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SUMMARY 

DNA tumor viruses offer excellent model systems to study the moleeu
la:1' biology of eucaryotic cells and to establish the molecular basis for 
cell transformation. Our laboratory has focused on the human adenovirus 
type 2 (Ad2), which replicates in human cells, and transforo,s rodent cells. 
We have studied the physical interaction of the Ad2-transforming genes with 
the transformed cell, and have studied the expression of these genes at the 
RNA and protein level both in transformed and in infected cells. Finally, 
we have investigated whether human cancers contain the transforming genes 
of 4 of the 5 groups of hwnan adenoviruses, as well as the transforming 
genes of other DNA tumor viruses including human papovaviruses, papilloma
viruses, and herpesviruses. 

We have found that Ad2-transformed cells contain the left portion of 
the viral genome, i.e. early gene region El, present in an integrated state 
and with the El genes intact, i.e. collinear with the viral genome. These 
transforming genes are expressed as the same mRNA and polypeptide molecules 
that G:1'e expressed in productively infected human cells. This suggests 
that integration and expression of adenovirus-transforming genes are neces
Sfil'Y for adenovirus-induaed cell transformation. The transforming genes, 
as well as other Ad2 em'ly genes not involved in transformation, consist of 
overlapping sets of genes that encode overlapping mRNAs and polypeptides; 
the overlapping mRNAs appear to be generated via post-transcriptional splic
ing mechanisms. By immunoprecipitation with antisera to Ad2-transformed 
cells, two-dimensional gel electrophoresis, cell-free translation, and pep
tide mapping, we have identified two (53K/47K/41K/35K family, 53K/19K/17K-
23K family) or possibly more families of polypeptides with overlapping amino 
acid sequences that are coded by the transforming region. Little is known 
about the functions of the Ad2-transforming proteins. 

In studies on the presence of DNA-tumor-virus-transforming gene se
quences in human cancers, we did not detect sequences of four of the five 
groups of human Ads, human BK virus, and two of the five types of humc:n ~ap
illomaviruses, in human cancers representing about 50% of the cancer ~nct
dence in the United States. These molecular-hybridization analyses were 
done at a sensitivity that could detect one copy per cell of 1%-3% of the 
viral genome (Ad) or less (papovaviruses). Thus, these results are strong 
evidence that none of the cancers assayed were induced by any of the DNA 
tumor viruses studied. However, we have only touched the tip of the ice
berg and much further work is necessary to understand fully whether DNA 
tumor viruses may be involved in the etiology of human cancer. 
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INTRODUCTION 

There is much to 'be learned about eucaryotic genes - how they are 
organized, how they are transcribed, what controls their transcription, how 
the primary products of transcription are processed to functional messenger 
RNA (mRNA) molecules, and how their mRNAs are translated to protein mole
cules. The early genes of DNA tumor viruses represent excellent models to 
study these problems because they are ' expressed for the most part by the 
same cellular mechanisms that are used in the expression of cellular genes. 
DNA tumor virus genes are further of interest because they code for one or 
more proteins that probably function in cell transformation. Thus, analy
ses of DNA tumor virus early genes permit not only an understanding of 
eucaryotic gene organization and expression, but also contribute to an 
understanding of cellular growth control. 

There are many different DNA tumor viruses which infect a variety of 
animal species. These are listed in Table l. Several of these viruses 

Table 1. Oncogenic DNA Viruses 

Papovaviruses 

Human BKV and JCV 
SV40 (monkey) 
Polyoma (mouse) 

Papillomaviruses (wart-producing viruses) 

Human papillomaviruses 
HPV-1 (deep plantar wart) 
HPV-2 (common wart) 
HPV-3 ,(flat warts; epidermodysplasia verruciformis (EV)) 
HPV-4 (common wart) 
HPV-5 (EV) 

Shope papilloma (rabbit) 
Bovine (at least 3 distinct types) 

Adenoviruses 

Human adenoviruses (Ad) - ubiquitous; 31-35 serotypes; respiratory 
disease; lymphoid latency (5 groups) 

Group A (Adl2, 18, 31) 
Group B (Ad3, 7, 11, 14, 16, 21) 
Group C (Adi, 2, 5, 6) 
Group D (Ad8-IO, 13, 15, 17, 19, 20, 22-30) 
Group E (Ad4) 
Unclassified (Ad32, 33, 34, 35, enteric Ads) 

Simian (23); Bovine (8); Hurine (2);' Canine (2); Avian (8); 
Procine (4); Ovine, Equine, Tree shrew. 

Herpesviruses 

Human Herpesviruses 
HSV-1 (fever blister) 
HSV-2 (genital infections; cervical carcinoma?) 
EBV (infectious mononucleosis; Burkitt's lymphoma?; 

nasopharyngeal carcinoma?) 
Cytomegalovirus (congenital malformation) 

Harek's disease (chicken) 
Lucke carcinoma (frog) 
Herpesvirus saimiri (squirrel monkey) 
Herpesvirus ateles (spider monkey) 
Herpesvirus sylvilagus (cottontail rabbit) 
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have been studied in detail. The most intensively studied viruses are: 
simian virus 40 (SV40), a monkey papovavirus; polyomavirus, a murine papova 
virus; BK virus, a human papovavirus; human adenoviruses (Ad) types 2 and 
12; and human herpes simplex virus types 1 and 2. These different types of 
virus differ considerably in size, virion architecture, and genomic struc
ture, as summarized in Table 2. For example, the genomes of DNA tumor 

Table 2. Properties of 0ncogenic DNA Viruses 

Human JCV Human 
Papilloma Polyoma and Human Herpes virus 

Viruses Virus SV40 BKV Adenovi ruses Types 1 and 2 

Particle weight X 10' 40 25 17 -* 175 
daltons 

Diameter of virion (nm) 55 40-50 40 ~40 80 120- 180 

DNA (%) 12 12 12 12-13 

DNA molecular weight 2.9-3.4 2.5 ~3 20-25 100 
(X 106 ) 

Host cell for productive African Green human human human, hamster, 
infection monkey rabbi L 

Host eel 1 fo, none hamster, mouse, human, hamster rat, hamster hamster, mouset 
transfo rmation <at hamster 

0"·-Rel iable values not available. 

t inactivation of virus ability to replicate is necessary. 

viruses range from 3 x 106 daltons for those of papovaviruses to 100 x 10 6 

daltons for those of herpes simplex virus types 1 and 2. Although different 
in many respects, the well - studied DNA tumor viruses possess certain simi
larities in their growth pattern. After infection, the viral genome pene 
trates the cell nucleus where a subset of genes, termed "early genes", are 
transcribed mainly by existing cellular mechanisms. Some of the proteins 
coded by these early genes then function to initiate viral DNA replication. 
After the onset of viral DNA replication, late genes are expressed, and 
these code mainly for virion structural proteins. Early and late genes 
also function in the positive or negative regulation of other early or late 
gene expression. The final outcome of virus infection is the production of 
mature virus particles, and the death of the cell. Infection of non-permis
sive cells (e.g., hamster cells with Ad, human cells with SV40) leads to 
abortive infection where little or no virus is produced. A small fraction 
of infected cells may become "transformed". These transformed cells 
possess many of the properties of malignant cells, including altered mor 
phology, lack of contact inhibition, anchorage - independent growth, and 
tumorigenicity. In all cases, these viral transformed cells retain viral 
DNA sequences, and in those cases examined in detail, the retained vira 1 
sequences are expressed as RNA and as protein. 

Another class of tumor viruses, the retroviruses, have an RNA genome . 
Retroviruses have been isolated from many animal species, although not yet 
from man. Retroviruses replicate by copying their RNA genome into DNA by 
use of the viral - coded reverse transcriptase which is present in t he virus 
particle. The DNA copy is efficiently and stably integrated into cellular 
DNA. After integration, the viral genes are transcribed into viral mRNA 
and into genomic RNA which has the same sense as viral mRNA. After transla
tion of viral mRNA into virion structural polypeptides and reverse tran-
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scriptase, the virus matures by budding through the cell membrane. Retro
viruses are unique because many but not all retroviruses are natural genetic 
elements of their host; i.e. they are carried in the germ line. Although 
many retroviruses cause no known disease and indeed exert no known influence 
on their host, many have oncogenic properties; i.e. they induce lymphatic 
cancer, sarcomas, or carcinomas in animals, usually their natural host, or 
they transform fibroblasts or lymphocytes in culture. With many of these 
viruses, oncogenes is has been strongly linked to a gene present in the 
viral genome. With the best- understood example, the avian sarcoma viruses, 
the gene sro has been shown to encode a cyclic AMP independent protein 
kinase with the unique ability of phosphorylating tyrosine. Most interest 
ing, sro is a normal component of avian cellular DNA; it is not required 
for virus replication because deletion mutants in sro replicate as well as 
wild - type virus . All vertebrate species examined have a gene related to 
the avian sro and synthesize a protein that is immunologically and enzymolo
gically related to the avian s1•c gene product . Apparently, the avian 
sarcoma viruses arose by recombination between replication-competent non
transforming retroviruses and src: sequences in cellular DNA. A remarkable 
aspect of this scenario is that it seems to be applicable to most ''oncogen
ic" retroviruses; i.e. they are recombinants between viral sequences and 
cellular sequences, and the cellular sequences in the recombinant confer 
the virus with oncogenic activity. Such recombinant retroviruses, which 
may be of avian or mammalian origin, have the ability to cause leukemia, 
carcinomas, and sarcomas. Although it is clear from this discussion that 
retroviruses offer unique opportunities to study gene organization and 
expression and cell transformation, this paper is concerned only with the 
DNA tumor viruses, which also are good models of oncogene sis, as described 
below. 

Although the past decade has seen remarkable advances in our understand
ing of DNA tumor viruses and their interaction with infected and transformed 
cells, much remains to be learned. Key questions are : (1) does cell trans
formation result from the action of viral - coded transformation proteins, 
and if so, what are the functions of the viral transformation proteins; (2) 
does the actual physical interaction between the viral genome with the 
genome of the transformed cell contribute to the transformed state; (3) 
what functions do viral transforming genes have in the virus growth cycle 
(which does not normally involve cell transformation); (4) what is the 
origin of the viral transforming genes; i.e. are they naturally occurring 
cellular genes analogous to the src genes; and (5) during natural infec
tions in humans, do viral transforming genes become integrated into cellular 
DNA, and if so does this event occasionally result in the development of 
viral-induced cancer? To answer some of these questions, many laboratories 
are focusing on the several different DNA tumor virus systems . Our labora
tory has concentrated on the human Ad system (reviewed in WOLD et al., 
1978) which offers the advantage of a moderate - sized linear viral genome 
that is readily prepared in quantity and that is subject to complex regula
tion. In addition, we have performed some studies on the human JC virus 
(JCV), which has the advantages of being a small circular genome that 
encodes only a few genes, and is of interest since it induces a human 
disease, progressive multifocal leukoencephalopathy (PML), and is highly 
neuro-oncogeni c in hamsters. Some of the highlights of our research are 
described below. 
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RESULTS 

THE HUMAN ADENOVIRUSES: GENERAL PROPERTIES 

There are 31 recognized human Ad serotypes, Adl to Ad31. These form 
five groups based upon DNA genome homologies in molecular hybridization 
reactions: group A (Adl2, 18, 31), Group B (Ad3, 7, 11, 14, 16, 21), Group 
C (Adl, 2, 5, 6), Group D (Ad8-10, 13, 15, 17, 19, 20, 22-30) and Group E 
(Ad4) (GREEN et al., 1979a). The properties of the Ads in each group are 
summarized in Table 3. 

TABLE 3. Properties of human adenovirus DNA homology groups A through E. 

Group Types 

12, 18,31 

3, 7, 11, 
14, 16,21 

1 ,2,5,6 

8 ,9, 10, 13, 
JS, 17, 19, 
20,22,23, 
24,25,26, 
27,28,29, 
30 

l'ndHer- 32, 33 
mined 34, 35 

DNA 
Homology 

48-69-X. 
within 
group; 8-20 
with other 
t es 
89-94\ within 
group; 9-20'X, 
with other 
types 

99-100% within 
group; 10-16% 
with other 
types 

94-99\ within 
group; 4-171, 
with other 
types 

4-231,' with 
other types 

Twaocs in Cell Transforaing 
Newborn Trans for- Region 
Hamsters aation Homology 

High: 
tumors in 
most animals 
in 4 mo. 

Weak: 
tumors in 
few animals 
4-18 mo. 

Nil 

Nil, Ad9 
induces mam
mary fi0bro
adenomas in 
rats 

N'il 

35-71',4 
within group; 
2-7'7. with 
other types 

85-99% within 
group; 2-12"4 
with other 
types 

98-I00'X, within 
group; 1-151, 
with otller 
types 

N.D. 

N.D. 

Pathogenicity and 
Epidemiology 

Associated with upper respiratory infections 
and diarrhea; isolated from stools of children. 

Common 3, 7 ; moderate to severe infections; 
ARD epidemics among military recruits (7, 
also 3,14,21); "bad colds" and severe illness 
(7); summer pharyngoconjunctival fever 
(PCF) (3, 7); pharyngitis (3, 7); febrile pneu
monia (3, 7, 14); acute hemorrhagic cystitis 
OL occasionally 21); diarrhea (16 1 21 ) . 
Most common (esp. 2, I); mild to severe infec
tions of upper respiratory tract (especially 
nasopharynx) of infants and children; latent 
infections of lymphoid tissue; readily iso
lated from throat and anal swabs of children. 
Ad8 and Adl9 commonly cause epidemic kera
toconjunctivitis (EKC); isolated from stool. 

ARD epidemics in military recruits; cause of 
EKC, severe PCF, and pneumonia. 

Figure summarizes our current understanding of the physical and 
functional organization of the Ad2 genome. The genome is a linear duplex 
DNA of 23 x 106 daltons. A protein of 55,000 (55K) daltons is covalently 
linked to each 5' terminus, and there is an inverted terminal repetition of 
"'100 base pairs present at both termini. Ad DNA replicates by a strand
displacement mechanism, with initiation of DNA replication occurring at 
both molecular ends of the genome. Presumably the inverted terminal repeti
tion and the 55K terminal protein play a role in the initiation and/or 
termination of Arl DNA replication. 

The Ad genome is expressed in two general stages: early which occurs 
before DNA replication, and late which follows the initiation of DNA repli
cation at about 7 hours postinfection. The early genes lie in four non-con
tiguous regions, designated El, E2, E3, and E4. El and E3 are located 
within map position (mp) 1.5-11.2 and 76-86, respectively, and are tran
scribed off the r strand. E2 and E4 are located within mp 75-62 and 99 -
91.5, respectively, and are trancribed off the 1 strand. A possible fifth 
early region may also exist, located within mp 18-23 and transcribed off 
the 1 strand in very low amounts early. 

Most of the late genes lie in a region stretching from a major late 
promoter at mp 16.4, and extending to mp 91.5. Late genes are transcribed 
into a giant nuclear RNA precursor that i s initiated at mp 16.4, that 
extends to mp 91.5, and that it is processed to generate the individual 
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ADENOVIRUS 2 GENOME ORGANIZATION 
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FIGURE 1. Schematic illustration of the physical and genetic organization 
of the Ad2 genome. Assignment of early RNA is based on the combined results 
of several groups (BERK and SHARP 1978; SPECTOR et al. 1978; CHOW et al. 
1979). The four early regions are designated El-E4, as indicated. Assign
ment of the early polypeptides is based on the data of LEWIS et al. 1976, 
LUPKER et al. 1977, HARTER and LEWIS 1978, WOLD and GREEN 1979, GREEN et 
al. 1979c, and HALBERT et al. 1979. Presentation of an "early-late" or 
"intermediate" stage of infection is based on a variety of studies including 
those of FLINT and SHARP, 1976, and SPECTOR et al. 1978. The notion of an 
"early-early" stage of infection is based on recent work by BERK et al. 
1979 and by JONES and SHENK 1979; their data suggest that a polypeptide (or 
RNA) coded by Ela is required for synthesis of cytoplasmic mRNA from the 
other early gene regions . 

mRNAs. The late mRNAs form five families that have different 5' ends, but 
that have co-terminal 3' ends within each family. Each and every late mRNA 
in this region has a 3-part leader sequence coded at about mp 17, 20, and 
27. These leader sequences are thought to be covalently joined to the 
coding body of each mRNA by intramolecular cleavage and ligation of the 
giant nuclear precursor. Two other late genes exist, that for virion 
protein IX, which maps between mp 9.5 and 11 and is transcribed off the r 
strand, and that for virion protein IVa 2 , which maps between mp 16 .3 and 
11.5 and is transcribed off the 1 strand. 

The early genes, our major research interest, are very complex in 
their organization, in their RNA transcripts, and in the polypeptides that 
they encode. As shown in Figure 1, each early region encodes a variety of 
overlapping RNAs with different splicing patterns. Except for El, the RNAs 
in each early region are most likely initiated at a single promotor located 
proximal to the RNA 5' coding sequences, and then RNAs are generated via 
posttranscriptional processing and ligation, E1 is unique in having three 
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promoters, one at mp 1.4 for the RNAs in Ela (mp 1.4-4.6), one at mp 4.6 
for the RNAs in Elb (mp 4.6-11.2), and one at mp 9.5 for the RNA coding for 
virion protein IX. The RNAs coded by each early region have been studied 
using a variety of techniques including gel electrophoresis of radiolabeled 
RNA, electron microscopy of RNA/DNA hybrids, and nuclease gel analysis of 
RNA/DNA hybrids . Polypeptides coded by each early region have been identi
fied by two general procedures: (1) cell-free translation of viral-specific 
RNA, in some cases RNAs that have been purified by gel electrophoresis, and 
(2) immunoprecipi tat ion of radio labeled early infected cell extracts with 
antisera against viral transformed cells expressing defined early regions. 

In the following section, we will present selected data from our 
laboratory which permit the identification of the mRNAs and the polypeptides 
coded by each early region. We also present data on the integration of the 
Ad genome into the DNA of transformed cells, as well as the expression of 
these integrated sequences as RNA and protein. 

INTEGRATION AND EXPRESSION OF ADENOVIRUS SEQUENCES IN ADENOVIRUS
TRANSFORMED CELLS 

Early studies in our laboratory (FUJINAGA and GREEN 1966; GREEN et al. 
1970) established that Ad-transformed cells invariably contained Ad RNA and 
DNA sequences. To gain insights into the mechanism of Ad transformation, 
we have studied the integration and expression of Ad sequences in 5 different 
lines of Ad-transformed rat cells. 

The cell lines Fl7, 8617, T2C4, F4 and 5RK (clone VI) have been 
previously studied by our laboratory (GILEAD et al., 1976; WOLD and GREEN, 
1979) and also by other laboratories (GALLIMORE, 1974; SAMBROOK et al., 
1975; FLINT and SHARP, 1976), and it is hoped that information on integra
tion patterns will help crystallize all of the available data into a clearer 
picture of adenoviral transformation . Models of Ad transformation fall 
into two general categories: (1) Ad-coded "transformation proteins" function 
directly or indirectly to maintain the transformed state of the cell, and 
(2) integration of the transforming region into a key regulatory region in 
cellular DNA is by itself necessary and sufficient to maintain transforma
tion. The recent development of the 'Southern "blotting" procedure (SOUTHERN, 
1975) has permitted a more detailed analysis of the interaction between the 
retained viral sequences and the genome of the transformed cells. Briefly, 
the Southern technique entails digestion of transformed cell DNA with a 
restriction endonuclease, separation of the resulting fragments on the 
basis of size by agarose gel electrophoresis, transfer (blotting) of the 
fragments in a denatured form to nitrocellulose paper in the manner which 
retaiµs their electrophoretic pattern in the gel, hybridization of the DNA 
paper "blo.t" with 32P-labeled viral DNA probes, and then exposure of the 
hybridized "blot" to X-ray film . 

Figure 2 gives the cleavage patterns on the Ad2 genome of the restric
tion enzymes used for blotting analysis of transformed cell DNA. In these 
studies, cell DNA was digested with BamHI, EcoRI, HindIII, SmaI, or Ball, 
and were analyzed using the Ad2 whole genome, Ad5 HindIII-G fragment (mp 
0-8), Ad2 Kpnl-G fragment (mp 0-6.1), Ad5 HindIII-E fragment (mp 8-17), or 
Ad2 EcoRI-C fragment (mp 89.7-100) as 32P-labeled probe. A typical blotting 
result with Fl7 cell DNA is given in Figure 3. Fl7 DNA was digested with 
EcoRI or BamHI restriction endonucleases and analyzed using whole genome 
HindIII-G (0-8) or Ad5 HindIII-E fragment (8-17 map units) as probe. 
Because Fl 7 cells contain only the left "'15% of the genome (SAMBROOK et 
al., 1975), we expect neither EcoRI nor BamHI to cleave the Ad sequences, 
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FIGURE 2. Cleavage sites on the Ad2 or Ad5 genome of the res t riction endonu
clease used in this study . The cleavage maps were compiled at the EMBO 
Workshop on The Molecular Biology of Adenoviruses, held at Orenas Castle in 
1978. 

but to cleave somewhere within cell DNA to generate discrete fragments, one 
or more of which contain Ad sequences . With both the Ad2 genomes and 
HindIII-E fragment probes , two EcoRI and two BamHI fragments were detected 
that contain Ad sequences. We therefore conc l ude that Fl 7 cells contain 
two pieces of left - end sequences integrated at different sites . 

To investigate whether the Ad2 sequences in Fl7 cells are present i n 
an intact state, i.e. whethe r Fl7 cells contain a continuous uninterrupted 
set of El sequences, Fl 7 DNA was digested with Hind I II which cleaves El 
sequences once, and with SmaI or BalI, both which cleave El sequences at 
several sites, and probed with several different labeled Ad2 DNA restric 
tion fragment probes . Our results show that BalI-I (mp 0.8 - 6 . 1), SmaI-E 
(mp 2. 7- 10. 7), and HindIII - C (mp 8-17) DNA sequences are present in Fl7 
cells . Therefore , the Ad2 sequences in Fl7 cells extend from the left of 
mp 0 . 8 to slightly to the right of mp 17, as shown in the model (Figure 4) . 

Extensive analysis of four other Ad2- transformed cell lines has 
- provided evidence- for- a mu e:h- more e-ompl-i-e-a-ted~ i-n-J;egration- pattern than 

found with F17 ce ll s. For example, as shown in Figure 5, the model predict-
~ - f rom cnrr-d·a-ea-◊-n-86-1-?-ce·l-l-s,---whrch-c-ontai:n-an--inta·ct-E-l-a-nd-E-4-,---sh ows 

that two left - end and one right- end sequence are integrated . The left - end 
sequences can be in either of two orientations, and the left- and r i ght- end 
sequences may be fused . 
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FIGURE 3. Southern blot showing the Ad specific DNA restriction fragments 
detected in F17 cellula r DNA digested with EcoRI or BamHI, and analyzed 
using the whol e Ad2 genome, Ad5 HindIII-G (mp 0-8.0), Ad2 Kpnl - G (mp 0-6. 1), 
or Ad5 HindIII-E (mp 8.0-17.0) as probe. 

Our data with the five Ad2 - transformed cell lines have permitted 
several generalizations about the physical sta te of Ad sequences in trans
formed cells. First, viral sequences are always integrated. Second, there 
is no obvious specific ity for integration sites on either the cellular or 
vi ral genome. Third, all transformed cells retain early region El present 
in an intact state , i .e. co-linear with the viral genome. Fourth, the 
integration patterns are surpr isingly compl ex . For exa mpl e, 8617 cells 
co ntained two l eft- e nd sequences and only one right- end sequence, wi th one 
of the left - end sequence s l ocated very close to the right - end sequences. 
This type of integration pattern s uggests that a single integration event 
may have occurred during the original transformation of 86 17 cell, and that 
during or subsequent to this integration the middle portion of the viral 
genome may have been deleted and the left - end sequences transposed to 
another portion of the cellular genome to create two copies of the left-end 
sequences . Fifth, in addition to the left- end sequences, other sequences 
may be present. With 8617, all of early region E4 but no other early 
region appears to be present, and in an intact state. With other cell 
lines, early region E3 or early region E2 may be present. 

The presence of El in the DNA of all transformed cells, as determine d 
by blotting analysis, confirms earlier mo le cular hybridization st udies 
wh ich indicated that left - end sequences were always present in transformed 
cell DNA (SAMBROOK et al., 1975). This, plus the observation that cells 
can b e tra nsfo r med by transfection with DNA fragments that include El 
(GRAHAM et al., 1974) , provides strong evidence t hat the viral transforming 
genes are lo cated in El. Most important, all. cells appear to have El 
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present in an intact state, as would be expected if the expression of these 
genes were a prerequis ite for cell transformation. As we will show 'below, 
there is considerable evidence that these genes are in fact expressed at 
the RNA and protein level. 

F17 

,;.ff=~· "'.r '4 m 
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FIGURE 4. A model of the Ad2 sequences int/ grated in Fl7 cellular DNA . The 
model is based on the blotting data. Ad2 sequences are indicated by the 
solid line. The black dots indicate uncertainty about the presence of Ad2 
sequences. Cellular sequences are indicated by the jagged line. Bonafide 
Ad2 DNA restriction fragments are indicated by upper case letters . Virus
cell junction fragments deduced from the blotting data are indicated by 
arabic numbers : The model incorporates the relative molecular weights of 
the restrict ion Jragments . The molecular weights ' of the virus-cell junction 
fragments were estimated by their mobility in agarose gel electrophoresis 
compared to the mobility of bonafide Ad2 DNA restriction fragments. 

ANALYSIS OF EARLY mRNA SPECIES TRANSCIUBED DURING EARLY STAGES OF 
PRODUCTIVE INFECTION AND IN TRANSFORMED CELLS 

Early studies by our laboratory done several years ago identified the 
viral-specific early mRNAs synthesized in infected and transformed cells, 
by polyacrylamide gel electrophoresis of in vivo radiolabeled RNA (CHINNA
DURAI et al., 1976; BUTTNER et al., 1976). Studies by other laboratories 
used similar procedures (SPECTOR et al., 1978), as well as newly developed 
electron microscopy (CHOW et al., 1979), and nuclease gel (BERK and SHARP, 
1978) procedures. Recently, our laboratory has re-examined the size classes 
of the early RNAs using the newly developed and highly sensitive RNA trans
fer -hybridization technique (ALWINE et al., 1977). This procedure is 
analogous to the blotting procedure described above ;except that RNA is 
resolved on the basis of size by electrophoresis thr6ugh agarose gels (the 
RNA is denatured before electrophoresis by treatment with glyoxal or the 
gels contain a denaturing agent ' such as methyl metcuric hydroxide), trans
ferred to diazobenzyloxymethyl(DBM)-paper, and hybridized with 32P-labeled 
viral DNA probes. Figures 6 and 7 show the RNA species transcribed from 
early region El in productively infected cells, using a probe specific to 
Ela (mp 1.4-4.6), or to Elb (mp 4.6-11.2) respectively. Ela was found to 
encode three mRNAs, 13S, 12S, and 9S (Figure 6). Elb was f~und to contain 
two RNAs, 22S and 13S (Figure 7). At late stages of infection, a prominent 
9S mRNA which codes for virion protein IX also can be detected in Elb (not 
shown). Similar studies have been done to identify the RNAs coded by the 
other early gene regions, using probes specific to those regions (data not 
shown). Briefly, these studies identified two mRNA species coded by E2, 
both about 20S, at least six mRNAs coded by E3, ranging from 9S to 26S, and 
at least six mRNAs coded by E4, ranging from 8S to 21S. In general, our 
data obtained with the RNA transfer-hybridization procedure are consistent 
with data obtained by other RNA mapping procedures. These results are 
sununari zed in the model shown in Figure 1. 
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FIGURE 5. A model of the Ad2 sequences integrated in 8617 cellular DNA. 
The model is based on the blotting data. The two sets of left-end sequences 
are shown in two orientations relative to the right -end sequences. At 
least one, but 'not necessarily both, left-end sequences have the sequences 
between the Ball site at mp 0.8 to the SmI site at mp 10.7 present in an 
intact form. The left-end sequences in EcoRI-1 could lie anywhere between 
the EcoRI site in cellular DNA and the right-end sequences. See the legend 
to Figure 4 for further details. 

Figures 6 and 7 also show RNA gel transfer-hybridization analysis of 
the El-specific mRNAs synthesized in five lines of Ad-transformed cells. 
Most interesting, the same Ela- and £lb-specific RNAs that were found in 
infected cells were also found in transformed cells. This argues that the 
promoters on the viral genome are active in ' transformed cells, and that 
transformed cells contain the essential processing enzymes required to 
generate the early RNAs. One cell line, F4, contained three unique Ela-spe
cific RNA species; these species may be under the control of new promoters, 
possibly located on the cellular genome or on tandemly integrated segments 
of the viral genome. ·· 

IDENTIFICATION AND GENE MAPPING OF THE ADENOVIRUS EARLY PROTEINS 

The identification of Ad2 early proteins is complicated by the fact 
that host protein synthesis continues during early stages of infection. 
Therefore it is difficult to distinguish viral-induced early proteins from 
the background of host cell proteins. However, several methods have been 
developed which have assisted in the identification of most of the early 
proteins. One method involves pre-treating infected cells and mock-infected 
cells with cycloheximide which enhances the yield of viral-specific RNA 

relative to host RNA, which in turn enhances the amounts of early proteins 
synthesized (after removal of cycloheximide) relative to host proteins. 
The proteins can then be identified by electrophoresis on polyacrylamide 
gels containing sodium dodecyl sulfate (SDS-PAGE), or by electrophoresis on 
2D gels as described by O'FARRELL (1975) (isoelectric focusing in one 
direction followed by SDS-PAGE in the second direction). Typical ID and 2D 
electropherograms of [ 35S]methionine-labeled early-infected cell and mock
infected cell proteins are shown in Figures 8 and 9 respectively . The Ad 
early proteins are identified in the 2D gel by arrows, and include a poly
peptide of 73K, as many as eight polypeptides ranging in molecular weight 
from 21K-26K, and polypeptides of 19K, 18K, 12K and 11.SK. Polypeptides 
found on 2D gels and not found on 1D gels include four polypeptides of 
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Ad2 Hpal-E probe (mp 0-4.5) 

-24S 

-19S 

-15S 
-13S 
-12S 

Ad2 KB 8617 T2C4 F4 293 HECl9 5RK NRK Fl.7 
early 

RNA - --- - - -
FIGURE 6. Detection of Ad2 in mRNA species coded by early region Ela (mp 
1.4-4.S) by RNA gel-transfer hybridization analysis of Ad2 early mRNA and 
transformed cell mRNA with 32P-labeled Ad2 HpaI-E fragment. 

40K-SOK, a 60K, and a 45K. Peptide map analysis (electrophoresis followed 
by chromatography) using trypsin or chymotrypsin has shown that the four 
acidic polypeptides of 40K-SOK are related in sequence, and that the eight 
polypeptides of 21K-26K (regions A-Band C-D of Figure 9) are also related 
in sequence. 

As a second approach t o identify Ad early proteins synthesized in 
vivo, we prepared antis era against Ad -transformed cells, and used these 

_ antisera_ to_immunoprecipitate___c(25_s_J_me_thionin=labe_le_<Lpr-ote_ins-±r-om--inf e_cted 
and transformed cells. It was expected that antibodies directed against 

~ v-i-ica-1-~eoded- p 0-l-ypep t--ides- s-yn-H1-e-s-i--z-ed-in- t--r-a-ns-:fo-l'.'med- ee-H-s- w0u-l-d-immunop re -
cipitate these same polypeptides from either infected or transformed .cells . 
A typical result obtained with antisera against one cell line, Fl7, which 
contains only sequences in El, is shown in Figure 10 . This antiserum 
immunoprecipitated a 53K polypeptide, a 19K polypeptide, and polypeptides 
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FIGURE 7. Detection of Ad2 in mRNA species coded by early region Ela (mp 
4.5-11.2) by RNA gel-transfer hybridization analysis of Ad2 early mRNA and 
transformed cell mRNA with 32P-labeled Ad2 Hpal-C fragment. 
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ranging from 21K-23K; depending upon the experiment, polypeptides of 17K 
and 18K are also precipitated. Tryptic peptide map analysis of these 
polypeptides indicated that the 53K and 19K share few if any methionine
containing tryptic polypeptides, but that the various 17K-23K polypeptides 
share methionine-containing polypeptides with one another and with the 53K . 
The 53K polypeptide was not found on the O' Farrell 2D gels, and cannot be 
detected by ID SDS-PAGE because of the very high background of cell proteins 
in that area of the gel. The 19K and 18K (member of 17K-23K family), 
however, were found on 2D gel s in region Band region G, respectively. The 
relationship between the polypeptides observed on 2D gels and those immuno
precipitated by Fl7 serum was confirmed by peptide mapping procedures . By 
a similar approach using antisera against transformed cells that contain 
early gene regions other than El, we were able to immunoprecipitate a 
24K-26K glycoprotein coded by E3, a 17K protein coded by E3, and an llK 
protein coded by E4. The results of these studies immunoprecipitating Ad 
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FIGURE 8. Autoradiographs of 1D polyacrylamide gel electropherograms of 
[ 35S]methionine-labeled polypeptides from Ad2-infected and mock-infected KB 
cell extracts . 100,000 cpm of Ad2 - infected (I) (cycloheximide enhanced 
from 1-5 h and labeled from / 5-11 h postinfection with [ 35S]methionine), 
mock-infected (M), or purified [ 35S] methionine -labeled Ad2 virions (V) were 
electrophoresed on a 10-18% SDS-polyacrylamide gel. 

early proteins with transformed cell sera are summarized in Table 4. 

Although the above approaches identi.fy polypeptides induced during 
early stages of Ad infection, they do not establish that these polypeptides 

-a-J;@- Go d@d- by- t.he- v-i-i;a-1- ge.nome-. --1'0- i dent.-i-f-y -v-i-r a-1-ee ded- pe-1-ypep-t-i des , 
Ad-specific mRNA was purified by hybridization to specific DNA restriction 
fragments that include one or the other of the early gene regions, and this 
RNA was then translated in vitro. Polypeptide translation products were 
identified by 1D SDS-PAGE. Initial studies by LEWIS et al. (1976) mapped 
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FIGURE 9. Autoradiographs of 2D polyacrylamide gel electropherograms of 
[ 35S]methionine-labeled polypeptides from Ad2-infected and mock-infected KB 
cell extracts. 2 x 108 cpm of Ad2-infected and mock-infected cell extracts 
were analyzed by 2D electrophoresis (isoelectric focusing in the horizontal 
direction and SDS-PAGE in the vertical direction). The pH range is from 
about 4. 5 on the right to about 7. 9 on the left. The molecular weights 
shown on the ordinate are based on a parallel SDS-PAGE of molecular-weight 
markers. 

polypeptides of 40K-50K in Ela, a 15K (really 19K) in Elb, a 73K polypeptide 
in E2, 15. SK polypeptide in E.3 , and llK and 19K polypeptides in E4. More 
recent studies by HALBERT et al. (1979) focused on the translation of 
El-specific mRNAs purified by hybridization to El-specific fragments, and 
size-fractionated by polyacrylamide gel electrophoresis. They showed that 
13S, 12S, and 9S mRNAs specific to Ela encode polypeptides ranging from 28K 
(for ·the 9S RNA) to 53K. Peptide map analysis (D. Halbert, D. Spector, H. 
Raskas, W. Wold, and t1. Green, unpublished data) indicate that these poly
peptides are all related in sequence, and correspond to the four 40K-50K 
polypeptides observed in region G of 2D gels (Figure 9) (peptide map data 
not shown). HALBERT et al. (1979) also translated a 52K polypeptide from a 
22S RNA specific to Elb, and a 19K polypeptide coded by a 13S RNA specific 
to Elb. These polypeptides correspond to the 53K and 19K polypeptides that 
we have immunoprecipitated from infected cells, as shown by peptide mapping 
(unpublished data). The results of these various studies with regard to 
EI-specific polypeptides, which are summarized in the model in Figure 1, 
indicate that Ela codes for five polypeptides, ranging from 28K to 53K, 
that are translated from three spliced RNAs, 13S, 12S, and 9S. Elb encodes 
two polypeptides, a 53K translated from a spliced 22S RNA, and a 19K trans
lated from a spliced 13S RNA. The Elb-53K and Elb-19K do not appear to 
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FIGURE 10. Autoradiograph of an electropherogram of [35S]methionine-labeled 
polypeptides immunoprecipitated from Ad2 - early- infected cell cytoplasm by 
antiserum to F17 cells (Ad2-transformed rat cell line containing only El), 
and tryptic peptide maps of the resolved 21K and 19K bands. 

share methionine - containing tryptic peptides, but they may be partially 
related in sequence, as predicted by the DNA sequence of Elb (HAAT et al., 
1980; MAAT and VON ORMONDT, 1979; VON ORMONDT et al., 1978). The several 
l7K-23K polypeptides that are immunoprecipitated from transformed cells and 
that share methionine-containing tryptic peptides with the Elb-53K have not 
been observed by cell-free translation; possibly these polypeptides are not 
translated from unique RNAs, but rather are derived from 53K by post-trans
lational processing . These latter polypeptides are often major species in 
infected cells (and transformed cells - see below), and thus they may have 
important biological fun ctions distinct from the Elb-53K. 

---The immunoprecipitation -studies obtained using anti-sera agains t trans
formed cells suggest tha t Ad2 early proteins are synthesized in transformed 
cells. Tooofain aire cf proof fnaf f nis is t liecase, we immunopreci piLated 
[ 35S]methionine-labeled polypeptides from transformed cells, using the Fl7 
antiserum (e.g., see Figure 11). We found that some, but not all, cells 
synthesize Elb-53K, that all synthesize Elb-19K, and that all synthesize 
polypeptides ranging from l 7K-18K (not seen in this experiment with this 
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TABLE 4. Summary of Polypeptides Immunoprecipitated from Ad2-Early
Infected KB Cells by Antisera to Ad2-Transformed Rat Cells. 

Transformed 

Cdl Antiserum3 

Fl7 

8617 

T2C4 

F4 

53K 

28Kd 

Molecular Weight of 

irmmnoprecipitated 

polypeptidesb 

l 7K-23K subspecies of 53Ke 

19Kf 

11K-12Kd 

53K 

28K 

l 7K-23K subspecies of 53Ke 

11K-12K 

llK 

53K 

44Kg 

28K 

24K-26K 

22Kg 

17K-23K subspecies of 53Ke 

17K 

I1K-12K 

53K 

28K 

17K-23K subspecies of 53Ke 

I 1K-1 2K 

Intact Early Region 

in transformed cells c 

El 

El, E4 

El, E3 

El 

particular Fl7 antisera) that share methionine-containing tryptic peptides 
with Elb-53K (T. Matsuo et al., unpublished data). Thes e data suggest that 
Elb-19K may play an important role in cell transformation, and that Elb-53K 
(or its subspecies) may also have a role, although with less certainty. 
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The Elb-53K polypeptide was not detected in Fl? or T2C4 cells, although 
antibody· to extracts of Fl 7 and T2C4 cells immunoprecipitated Elb-53K from 
Ad2 productively infected KB cells (e.g., see Figure 10). Possibly the 
level of 53K in Fl7 and T2C4 cells is below the level of detectability by 
immunoprecipitation using our Fl 7 sera, or the 53K is absent and instead a 
truncated derivative is synthesized that is ma sked by the high background . 
To increase the sensitivity of detection of viral-coded proteins in trans
formed cells and to be able to detect immunologically rel ated proteins of 
different size and isoelectric point, we have developed an immunoautoradio
graphic procedure of high sensitivity and resolution for analyz ing complex 
protein mixtures (Symington, Green and Brackmann, manuscript in preparation). 
By this procedure , unlabeled cell extracts are resolved by lD or 2D SDS-PAGE 
and the polypept ides electrophoretically transferred to dibenzyloxymethyl
(DBM)-paper. The DBM-paper polypeptide blot is then reacted with antiserum, 
followed by incubation with 1 25 I -labeled Staphylococcus A protein to tag 
bound antibody. We have found that electrophoretic transfer is 80-90% 
efficient in 2h and that as little as 0.1-1 nanograms of antigen protein 
can be easily detected. An example of this procedure is given in Figure 
12, which shows the detections of Ad2 proteins late after infection, where 
mainly virion proteins are synthesized. Figure 12A shows a gel autoradio
graph containing radioactively-labeled proteins which have not been trans
ferred to DBM-paper. Figure 12B shows an immunoautoradiograph of the 
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FIGURE 11 . Autoradiograph of SDS - polyacrylamide gel electrophoregram of 
Ad2 early polypeptides i mmunoprecipi tated with Fl 7 cell an t is,erwn. Adeno 
virus -transformed cells (Fl7, F4, 8617, T2C4, 293, SRK), Ad2-early - infected 
cells , and control rat embryo cells were radiolabeled with [35S]methionine 
for 5 hat 37°. Each cell extract was precipitat'ed with F l 7 antiserum and 
fixed~ aureus bacteria and analyzed by 10-1 8% gradient SDS - polyacrylamide 
gel electrophoresis . 

DBM- transfers. The first lane is a mock - infected cell transfer treated 
with anti - Ad2 virion serum and 125 I - labeled protein A. As expected, no 
proteins are labeled in this lane; the background is very low. The next 
lane is a transfer of late Ad2 proteins treated with anti - Ad2 virion serwn 
and 125 I-Staph protein A. Seven viral protein bands were readily detected, 
and seven others were faintly visible after a s hort exposure -fiine. Those 
proteins intensely stained are from top to bottom virion protein II (hexon), 
III (penton), IV (fiber), V (core), pVI, VI (hexon- associated), and VIII 
(hexon - associated). The DBM- transfer was incubated with SDS and 2 - mercap t o 
ethanol to remove protein A and antibody, and t hen re - autoradiographed 
(Figure 12B, "erased" lane) . It is apparent that good erasure is achieved. 
The paper was then reused for a second reac t ion with antiserum to Ad2 
virions. Excellent staining with antibody was obtained with the erased 
DBM- transfe r (Figure 12B, 2nd cycle). 

Curiously, the transformed ce l l antisera do not appear to immunoprecip 
itate any of the Ela - coded polypeptides, so at present we have no direc t 
eviden ce that these polypeptides are synthesized in transformed cells. 
However, since El a - specific mRNA is synthesized in transformed cells a nd 
this RNA may be found on polyribosomes, it is probable that the Ela - specific 
polypeptides are indeed synthesized in transformed cells . 
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FIGURE 12. Immunoautoradiographic detection of Ad2 late proteins transferred 
to DBM-paper. (A) Autoradiograph of [ 35S]methionine-labeled Ad2 -infected 
and mock -infected KB cell and Ad2 - virion proteins resolved on a 10-18% 
SDS - polyacrylamide gel. (B) Immunoautoradiograph 'of Ad2-infected and mock
infected KB cell proteins electrophoretically transferred to DBM-paper and 
reacted with anti - Ad2 virion serum and 125 I-labeled protein A. The "erased" 
lane is an immunoautoradiograph of lane 2 after treatment with SDS and 
2-mercaptoethanol. Lane 4 is an autoradiograph of lane 3 after erasure and 
a second reaction of the DBM-paper transfer with anti-Ad2 virion serum and 
125I-labeled protein A. The Roman numerals refer to Ad2 specific proteins. 

In addition to polypeptides coded by early region El, we have also 
studied polypeptides coded by E2, E3, and E4, using both immunoprecipitation 
and cell-free translation approaches. We found that E2 encodes a 73K 
protein; this protein is a phosphoprotein that binds strongly to DNA, and 
that appears to function in Ad DNA replication. We found that E3 encodes 
a 24K-26K glycopolypeptide and a 17K polypeptide. A most interesting 
result was found with E4, where we identified two families of polypeptides. 
One family consists of a major llK polypeptide plus several minor 12K-13K 
polypeptides. A second family has a variety of polypeptides ranging from 
14K-33K; these polypeptides all share tryptic methionine-containing peptides, 
and they appear with several different molecular weights and isoelectric 
points on 2D gels (as many as eight species can be observed on 2D gels). 
An intriguing possibility is that each of these 14K-33K polypeptides is 
translated from a specific mRNA. We have identified as many as 6- 9 mRNAs 
coded by E4. If so, then each of these polypeptides might have a different 
function; this would be a most remarkable example of compression of genetic 
information. 
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INTEGRATION OF PAPOVAVIRUS SEQUENCES IN TRANSFORMED CELLS 

The papovaviruses represent an alternate system to the Ad to study the 
interaction between the viral transforming genes and the DNA of transformed 
cells. Considerable information is already available on this topic from 
studies with SV40 and polyomavirus - transformed cells. Briefly, these 
studies have established that the viral genome is always integrated into 
cellular DNA (although free copies of the viral genome may sometimes be 
present), that there is no specificity for the integration site on the 
viral or cellular genome, and that the early transforming region must 
always be maintained in an intact state. In contrast to SV40 and polyoma
virus, almost nothing is known about the integration of human papovavirus 
sequences in the DNA of transformed cells. We have chosen to focus on the 
human JCV because of certain unique properties of this virus. First, it is 
known to cause PML, a rare demyelinating disease of the brain which is 
fatal. Second, it is highly neurooncogenic in hamsters. Thus, JCV is not 
only a known cause of human disease, but also has significant potential of 
being a human carcinogenic agent, especially of brain tumors. Third, JCV 
has a very restricted host range, being able to replicate only in human 
fetal glial cells; accordingly, molecular analysis of the JCV genome and 
its interaction with cellular DNA may provide clues to this restrictive 
host range. 

As a--model-system;- we --chose to study tlre- p-hysic al sTateof the JCV 
genome in two clonal cell lines (clones 2 and 7) derived from a tissue 
culture cell line (HJC-15) established from a hamster brain tumor induced 
by JCV. Saturation hybridization and reassociation kinetic analyses, using 
in vitro 32P-labeled JCV DNA, indicated that clones 7 and 2 cells contained 
9-10 and 4-5 copies/cell, respectively, of all or most of the viral genome 
(WOLD et al., 1980). The integration of JCV sequences in these cell lines 
was studied using Southern blotting technique, and the results are shown in 
Figure 13. Digestion with XhoI (a no-cut enzyme) yielded a diffuse series 
of high-molecular-weight fragments that migrated more slowly than form II 
JCV DNA. Therefore, neither cell line appears to contain detectable free 
genome length JCV DNA, and all JCV sequences are integrated. Digestion 
with EcoRI (a one-cut enzyme) yielded a prominent JCV-specific fragment 
that co-migrated with form III DNA, as well as additional fragments, most 
of which were larger than form III DNA. This is strong evidence that some 
of the JCV sequences from both cell lines are in a tandem head-to-tail 
orientation. Also consistent with this conclusion is the HindIII digestion 
(a three-cut enzyme) which yielded a fragment that co-migrated with HindIII
A fragment of JCV DNA (the small HindIII-B and HindIII-C fragments have run 
off the gel). 

Our data thus far indicate that although JCV differs in many properties 
from SV40 and polyomavirus, and although it is a human virus, it resembles 
SV40 and polyoma at the gross level in its interaction with transformed 
cell DNA. The JCV sequences are integrated, with no evidence for free 
viral genomes. There appears to be no specificity to the integration site, 
although additional analyses, including nucleotide sequencing are necessary 
to resolve this point. Some of the JCV sequences are integrated in a 
tandem head-to-tail orientation; similar situations have been fou_nd in 
cells tnnsformed by SV40 - and polyoma. fr - is conceivable that tandem 

_head-to-tail integration _contributes to_ the trans_f_ormed_ state_of_ p_ap_ovavirus
transformed cells, which would result in such transformed cells being 
selected at a higher frequency than those which do not contain tandemly 
integrated sequences. 
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FIGURE 13. Detection of DNA fragments that contain JCV-specific sequences 
after digestion of two JCV hamster-tumor-cell-line DNAs with XhoI, EcoRI, 
or HindITI. The products of enzyme digestion were fractionated by agarose 
gel electrophoresis, transferred to nitrocellulose, annealed with in vitro 
labeled JCV 32P-DNA, and autoradiographed. A) XhoI-digested clone 2 DNA . 
B) XhoI-digested clone 7 DNA. C) XhoI-digested JCV DNA, 5 copies per cell. 
D) XhoI-digested JCV DNA, 1 copy per cell . E) JCV DNA, no restriction 
endonuclease. F) EcoRI-digested clone DNA. G) EcoRI-digested clone 2 DNA. 
H) EcoRI-digested JCV DNA, 5 cop i es per cell. I) EcoRI-digested JCV DNA, 
1 copy per cell. J) EcoRI-digested KB cell DNA (KB cells are a human cell 
line not expected to contain JCV sequences). K) HindIII-digested clone 2 
DNA. L) HindIII-digested clone 7 DNA. M) HindIII-digested JCV DNA, 5 
copies per cell. N) HindIII-digested JCV DNA, 1 copy per cell. O) HindIII
digested KB cell DNA. P) JCV DNA, no restriction endonuclease. 

To further understand the mechanism of JCV cell transformation and 
replication, we have recently cloned JCV DNA molecules from five independent 
JCV isolates, Mad-1, Mad-2, Mad-3, Mad-5, and Mad-6. Many of the clones 
differed in size, a result which is not surprising because JCV DNA prepara
tions are well known to be heterogeneous. The analysis of our cloned DNAs 
will permit the identification of viable JCV genomes, as well as the identi
fication of essential and non-essential elements within the JCV genome that 
are required for both viral replication and for cell transformation. A 
further advantage of these clones is that they will permit an evaluation of 
the significance of specific human sequences that we have found to be 
associated with different JCV isolates. A key question in this rega rd is 
whether these human sequences are an integral part of the viable JCV genome, 
whether they are resident in the transforming genes of JCV, whether they 
represent recombinants between JCV and human cell DNA during the infection 
processes, and whether they are important in the biology of the virus. 
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Another system that we are beginning to study is the human papilloma
virus (HPV) system. Recent work has indicated that there are as many as 5 
to 10 different HPVs. Almost nothing is known about the molecular biology 
of HPVs because these viruses cannot be grown in tissue culture. We have 
recently cloned the genomes from HPV-1, HPV-2, and HPV-3. We are now 
characterizing the molecular s ,tructure of these cloned DNAs, and we are 
studying their infectivity and transformation activity. Conceivably, these 
cloned DNAs will permit the development of systems to study HPV growth in 
tissue culture. The isolation of thes e cloned DNAs will permit for the 
first time a thorough evaluation of the possible role of these viruses in 
human disease, especially cancer. 

STUDIES ON THE POSSIBLE ROLE OF HUMAN DNA TUMOR VIRUSES IN HUMAN CANCER 

A large number of human DNA tumor viruses are known: five groups of 
human Ads, EBV, BKV, JCV, HSV-1, HSV-2, HPV-1, HPV-2, HPV-3, HPV-4, HPV-5, 
and probably other HPVs not yet isolated . Many of these viruses are ubiq
uitous ai:id form latent infections . Almost everybody has been infected by 
several of these viruses. Considering that these viruses have oncogenic 
properties, an important and intriguing question is whether these viruses 
may play a role in tne etiology of human cancer. Consistent with this 
possibility, certain animal DNA tumor viruses are known to cause animal 
cancers: e.g., Marek's disease in chicken (a lymphoproliferative disease) 
is caused by a her-pesvirus, the Lucke e-a rci-noma of frogs is caused by a 
herpesvirus, alimentary tract and ur i nary tract carcinomas in cattle are 
caused by bovine papillomaviruses, and squamous cell carcinoma in rabbits 
is caused by the Shope (rabbit) papillomavirus. There is also suggestive 
evidence that c'e.rtilin human cancers are linked to human DNA tumor viruses, 
e.g., Burkitt's lymphoma and nasopharyngeal carcinoma with the Epstein-Barr 
virus, and cervical carcinoma with HSV-2 and possibly with an anogenital 
papillomavirus. To obtain information on whether cancers might be caused 
by DNA tumor viruses, we have extracted DNA from a variety of tumors, and 
analyzed these DNAs by molecular hybridization, either in liquid or by the 
Southern blotting procedure, with 32 P-labeled probes prepared from the 
transforming genes of many of the known oncogenic human DNA viruses. Any 
positive hybridization results obtained from such studies would provide an 
i~portant springboard for further investigations that would clarify whether 
the cancer was in fact caused by the virus. 

ANALYSIS OF HUMAN TONSIL DNAs FOR GROUP C ADENOVIRUS DNA SEQUENCES 

We have made considerable progress in these studies, although much 
still remains to be done. Most important, we have developed the technology 
necessary to detect less than a single copy of a viral transforming gene 
per tumor cell. To develop experimental models for these studies, as well 
as to obtain information on the mechanism of latent virus infections, we 
have analyzed human tonsils for the presence of Ad sequences (GREEN et al., 
1979b). Tonsils were studied because Ads form latent infections in lymphoid 
tissue. When assayed by liquid hybridization with the Ad2 HindIII-G probe, 
5 of 20 tonsil DNAs gave 82%-97% hybridization; RNA from 3 of these tonsils 
gave 29%-32% hybridization (Table 5) . Of an additional 20 tonsil RNAs 
assayed, 4 gave 34%-41% hybridization. RNA from Ad2 early infecteq cells 
or Ad2 transformed cells hybridized 30%-40% of HindIII-G fragment, the same 
as tonsils. Five of 12 tonsil DNAs assayed by Southern blotting were also 
found to contain Ao DNA (see below). We conclude that about 25% of tonsils 
(14 of 54) contain Ad DNA detectable by molecular hybridization, and that 
some or all of these express as RNA the Ad-transforming -gene sequences. 
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TABLE 5. Analysis of Normal Human Tonsil DNAs or RNAs for Group C Ad
Transforming Sequences.a 

Tonsil DNA RNA 

Saiiple 1 Hybridization l, Hybridization 

H023H 85. I 28. 7 

H023I 92.9 30.8 

H02311 82.0 32.0 

G034Q 97 .2 NDb 

G034R 92.4 ND 

00771( ND 34.2 

H007X ND 40.6 

H00SJ ND 35. 7 

H008H ND 36 . 5 

7 ton■ih 0 0 

8 ton■ih 0 ND 

16 tonaila ND 

• In vitro 32P-labeled AdS Hindlll-G fragment (108cpm/µg) was annealed 

with 6 ag/■l of tonail DNA to an equivalent C0 t (product of the initial DNA 
concentration, aa aolea of nucleotides perliter, and the hybridization 

tiae in aeconda, with the rate corrected for an equivalent Na+ concentration 

of 0.18 tt) of 15,000, or with 5 ■g/■l of tonsil RNAs to an equivalent Crt 

of 15,000. Background due to self-annealing of the probe (12l,-1S'U was 
aubtracted. With the DlfA aaaplea, the values were normalized to maximum 

hybridization of the probe with excess homologous DNA (83'1,-93'7,). In recon

■truction■ , 0.2 copies per cell of Ad2 DNA gave 36.21 hybridization, 1 copy 
lave 68 .51, and 8617 cell DNA gave 96.11. RNA from Ad2 late infected KB 

cells and froa 8617 cells gave 44.11 and 37. 91 hybridization, respectively. 

b ND indicates "not done." 

To identify the Ad serotypes and to obtain information on the physical 
state of the Ad genome in tonsils, e.g. free DNA or integrated, we analyzed 
tonsil DNAs by Southern blotting using EcoRI. Typica l data are shown in 
Figure 14, and demonstrate that .tonsils contain >20 copies per cell of the 
complete Ad genome (the Ad reconstructions were at 20 copies per cell). 
Each positive tonsil DNA showed the 6 EcoRI fragments diagnostic of Ad2 
(EcoRI cleaves Ad2 DNA into 6 fragments, Ad6 DNA into 4 fragments, and Ad5 
and Adi DNAs into 3 fragments). All tonsils also showed restriction frag
ment,s that differed from any of the fragments of the 4 group C Ads; these 
may represent an unusual form of the Ad genome, or possibly Ad sequences 
integrated into tonsil DNA. 

ANALYSIS OF HUMAN CANCER DNAs OR RNAs FOR GROUP C ADENOVIRUS SEQUENCES 

Most cancers analyzed were of the lung or GI tracts, because group C 
Ads infect tissues at these sites, and because these are the most common 
types of cancers in the United States. We also examined lymphomas, because 
Ads are latent in lymphoid tissues. Table 6 summarizes our results with 
Ad5 HindIII-G fragment as probe, in which 150 cancer DNAs were assayed 
(representing 43% of the total cance r incidence) . All hybridization values 
are within 2%-4% of the mean value of the probe reassociation in the pres-
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TONSILS 

IIOA IIOE II OG 1101 IIOP Adi Ad2 Ad5 Ad6 KB 

Eco RI 

FIGURE 14. Detection of fragments of DNA that contain Ad2-specific se 
quences after digestion of human tonsil DNA with EcoRI. Five preparations 
of human tonsil DNA, human KB cell DNA, and 20 copy equivalents of Adl, 2, 
5, and 6 DNA mixed with KB DNA were digested with EcoRI, electrophoresed on 
0.8% agarose gels, transferred to nitrocellulose paper, annealed with 
2 x 10 6 cpm of in vitro-labeled Ad2[ 32 P]DNA (complete genofe; specific 
activity 1-2 x 108 cpm/µg), and autoradiographed. Four of the five tonsil 
blots contained all six EcoRI Ad2 DNA fragments as well as additional 
fragments of unknown nature . One tonsil DNA (llOP) and KB cell DNA had no 
detectable Ad2 DNA sequences. 

ence of calf thymus DNA (10%-11%). No Ad sequences were detected in any 
---eancer -BNA-s-.~ In reeons-t-r-uet-i-ons--,-----0. 2- eop-ies- per- ee-1-1- of- Ad2- BN-A- gave 52. 4% 

hybridization above background, and 1 copy per cell gave 74.9%. Thus, the 
sensitivity of these tests was about 0.04 copies per cell of Ad DNA. 8617-
cell DNA gave 91.0% hybridization . 
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TABLE 6. Human Tumors Analyzed for Ad2 (Group C) -Transforming Gene 
DNA Sequences (HindIII-G). 

Incidence Samples Incidence Samples 
Tumor Class ('I.)' Analyzed Tumor Class ('I.)' Analrzed 

I. Buccal Cavity and Phar:y:nx 3.6 7. Hale Genital System 8 .9 
Lip 0.6 0 Prostate 8.2 0 
Tongue 0. 7 0 Testis 0.5 0 
Gum & Mouth 0. 9 3 Other 0.2 6 
Nasopharynx, Tonsil, I. I 0 8. Urinar;t: S;t:stem 6 . 6 

Pharynx Bladder 4.3 
Other 0.3 Kidney 2.0 

2. Digestive S;tstem 25. I Other 0.2 
Esophagus I.I I 9. Brain & Other Nervous I. 7 
Stomach 3.5 8 S stem 
Small Intestine 0.3 5 10. Endocrine System 1.4 
Colon 10.2 38 Thyroid 1. 3 
Rectum 4.5 13 Other 0. I 
Liver 0. 7 0 II. Lymehomas 3.3 
Pancreas 3.2 0 Lymphoma & Ret 1.6 
Other 1.6 0 Cell Sarcoma 

3. Resei ratorr System 15.0 Hodgkin's Lymphoma I.I 
Larynx I. 4 0 Other L:t:mE:homas 0.6 
Lung, Bronchus, Trachea 13. 3 70 12. Multiele Mye loma 1.2 
Other 0.4 0 13. Leukemia 3. 3 

4. Melanomas 1.4 0 14 . Skin (not melanoma) 
5. Breast Tumors 13.6 2 15. Hiscel laneous 4.6 
6. Female Genital s:rstem 10. 3 

Uterus (Corpus, Cervix) 7 .2 
Ovary 2.5" 
Vagina 0. I I) Cutler, s. and Young, J.' eds: Th ird National 
Vulva, Labium 0. 3 Cancer Survey: Incidence Data (NCI C Bethesda) 
Other 0.2 pp. 18-19, 1975. 

2) Not included in above dis tribution . Primary 
site of over 30% of all malignancies. 

Total Samples Analyzed: 150 (43.1% of incidence) 
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Cancer RNAs were also assayed because Ad sequences might be amplified 
in RNA. No Ad sequences were detected in 24 lung or 20 GI cancer RNAs, 
using HindIII - G as probe (GREEN e t al. , 1979b). In the same experiment, 
8617 and SRK ce ll cytoplasmi c RNAs gave 41.5% and 21.0% hybridization , 
respectively, and Ad2- infected cell RNA (late stage of infection) gave 
43.2% hybridizat ion. 

ANALYSIS OF HUMAN PLACENTA RNAs FOR GROUP C ADENOVIRUS SEQUENCES 

It ha s been repor t ed (JONES e t al ., 1979) that 10 of 10 normal human 
placentas con ta in RNA that hybridizes with Ad2 DNA, including the transform
ing region. The assay procedures used were hybridization of 12 5 I -labeled 
tissue RNA with Southern blots of restricted Ad2 DNA or with Ad2 DNA simply 
spotted onto nitrocellulose paper, as well as in situ hybridization of 
ti ssue RNA with 3H-lab e led Ad2 DNA. We did not detect group C Ad - transform
ing sequences in RNAs from 23 tonsils (Table 5) or 44 cancers of human 
origin (GREEN e t al., 1979b), using our sensi tive and well - characterized 
liquid hybrid ization procedure. To test whether Ad RNA sequences might be 
localized in placentas, we analyzed RNA from 4 full-term or 3 fetal human 
placentas, using either the AdS HindIII - G fragment or the complete Ad2 
genome as probe; no Ad sequences were detected (Table 7). DNAs from thes e 
same placentas were also nega tive for Ad2 sequences (data not shown) . 
Based upon our reconstructions with Ad2 DNA , we es timate that we cou ld 
detect 1 copy of G- fragment sequen ces per every 10 or 20 cells. We conclude 
that normal human placentas or other tissues do not con t ain Ad-specific RNA 
or DNA sequences, at levels of mo re than 1 copy per 10-20 cells . We cannot 
rule out the possibility that a small s ubp opula tion of cells in placenta 
contain and express g roup C Ad - related nucleic acid sequences. 
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TABLE 7. Analysis of Human Placenta RNA for Group C Ad-Transforming 
Sequences.a 

RNA i H;r:bridization 

Sample AdS Hind I II-G Ad2 DNA 

fragment 

Full term placenta 16.4 11. 3 

Full term placenta 16.2 12.6 

Full term placenta 16.6 12.5 

Full term placenta 16 . 7 13.0 

Fetal placentab 18.1 II.I 
Fetal placenta 17 .6 11.0 

Fetal placenta 17 .6 12. 3 

Controls 

Yeast 15.8 10.8 

Ad2 "late" infected KB cells 58.4 56. 2 

a In vitro 32P-labeled AdS HindIII-G fragment (6.1 x 107 cpm/µg) or Ad2 

DNA (1.6 x 108 cpm/µg) was annealed with RNAs to an equivalent Crt of 17,000. 

Each 50 µl reaction contained· 1000 cpm of probe and 5 mg/ ml ofp lacenta or 

yeast RNA, or 1 mg/ml of Ad2 late i nfected KB cell RNA plus 4 mg/ml of yeast 

RNA. The data have not been corrected for self- annealing of the probe nor 

normalized. 

b The placenta samples represented 2-3 month fetuses and included all 

the tissues of the fetus. 

ANALYSIS OF HUMAN CANCER DNAs FOR GROUP A (Ad 12, 18, 31) AND GROUP B 
(Ad 3, 7, 11, 14, 16, 21) TRANSFORMING-GENE SEQUENCES AND GROUPE (Ad.4) 

WHOLE-GENOME SEQUENCES 

In additional studies , we have excluded the presence of group A and B 
Ad -transforming genes from human cancers representing about 50% of the 
cancer incidence in the United States. Screening studies have also been 
done on cancers representing about 50% incidence using group E Ad probes, 
although those analyses are somewha t less sensitive. 

ANALYSES OF HUMAN TUMORS FOR DNA SEQUENCES OF POLYOMA-TYPE VIRUSES, 
PAPILLOMAVIRUS, AND HERPESVIRUS 

In studies with even greater sensitivity, about 0.1 copies of the 
viral genome per cel l , we have also excluded the presence of BKV, HPV-1 and 
HPV-2 sequences from the DNAs of cancers representing about 50% of cancer 
incidence. Studies with JCV have yielded mostly negative results, although 
low l evels of positive hybridization were obtained from a s i gnificant 
number of sampl es. Further studies are continuing with JCV DNA, using the 
cloned DNA probes whi ch will provide definitive data. 

Thus, there is no evidence as yet that any human cancers are caused by 
the five groups of human Ads, by BKV, by HPV-1, or by HPV- 2. However, much 
remains to be done : cancers representing the remaining 50% incidence must 
be analyzed, cancers must be analyzed for viruses not yet tested (HPV- 3, 
-4, - 5, HSV - 1, HSV-2, CMV) and finally specific kinds of ca ncers must be 
examined in greater detail, specifically, head and neck tumors, for human 
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Ads which cause upper respiratory infections, brain tumors and urinary 
tract tumors for JCV, and laryngeal, anogenital, urogenital and especially 
skin tumors for different HPV isolates, and cervical carcinomas for HS V- 2. 
We have just touched the tip of the iceberg and we anticipate t hat suc h 
studies will be largely complete- within the near future. 

DNA TUMOR VIRUS GENES: ORGANIZATION, EXPRESSION, AND FUNCTION 

Studies on the transforming genes of the three maj or DNA tumor viru s 
experimental sys tems, the human adenovirus es, SV40, and polyomavirus, have 
made possible certain generalizations concerning the organization, expres 
sion, and functions of these genes. First, the transforming ge nes are 
always expressed during early stages of virus infection, before the onset 
of DNA replication. Second, the transforming genes are me mb ers of a set of 
overlapping genes. The adenovirus overlapping transforming genes have been 
discussed in detail above. With SV40, the early transforming region includes 
two known overlapping genes, one whi ch codes for large T-antigen (about 
90K), and the second which codes for small t - antige n (20K). The large T
and small t -antigens. have co mmon N-termini, but have different C-termini . 
The different C-termini are generated by splicing of the large T mRNA, so 
that the RNA is lacking the sequences that code for the C-terminus of s mall 
t-antigen. With polyoma, there appear to be three overlapping genes in the 
early region, one coding for l arge T-antigen, a second coding for small 
t-antigen, and a third coding for middle T-antigen. All three antigens 
have common N-termini, but different C-termini. As with SV40, the different 
C-termini are generated by splicing of mRNAs whic h delete certain portions 
of the coding sequences, and, in the case of middle T a ntigen s, probably 
change reading frames. 

Regarding the functions of these transforming proteins, very litt ie is 
known with certainty, although certain clues are available. In the papova
virus sys tems, it appears that large T-antigen is not required to maintain 
transformation, although with SV40, it may be required to initiate transfor
mation. The polyomavirus large T-antigen does not appear to be required to 
either initiate or to mainta in transformation, because ce ll s ca n be trans
formed using restriction fragments that la ck the C-terminal sequences of 
large T-antigen. The little t-antigen of SV40, and the middle T-antigen 
and possibly little t-antigens of polyomavirus, appear to be necessary to 
maintain cell transformation. 

In the adenovirus system, almost nothing is known about which proteins 
are required to transform cel l s , except that the transfo r ming proteins 
would be coded by Ela, and also perhaps may include one or more of the 
proteins encoded by Elb. In terms of function, it is intere sting that 
protein kinase activity ha s been detected in immunoprecipitates of SV40 
large T-antigens, polyomavirus middle T-antigen, and the adenovirus El-coded 
polypeptides. This raises the possibility that as with the avian retrovi
ruses, the transforming proteins of DNA tumor viruses may also have protein 
kinase activity. However, it is very difficult to rule out the possibility 
that the protein kinase activity detected in immunoprecipitates of DNA 
tumor antigens may represent contaminants. Therefore, much more work is 
required to verify whether the DNA tumor virus transforming proteins are in 
fact protein kinases. If it turns out that DNA tumor virus transforming 
proteins are protein kinases, it would be interesting if these proteins 
phosphory late tyrosine as does the polypeptide product of the avian src 
gene. 
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It is of interest to speculate on the origin of the transforming genes 
in DNA and RNA tumor viruses, and on the role of these genes in the repli
cation of the virus. With the retroviruses, it is becoming apparent that 
all transforming genes have arisen via recombination between a non-oncogenic 
retrovirus and endogeneous cellular sequences; the oncogenic information is 
therefore contained in a cellular gene, and not in a normal viral gene. 
Several different retrovirus transforming genes have been isolated and 
their sequences partially studied; surprisingly, the sequences of each 
transforming protein are different. Thus there are several (at least six) 
sets of endogeneous cellular sequences that embody oncogenic activity. 
Since the retrovirus-transforming viruses are defective recombinants (except 
for RSV), the transforming sequences have no role in the replication of the 
virus. In the DNA viruses, however, the transforming genes are an integral 
part of the viral genome, and presumably serve some useful role in virus 
replication. By analogy to the retrovirus systems, an intriguing possibil
ity would be that the DNA tumor virus transforming genes are also in fact 
cellular genes that have become incorporated into the virus genome, perhaps 
at some early stage in virus evolution. 

CONCLUSIONS 
Our studies on the Ad system have established that Ad - transformed 

cells always retain the viral genome in an integrated state, and that the 
--tc-r-a-n-s-fo-rming regions a-re ma-i-n-tc-a-i-ned- in an intact ma-nne-r-. - T-ransformed cells 

synthesize the same mRNA species and at least some (and probably all) of 
the proteins coded by the transforming region of the Ad genome. These 
results argue (but do not prove) that expression of the transforming genes 
in transformed cells is required to maintain the transformed state . This 
provides the incentive to isolate the proteins coded by these transforming 
genes in a pure state and to determine their functions; this would undoubt 
edly provide considerable insights into the basic mechanism of cell trans 
formation, and would contribute significantly to our understanding of 
cellular growth control. 

We have also been able to map the early genes not only in the transform
ing regions, but also in other early regions as well. Each early region is 
surprisingly complex: overlapping genes are present, which are expressed as 
overlapping RNAs with different splicing patterns; these RNAs in turn are 
translated into overlapping polypeptides which have some of the same amino 
acid sequences, but also have different amino acid sequences. Most likely, 
these different overlapping polypeptides have different functions in the 
ce l l. Thus, the virus appears to be very economical in its use of its 
genome, compressing several genes into a common set of DNA sequences. It 
is not known whether such overlapping genes exist in mammalian cells, 
although at first glance there would appear to be no necessity for such 
economy because mammalian cells appear to obtain a great excess of DNA that 
has no obvious function. This compression of Ad genes provides a logical 
explanation for the necessity of splicing, because different RNA splicing 
patterns are the means by which the overlapping proteins are generated from 
a common set of DNA sequences; i.e. , splicing changes reading frames, 
eliminates translation termination codons, and introduces different new 
translation codons. Once again, this e*p-lanation for the necessity of 
splicing would not be necessarily applicable to mammalian cells because 

- - t:-he-re- i-s- no- ev-i-dence for overl-appi.-rig- gen-e-s--:- --

Al though DNA viruses with oncogenic properties are endemic in the 
human population, there is no evidence that these viruses are a common 
cause of human cancer. However, much work remains to be done before the 
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possible involvement of DNA tumor viruses in human cancer can be evaluated 
with certainty. If it turns out that DNA tumor viruses do not, in fact, 
cause human cancer, it is interesting to consider the functions of the 
viral transforming genes, which can · bring about cell transformation and 
tumorigenicity in non-permissive animal systems, but not in their natural 
host. The functions of these transforming genes represent one of the ques 
tions that will be investigated with great vigour in the coming decade. 
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