratory and discussed 

in this dissertation (Morgan and.Meinke 1980). These cells contain 

multiple copies of BPV-l DNA as reported in the reassociation kinetics 

assays. The other cell lines, C127 and NIH3T3 mouse cells, were trans

formed by Dvoretzk~ et ale and cloned lines were characterized in P. 

Howley's laboratory (Dvoretzky et al. 1980; Law et ale 1981; Lowy et ale 

1980). The mouse cells were transformed by infecting with purified 

virus or various genomic or subgenomic fragments of BPV-l or BPV-2 DNA. 

From these studies, a large fragment consisting of 69 percent of the 

BPV-l genome situated between the BarnHI and HindIII sites was deter

mined to be required for transformation of cells by BPV-l (Lowy et ale 

1980). 

The BPV-l-induced rabbit papilloma cell line (RbP) represents 

the first report of BPV-l turnorogenesis in rabbits. Attempts at trans

formation of cultured rabbit kidney cells in this laboratory have yielded 

negative results; however, the physical states of the BPV-l DNA in the 
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in vivo derived rabbit papilloma cells and the in vitro transformed 

C127-1 mouse cells was compared. The exclusive presence of free, non

integrated BPV-l DNA molecules is found in both cell lines. This 

corresponds to findings of recent studies in other laboratories report

ing nonintegrated copies of BPV-l or BPV-2 DNA molecules in transformed 

C127 mouse cells, equine connective tissue tumors, and hamster and 

bovine tumor cell lines (Amtmann, Muller and Sauer 1980; Breitburd et 

al. 1981; Lancaster 1981; Moar et al. 1981). 

The significance of this viral transformation of cells without 

mandatory integration of at least a portion of the viral genome is not 

clear at this time. No other oncogenic virus system has been reported 

to be capable of this phenomenon. 

It is possible, of course, that viral integration does indeed 

occur during the initial establishment of transformation of tumoro

genesis following infection with BPV, and that the integrated sequences 

are subsequently excised from the cellular genomes with the episomal 

forms of the viral genome sustaining maintenance of the transformed 

state. In this case, one could speculate that the initiation of 

transformation might depend upon the positioning of at least some of the 

integrated viral sequences proximal to specific cellular transforming 

gene sequences, defined in retrovirus systems, with resulting increased 

expression of the cellular genes. This would correspond to the 

"promoter-insertion" mechanisms recently defined in avian leukosis 

virus-induced lymphomas by Hayward, Neel and Astrin (Hayward et al. 

1981) • 



In any case, one major advantage of BPV-l DNA existing in epi

somal forms without integration is that the BPV-l DNA existing in 

episomal forms would serve as excellent eucaryotic cloning vectors. 
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In fact, such a vector has already been constructed, containing the 69% 

BamHi-HindIII fragment required for transformation, and pBR322 se

quences containing antibiotic sensitivity markers (Sarver et ale 1981). 

The rat preproinsulin gene was successfully cloned into the BPV-l DNA 

vector, and the hybrid molecules are capable of synthesizing correctly 

spliced preproinsulin transcripts and rat proinsulin protein molecules 

in BPV-l transformed C127 mouse cells without loss of vector or cloned

insert integrity due to random integrations and excisions from the 

cellular genome. 

This implies that the BPV-l transformed cells should contain 

detectable levels of BPV-l specific messenger RNA. Analysis of the 

BPV-l transformed C127 mouse cell RNA isolates by Northern blots in 

other laboratories have yielded negative results (Meinke 1981, personal 

communication). Studies described in this dissertation describe the 

utilization of the dot hybridization technique to screen transformed 

cells for the presence of BPV-l specific messenger RNA. There are 

advantages of using this technique instead of Northern blot analysis, 

since the RNA does not have to be denatured and blotted from agarose 

gels prior to hybridization. The RNA samples can be concentrated into 

small volumes, maximizing the chances of observing even low copy numbers 

of low molecular weight molecules. 
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The detection of BPV-l specific RNA reported here represents 

the first evidence of genetic activity of the BPV-l genome in trans

formed cells, and is quite significant since it should now be possible 

to map the specific regions of the genome transcribed in BPV-l trans

formed cells. These studies would then allow determination of post

transcriptional splicing patterns required to yield functional molecules 

of messenger RNA utilized in transformation. The size classes of the 

specific messengers can then be determined, and their coding regions in 

the BPV-l genome would correspond to early regions defined in SV40 and 

polyomaviruses. This would represent a functional characterization of 

the genome, which, until this point, has been genetically nondefined. 
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