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History of simian virus 40 

"Viruses are mobile genes" (Luria et al. (1978). Virions contain either RNA or DNA 

enclosed in a protein capsid (Fig. 1-1). Due to their simplicity, viruses are the most suc

cessful infectious pathogens, which the name appropriately implies : Virus (poison in 

Latin). Unlike pathogenic bacteria which metabolize and replicate independently of the host 

cells, viruses infect the host and commandeer cellular factors to replicate and express viral 

proteins. The reliance on host cell functions leaves few unique viral proteins or biochemical 

pathways to attack that would not also harm the host. 

Man harbors many endogenous viruses that persist latently or in commensalistic sym

biosis with the host (Oldstone, M. review (1989)). A minority of more virulent viruses 

cause life threatening di~eases upon infection or activation of latency. Infection of cells of • 

related organisms such as monkeys was and is still used to raise vaccines, since stimulation 

of the immune system prior to infection has been historically the most commonly used de

fense against viral infections. Almost thirty years ago vaccines against poliomyelitis virus 

were raised in rhesus monkey cells. Indigenous monkey viruses that were discovered in 

routine screens of rhesus monkey cells were named and numbered according to the se

quence of isolation. Simian virus 40 (SV 40) was the 40th virus isolated from monkey kid

ney cells (Sweet and Hilleman (1960)). SV40 was not observed in the rhesus monkey cells 

initially and escaped screening of the polio serum because it induces a cytopathic effect only 

in the kidney cells (AGMK) of the African green monkey Cercopithecus. 

At the time of this discovery the SV 40-contaminated rhesus serum had already been 

administered to a significant fraction of the American population and was used thereafter 

(approx. until 1964) in Europe and certain third world countries for lack of other uncon

taminated vaccine sources (Monimer et al. (1981)). No higher than average population 

cancer rates and no SV 40 related symptoms have appeared in vaccine recipients. 
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Fig. 1-1 

Electron micrograph of SV 40 virions. The icosahedral virus capsids were prepared 

from infected CVl cells as described by Ti.irler and Beard (1985). (Courtesy of A. Tung) 
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Various cases of detectable amounts of SV40 genomes in, for example, breast milk, lead-

ing to the isolation of HBL-1 00, which are epithelial cells presumably transformed by en

dogenous SV 40 in vivo in the mammary glands of the patient (Caron de Fromentel et al. 

(1985)) and other patient tissues of that group have been reported (Butel, J. review (1982) 

and Kirsten Walen, Childrens Hospital Oakland, pers. comm). Despite these cases no ad

verse effects of SV40 in man were reported. 

It has since been confirmed that SV 40 virus is not tumorigenic in immuno-competent 

animals, but is able to transform in vitro a broad range of host cells from human to rodent 

and cell types from fibroblast to epithelial cells. Transplantation of in vitro transformed 

cells into susceptible animals causes tumors. Only upon the administration of large amounts 

of SV40 virus to newborn (immunologically immature) hamsters was tumor formation by 

SV40 infection observed in vivo (Eddy et al. (1962)). Attempts to induce tumors by virus 

infection in other organisms such as its natural host, the simian monkeys, have failed. In in 

vitro transformation assays of tissue culture cells, it appeared as if the SV40 virus dose is 

crucial for successful transformation rather than cell type or host. Later studies explored 

this hypothesis in more detail by expressing the SV 40 transforming protein large T antigen 

from a retroviral expression vector and showing that the oncogenic potential of this protein 

is much greater than expected from the weak transforming potential observed in SV 40 in

fections, where the amount of transforming protein was limiting (Kriegler et al. (1984)). 

In cell culture systems, monkey cells are permissive for lytic SV40 infection and per

mit propagation of the virus in stable cell lines such as CV 1, Vero or BSC 1 cells. Differ

ent degrees of virulence were observed in initial isolates of SV 40 strains from monkey 

serum, as judged by the appearance of lysis plaque formation on a permissive cell mono

layer. Large clear plaques were caused by presumably more virulent SV 40 strains such as 

mKS-U14, while other SV40 strains yielded only small clear (strain 4-88) or small fuzzy 

plaques (strain mKs-U4) (Kit and Dubbs (1971)). Little attention has since been paid to 

such variations in virulence of natural SV 40 strains. 
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The strain that is commonly referred to as "wildtype" is SV40 strain 776, which forms 

large clear plaques on permissive cells and thus should be grouped with the more virulent 

SV40 strains, such as mKs-U14. These most productive lytic strains were used to isolate 

large quantities of SV 40 DNA for studies that have since helped elucidate basic mecha

nisms such as transcription, splicing or DNA replication using the SV40 genome as a 

model system for the complex genome of higher eukaryotes. The genome of what we call 

wild type SV 40 was the first eukaryotic genome to be completely sequenced (Fiers et al. 

(1978) and Reddy et al. (1978)). The availability of the sequence helped to identify the viral 

proteins that act at different times in the viral life cycle. 

Genomic organization and lytic cycle of SV 40: 

the permissive response. 

The SV40 genome is a circular double stranded DNA molecule of 5243 bp (Fig. 1-2). 

It is divided into an early and a late region based on the virus life cycle in permissive cells. 

Upon infection of permissive cells transcription initiates from the early-early start sites 

(EES), expressing the A gene products large (94 kD) and small (17 kD) tumor antigens 

(described in Chapter (III)) The early promoter is a typical RNA polymerase II promoter 

with a TATA (Goldberg-Hogness) sequence, proximal GC-rich elements (21 bp repeats) 

that bind cellular transcription factors such as SP1 (Dynan and Tijan (1983)) and a distal 72 

bp repeat enhancer element (Benoist et al. (1981)). The expression ofT antigen results in 

trans activation of late transcription, which proceeds in the opposite direction from early 

transcription (Fig. 1-3). The SV40 late promoter(s) is much less defined, tentative 

promoter elements were between nt 220-270 (element 1-111) and nt 168-200 (element A) 

(Keller and Alwine (1985). The contribution of each of these elements to late transcription 

and their dependance on an intact origin of replication is in dispute (Kelly et al. (1989) ). 

f 
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Fig. 1-2 

Electron micrograph of spread SV40 chromatin. The contour length of SV40 DNA is 

1500 nm, while the SV40 minichromosomes are condensed to 210 nm by packaging into 

nucleosomes as shown here. Some of the molecules show a nucleosome free gap, which 

has previously been reported to be about 210 nm in length and to cover a 350 bp nuclease 

sensitive region, centered around the promoter enhancer region of the virus. (Courtesy of 

A. Tung.) 
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Studies with temperature sensitive T antigen mutants have shown that T antigen is needed 

to initiate but not to maintain late transcription. T antigen mutants that cannot bind DNA or 

that are nonkaryophilic can provide this initiation function, presumably by protein-protein 

interactions in trans (Keller and Alwine (1985) and Panutti et al (1985)). 

Expression ofT antigen results in binding to site I, which aids subsequent binding to 

site II within the origin that initiates DNA replication. Binding to site II also sterically hin

ders RNA polymerase transcription from EES. This down-regulates early transcription 

which continues at lower levels from a late-early start site (LES), that cannot compete with 

the unblocked EES (Myers et al. (1981)). 

SV 40 large T antigen is a multi-functional protein that auto-regulates is own expres

sion, activates late transcription and cellular genes, and is required for initiation of viral 

DNA replication, induction of host cell DNA synthesis and for transformation (Tooze, J. 

ed. (1982) and Fried and Prives (1986)). Deletion and temperature sensitive (ts) mutants, 

both natural and engine~red, have allowed the mapping of functions such as DNA binding 

and transformation to separate domains that can perform these function independently of 

one another (Lai and Nathans (1974) and Manos and Gluzman (1984)). T antigen is an 

A TPase, has helicase activity, binds nucleotides and binds to three distinct sites in the 

SV40 origin (5' G(A>C)GGC 3'). As T antigen combines that many distinct biochemical 

functions into a single protein, the virus must have developed means to differentially regu

late T antigen at various times in the virus life cycle. Different oligomerization states (both 

homo- and hetero-oligomers) and post-translational modifications such as phosphorylation 

(Mohr et al. (1987)), adenylation (Bradley et al. (1984)), acylation (Klockman and Dep

pen (1983)), ADP ribosylation (Goldman et al. (1981)) and glycosylation (Jarvis and Bu

tel. (1984)) may serve to alter intracellular location, biochemical activities, turnover of the 

protein or interactions with host proteins such as polymerase a, p53 or p 105, the 

retinoblastoma gene product (Chapter IV). Underphosphorylated T antigen has been shown 

to have greater replication activity and increased affinity to T antigen binding site II, which 
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is normally a rather weak binding site (Mohr et al. ( 1987)) T antigen binds to three different 

sites in the regulatory region of the SV40 genome. Differential phosporylation alters affmi

ties to these sites, and may influence the ratio of protein engaged in replication versus tran

scription functions. At later times in infections, when T antigen was observed to be more 

phosphorylated, mostly late transcription occurs. Interestingly, the phosphorylation state of 

the protein was shown to differ in different cell types potentially reflecting the permissivity 

of the hosts. 

T antigen induces host cells in the resting state to enter into the cell cycle (Chou and 

Martin (1975). InS phase host cell replication factors are induced, some of which may be 

scavenged by the viral origin to replicate its own genome in concert with the host genome. 

Viral DNA replication initiates approximately 15 hours post infection at a unique origin lo

cated at bp 5243/0 of the SV40 genome (Tooze, J. ed. (1981)). Replication proceeds bidi

rectionally, much like host DNA replication since the virus is utilizing the host cell replica

tion proteins, and the viral genome is packaged into minichromosomes, just a~ host chro

mosomes are complexed with nucleosomes to form chromatin (Fig. 1-3) (Chapter IV). 

Since chromosomal origins of replication remain elusive, viral and yeast origins are used to 

study the control of chromosomal replication. 

Large T antigen auto-regulates its own expression but also indirectly initiates late gene 

expression altering the ratio of early to late RNA from 5:1 early to 1:20 late in infections, 

presumably by transactivation of cellular transcription factors, but is not required for main

tenance of the latter (Gallo et al. (1988) and Robbins et al. (1986)). The late region of the 

SV40 genome encodes for the structural coat proteins VP (viral protein) 1, VP2 and VP3 

and the Agnoprotein, which is believed to mediate virion assembly and recruitment of the 

newly replicated viral DNA to the virion. The agnoprotein is highly basic and has been re

ported to bind DNA (Jay et al. (1981)). Complex and not completely understood process

ing events provide the mature 19s VP2 and VP3 transcripts and the 16s VP 1 transcript. 

Recently VPI and VP3 were shown to bind DNA and are therefore invoked in 
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Fig. 1-3 

Map of the SV 40 genome. The inner circle shows both the numbering according to the 

map unit (M.U.) system and the BBB-system (Tooze, J. ed. (1981)), the latter was used in 

this work. The origin of replication is shown at 5243/0 bp or 0.67 M.U. to the right of the 

origin lies the early region, which encodes for thew large ans small tumor antigens. To the 

right of the origin lies the promoter enhancer region and the genes of the four late gene 

products, the agnoprotein and the structural proteins VP1, VP2 and VP3. (The map was 

adapted from Tooze, J. ed. (1981)). 
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aiding the transport of the SV40 minichromosomes into the capsid (Soussi, T (1986) and 

H. Kasamatsu pers. comm.). 

Overlapping reading frames and differential splicing patterns are a common theme in 

small viruses to make optimal use out of small genomes. Thus, the messages of the early 

proteins T and t antigen and the late proteins VP1, VP2 and VP3 partially overlap. T and t 

splicing has been shown to regulate the ratio of these proteins to each other in different cell 

lines (Chapter (IIn). In addition, control regions such as the promoter-enhancer region and 

the termination region are shared by both early and late proteins in SV 40. The 5' end of the 

early RNAs maps downstream of the origin early in infection and upstream of the origin 

late in infection, the significance of which is not clear. The SV40 enhancer is a complex of 

modular elements (enhansons) that bind specific host cell transcription factors (reviewed in 

Jones et al. (1988) and McKnight and Tijan (1986)). Interestingly, replacement of the 

polyoma v~s enhancer with SV40 or lgM enlrancers confers replication ability to monkey 

or lymphoma cells respectively (de Villiers et al. (1984)). SV40 replication and the in

volvement of the promoter-enhancer region therein is discussed in more detail in Chapters 

(IV) and (V). 

At the end of the completed SV 40 life cycle in permissive cells virion production (Fig. 

1-1) leads to host cell death and 1 ysis 30 to 40 hours post infection. This is perpetuated by 

infection of other cells in culture, which eventually results in the destruction of the cell 

monolayer. 

SV 40 in rodent and human cells: 

the nonpermissive and semipermissive response. 

Rodent cells do not support efficient SV 40 replication and late gene expression and are 

thus termed nonpermissive. In general, rodent cells harbor replication competent SV40 
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genomes, that can be rescued by fusion with permissive AGMK cells (Knowles et al. 

(1968)). The reason for the lack oflate gene expression and whether it may be connected to 

the deficient replication is not clear. Continuous expression of the early gene product T 

antigen from integrated SV40 genomes is required for efficient transformation and mainte

nance of the transformed phenotype .. When cells transformed with ts (temperature sensi

tive) T antigen are shifted to the non permissive temperature they loose the transformed 

phenotype. Transformation, which is characterized by continuous cell cycling and growth 

at conditions where untransformed cells would be in a resting state, is thus maintained by 

continuous expression ofT antigen. Rodent cells have since served as a model system to 

study the complex changes in the host cell that lead to the transformed phenotype. 

Human cells are initially permissive to SV 40 infection. In analogy to permissive cells 

they support low levels of SV 40 DNA replication and virion formation which eventually 

leads to cell death. At 0.03% of the frequencies observed in roden~ cells, human cells may 

become transformed. This number represents the rare nonpermissive cell in the population 

that does not replicate SV 40 DNA or became infected with a replication incompetent SV 40 

genome, thus avoiding replication which might destabilize integrated SV 40 genomes and 

cause lysis. The integrated replication defective SV 40 DNA may also protect the trans

formed cell from superinfection by wildtype virus. Most transformed permissive and 

semi permissive cells that harbor SV 40 genomes and express T antigen are reported to be 

relatively immune to superinfection by SV40. 

While most of the T antigen protein is found in the nucleus, 0.5 % of the large T anti

gen associated with the cell membrane of the host and is believed to be responsible for re

sistance to superinfection. In tumors it induces the TSTA (tumor-specific transplantation 

antigen, the nature of which remains to be clarified) response that mediates tumor rejection 

in animals. Upon inoculation of adult immuno-competent animals, cells become trans

formed and carry both T antigen and TSTA at the cell surface, which sensitizes the host 

lymphocytes to eliminate these potentially malignant cells. Studies with T antigen mutants 
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(NKL T, nonkaryophilic large T antigen) that lack the nuclear localization signal showed, 

that cytoplasmic T antigen still transforms some tissue culture cells, but not primary cells. 

(Panutti et al (1987) and Butel et al., review (1972)). It is proposed that the large T antigen 

has a dual function in transformation that can be separated by mutations. It is required for 

both initiation (immortalization) and maintenance of transformation by enhancement of cel

lular gene expression in trans. The trans function is thought to be mediated by either pro

tein-protein interaction or modification of cellular control factors. In other viruses (i.e. 

polyoma) this dual function seems to be carried out by two separate proteins. 

The nuclear fraction ofT antigen has been shown to activate a variety of cellular pro

moters (Schutzbank .et al. (1982), Learned et al. (1983), Scott et al. (1983) and Singh et al. 

(1985)) and promotes entry of the host cell into S phase (Chou and Martin (1975)). The 

membrane fraction ofT antigen may cause immune recognition by interaction with TST A. 

A depression of the immune system resulted in activation of dormant potentially malignant 

cells, leading to tumor formation in the animal. SV 40-transformed monkey and human cells 

that are immune to superinfection with SV40 virions were successfully infected with SV40 

DNA, suggesting that the virion penetration and/or uncoating may be prevented by the T 

antigen of the endogenous virus present in the membrane (Butel et al (1972)). Alternatively 

membrane T antigen may also influence signal transduction pathways, much in analogy to 

potent retroviral oncogenes such as the ras protein that is known to be a G protein 

(McCormick, F. review (1989). 

Eventually the transiently transformed human cells senesce and abortive transforma

tion, cell death and lysis are observed, the summary of which is termed crisis (Girardi and 

Jensen (1966)). 

It has been proposed that permissive or semi permissive cells, that survived SV 40 lytic 

infection and crisis to become stably transformed harbor defective viral genomes, but retain 

A gene transforming functions, while rodent cells that lack a permissivity factor for repli

cation tend to harbor replication competent SV40 genomes (Huebner et al. (1975) and 
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Sauer et al. (1967)). SV40 mutants that are replication defective due to mutations in either 

one of th~ essential viral replication components: the large T antigen (Miller et al. (1984)) or 

the origin of replication (Conrad et al. (1982)). These mutants where shown to more effi

ciently transform both permissive monkey and semipermissive human cells, since replica

tion may cause excision and loss of the integrated SV40 genomes or even death of the host 

cell. It appears as if replication competence and stable transformation are mutually exclusive 

in permissive cell systems. 

Stably transformed cell lines were established either by utilizing constructed replication 

mutants (Mayne et al. (1986) and Small et al. (1982)), irradiated SV40 genomes (Butel et 

al. (1972)), or by isolating rare transformants that survived senescence and crisis to estab

lish stable cell lines. Sauer et al. ( 1967) have shown that SV 40 virus pools used at the time, 

contained mutant particles that undergo an abortive cycle of infection presumably leading to 

permissive cell transformation. Dose response curves Qf VP1 versus T antigen expression 

upon infection with these SV 40 pools showed two-hit kinetics. This suggested the pres

ence of both wildtype and defective particles in the original serum, or alternatively of de

fective particles that complemented each other's mutant phenotype. Plaque purification later 

verified the genetic heterogeneity in the original SV40 pools. Consequently, most stably 

SV40 transformed human cell lines were shown to harbor mutant SV40 genomes. Exam

ples include a number of human epithelial (vascular endothelium) cell lines (Gimbrone and 

Fareed (1976)), or immortal human skin lines (Kit and Dubbs (1971)), HBL-100 (Caron 

de Fromentel et al. (1985)), or human fibroblasts such as GM638, GM639, SV80 and 

GM2894 (Gish and Botchan (1987)). In these cell lines no replication competent SV40 

genomes could be rescued, even upon fusion with permissive monkey cells. 

HBL-100 is an epithelial cell line from milk of an apparently healthy woman that ex

presses T antigen the nucleus and harbors two tandem replication defective integrated SV 40 

genomes, rescuable by fusion with COS 7 but not CV 1 cells. HBL-100 showed some 

characteristics of transformed cells in early passages but failed to be tumorigenic in nude-
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mice. After more than 100 passages the cells had evolved into a more transformed state in 

which they induced tumors and angiogenesis. Superinfection of early passage cells with 

Kirsten murin sarcoma virus (Ki-MSV) rapidly converted the cells to more neoplastic cells, 

presumably by cooperation of the retroviral oncogene with T antigen (Saint-Ruf et al 

(1988). A similar situation is seen in E1A mediated transformation, where either E1B or 

other oncogenes (i.e. c-Ha-ras) are needed to establish a fully transformed phenotype 

(White et al. (1988)). Crisis was never observed in HBL-100, indicating that transforma

tion may have occurred in the body prior to isolation of the cell line, but tumor formation 

may have been suppressed by the immune system, the surveillance of which may have 

been more leaky during pregnancy. Cell lines like this are a model for the multi-step events 

in carcinogenesis. 

Very few cases of subclones of stably transformed human cell lines that spontaneously 

. produce small amounts of infectious virus have been reported. An example are two human 

embryonic lung cell lines that in some passages and at low frequency were reported to har

bor infectious SV 40 virions, but never succeeded in inducing crisis (Kit and Dubbs 

( 1971) ). Therefore, if human cell harbor replication competent SV 40 genomes a few cells 

in the population may permit virion formation, but virus production may not be extended to 

other cells in the population due to immunity to superinfection. Consequently, no stable 

SV40-transformed human cell line should exist that is both not immune to superinfection 

and also harbors replication competent SV 40 genomes. 

The over-expression of the SV 40 large T antigen driven by 5' control regions of 

foreign genes in transgenic animals has led to the formation of tissue specific tumors 

(Brinster et al. (1984)). These SV40 induced tumors are initially benign (Hanahan, 

(1985)). Immortal cells in the tumor in the organism are relatively harmless, if non-inva

sive. A secondary event is needed for vascularization of these tumors into metastatic angio

genic tumors, that can actively outgrow the surrounding tissue (Hanahan (1985)). The 

conversion of the transiently transformed tissue culture cell to a stably transformed immor-
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tal cell may reflect similar host cell alterations caused by secondary events in an in vitro 

system. Initially SV 40 may induce over-expression of host genes to induce a transiently 

transformed phenotype, characterized by prolonged life span in culture. Once the cells age 

they appear to lose the control of the endogenous virus and succumb to crisis. Girardi and 

Jensen ( 1966) have observed that primary cell cultures near the end of their fmite life span 

transform much more rapidly than do cells infected at earlier passage numbers. In apparent 

analogy, the process of aging in organisms has also been described as a loss of growth or 

cell cycle control, leading to an increase in cancer incidents in older members of the popu

lation. 

In cell culture secondary mutations which either cripple the viral replication functions 

or alter host cell factors, causing establishment of immunity to superinfection, may be nec

essary for the cell to become immortal (Small et al. (1982)). 

Transformation would thus be a subtle balance of maintaining some virus functions, 

but crippling others that would be suicidal for the host cell. Little is known about the 

molecular events leading to transformation. Using SV 40 as a model system to clarify 

transformation has been hampered because, unlike other T antigen functions, the domain 

on T antigen responsible for transformation has not yet been mapped. The finding that a 

number of viral oncogenes bind the retinoblastoma p 105 protein has led to the hypothesis 

that the common denominator of viral transformation might be the inactivation of cellular 

anti-oncogenes. SV40 studies that showed a dose dependency in SV40 transformation 

(Kriegler et al. (1984)) support this notion. 

The study of simple viral genomes in the more complex host cell systems will provide 

insight into factors governing host-virus relations. Even more interestingly, the study of 

viral oncogenes such as T antigen may reveal the mode of action of their cellular counter

parts in control of growth and development or its negation, cancer. 
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Outline of the thesis 

The work described here is the isolation and characterization of two extrachromosomal 

SV 40 genomes found in the stably transformed human cell lines GM637 and XP12ROSV. 

Chapter II describes the life styles of the variant SV40 genomes, named GMSV40 

(isolated from GM637 cells) and XPSV40 (isolated from XP12ROSV cells), in their 

human host cells. A thorough study of the SV 40 life cycle tracing DNA replication, early 

and late gene expression and infectious virion production of GMSV 40 and XPSV 40 in 

their respective cell lines is presented. A mutation that has occurred in both SV 40 variants 

was detected and its genotype is described. 

In Chapter III I investigated the host range of GMSV40 and XPSV40 in both 

semipermissive human cells and permissive monkey cells, following the classical avenues 

used previously to characterize mutant SV40 genomes (Lai and Nathans (1974) and Manos 

and Gluzman (1984)). The surprising finding that the mutation in the T antigen protein de

scribed in Chapter II seemed to confer a host range phenotype upon both GMSV40 and 

XPSV 40 warranted isolation of the T antigen from these genomes. 

Chapter IV describes the isolation and some of the properties of the GMSV40 T anti

gen, termed GMT antigen. In vitro replication studies comparing the ability of wildtype 

and GMT antigen to promote SV40 origin-directed DNA synthesis revealed that GMT 

antigen was more efficient than wildtype T antigen in vitro, while in vivo GMSV 40 seemed 

deficient in replication in permissive monkey cells. 

In Chapter IV I will develop a model that accommodates the findings of Chapters III 

and IV, by postulating a new domain on the T antigen protein that may be involved in 

replication control in potentially permissive host cells. This model will be discussed with 

respect to the evolution of the mutant virus genomes, which are now maintained stably in 

the two SV40 transformed human cell lines GM637 and XP12ROSV. 



Chapter II 

Characterization of two episomal SV 40 genomes 

found in GM637 and XP12ROSV cells 
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Introduction 

Previous studies have been performed on SV 40 transformed cell lines lacking de

tectable free viral DNA, which has led to the hypothesis that an intact viral replication 

apparatus is incompatible with human cell survival of crisis (Huebner et al. (1982), Rigby 

et al. (1984), Small et al. (1982) and Gruss et al. (1984)). The structure of the integrated 

SV 40 DNA of four such cell lines, SV80, GM638, GM639 and GM2894, has been estab

lished genetically (Gish and Botchan (1987)). All four cell lines contain mutations in func

tions necessary for replication. SV80, GM638 and GM639 harbor mutations in the A gene .. 

GM2894 may have a mutation in the origin of replication. Gish and Botchan (1987) have 

suggested that recovery from crisis and continued growth in culture selects for spontaneous 

mutations in the T antigen or the origin of replication, either of which prevent SV 40 repli

cation. The sole requirement for viral maintenance in SV 40 transformed human cells is the 

transformation function of the T antigen. This function is presumed to be retained in the 

mutated SV 40 genomes in all four cell lines analyzed, although it has been tested only in 

the case of SV80 through rat cell transformation. 

This quasi-nonpermissive response seems to be achieved solely through alteration of 

the endogenous SV40 genomes, ratherlhan host cell replication factors (Gish and Botchan 

(1987)). Previous studies have shown that SV40 replicates efficiently upon infection of 

human fibroblast cells, and moreover, rates of SV40 replication approach those of SV40 in 

permissive monkey cells. The authors suggest that the reduced virus yield in human fi

broblasts, which is thought to be responsible for the semi permissive rather than permissive 

response in human cells, is due to a defect in virus uncoating or penetration, rather than 

lower replication rates or events later in virus life cycle. (Ozer et al. (1982)). 

In the context of that assumption, we were intrigued to find two SV40 transformed 

human cell lines and their subclones, GM637 and XP12ROSV which stably maintain large 
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amounts of freely replicating episomal SV 40 and thus seemed to disagree with the notion 

that intact viral replication functions are incompatible with stable transformation of permis

sive or semipermissive cells. 

We report here that both GM637 and XP12ROSV harbor much higher numbers of ex

trachromosomal SV 40 genomes than originally measured for GM637 (an average 100 

copies of SV40 DNA/cell in GM637 Botchan, M., McDougall, I. and Sambrook,J., un

published data). Previous studies of GM637 have focused only on the state of the inte

grated viral DNA but not the extrachromosomal DNA (Kuchterlapati et al. (1978)). 

This chapter describes a thorough study of the GM637 and XP12ROSV extrachromo

somal SV40 genomes, which we designate GMSV40 and XPSV40, respectively. The 

finding of extrachromosomal SV40 genomes in XP12RO complementation group A cells is 

especially intriguing as these cells are defective in DNA repair and have been used widely 

to study the effect of chemical DNA damaging agents and UV irradiation on DNA (V~erie 

et al. (1987)). Most but not all XP complementation groups have been shown to efficiently 

replicate viral DNA (Ozer et al. (1981). The transformed daughter cell line XP12ROSV 

would thus be expected to be incapable of excising the integrated SV 40 DNA, while being 

able to replicate exogenous SV40 genomes. This may suggest that the excision of inte

grated SV40 DNA does not occur and that XPSV40 comes from an extrachromosomal 

genome. 

In contrast to previous studies describing heterogeneous extrachromosomal SV 40 

genomes in transiently transformed human cells (Zousias et al. (1980)), the extrachromo

somal DNA in both GM637 and XP12ROSV is homogeneous and harbors an identical 

deletion and point mutation in the A gene. Additional alterations in the promoter/ enhancer 

and a duplication in the A gene of XPSV 40 have also occurred, distinguishing GMSV 40 

and XPSV40 from one another. RNA and protein expression studies, together with density 

labelling experiments tracing the replication kinetics ofSV40 in these cell lines, were done 

to compare the phenotype of GMSV 40 and XPSV 40 to wildtype SV 40. 
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Our studies suggest that GMSV 40 and XPSV 40, unlike the human SV 40 genomes 

studied previously, did not arise through selection pressure in crisis, but may have preex

isted. 
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Materials and Methods 

Cell lines. 

The GM637 and XP12BE cell lines were obtained from NIGMS. GM637 cells were 

produced by SV 40 transformation of human skin fibroblasts and isolated as clonal cell line. 

XP12ROSV cells were obtained from J. Cleaver. The cell lines were derived by SV40 

transformation of skin fibroblasts (XP12RO cells) of a patient carrying the autosomal re

cessive disease Xeroderma Pigmentosum (Park. et al.(1979) and Royer-Pokora et 

al.(1984)). CV 1 and COS 7 cell lines were obtained from the Cold Spring Harbor Cell 

Culture Facility. All cell lines were grown in Dulbecco modified Eagle medium (DMEM) 

with 10% fetal calf serum added . 

• 

Plasmids and Constructs. 

The recombinant plasmids pGMSV 40 and pXPSV 40 were constructed by cloning the 

extrachromosomal SV40 genomes GMSV40 and XPSV40 into pUC19, obtained from 

New England Biolabs. pBlur8 (Daniels and Deininger (1985)), was a gift from Carl 

Schmid. pBlur8 contains the human Alu gene cloned into pBR322 at the Bam Ill site. The 

Alu gene was excised, gel purified and cloned into the Bam HI site of pSP65 (Promega 

Biotec). prHu4 and prHu3 (Learned et al.(1983)) were gifts from R. Tijan . prHu4 con

tains 1200 bp of the human 45s rRNA gene inserted into the Sal I site of pBR322. The in

sert was excised, gel purified and inserted into the Sal I site of pSP65. prHu3 also contains 

the human 45s rRNA gene cloned into the Eco RI site of pBR322. The prHu3 construct 

was used as a probe in the density labelling experiments. pCA TIM, was a gift from Arne 

Stenlund. It contains the SV 40 early region driven by an SP6 promoter as described 

(Laimanis (1984)) with modifications by Arne Stenlund. 
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Nomenclature. 

Nucleotide positions in GMSV 40 and XPSV 40 and their derivatives were based on 

their positions in the wildtype SV 40 genome. Wildtype refers to SV 40 strain 776. The 

numbering is according to the BBB-system ( Tooze, J., ed. (1981)), which is based on the 

Bgl I recognition site at position 0/5243 in the SV40 genome. 

Cloning of GMSV40 and XPSV40. 

The Hirt (Hirt, B. (1967)) supernatant was harvested from subconfluent GM637 and 

XP12ROSV cells. The DNA was purified and digested with Bam In, following standard 

protocols. The linearized SV40 fragment from each cell line was gel purified, along with 

Bam In digested wildtype SV40 DNA and ligated into phosphatased Bam HI digested 

pUC19. E. coli strain DH1 cells were transformed as described (Hanahan, D. (1983)) with 

the recombinant DNAs. Ampicillin resistant colonies were screened with Southern hy

bridization to labelled SV40 DNA. The recombinants were named pGMSV40, pXPSV40 

and pwtSV40 (wildtype SV40). 

DNA sequencing of pGMSV40 and pXPSV40. 

The pGMSV40, pXPSV40 and pwtSV40 Hind III B fragments, were subcloned into 

M13mp19. The recombinant phage were propagated in E. coli strain JM105 after transfor

mation as described above. Orientation and identity of the insert were verified by C-test 

(Marie Alberti, pers. communication and BRL M13 Cloning/dideoxy sequencing: Instruc

tion Manual) and Southern hybridization to labelled SV 40 probe. Briefly, 2.5 ng primer 

(synthetic oligonucleotide complimentary to the lac Z region 3' of the polylinker in M13 

obtained from New England Biolabs), 1 JJ.g of the single-stranded recombinant phage DNA 

were annealed for 2 min at 550 C as described (Maniatis et al. (1982)). The elongation re

action was performed for 1 hr at RT and the reaction stopped by the addition of loading 
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dye. 5% polyacrylamide sequencing gels were run at 60 rnA for 150-300 min. The gels 

were exposed overnight on Kodak XAR-5 film. 

Sequencing was performed on phages that contained the Hind III B fragment of both 

pGMSV 40, pXPSV 40 and pSV 40 as a control in both orientations to verify the sequence. 

lJ:J. illH hybridization. 

GM637, XP12ROSV and CV 1 cells were grown on coverslips to subconfluency. CV 

1 cells served as a negative control. The cells were washed 3 x in PBS and subsequently 

treated as described (Hames et al. (1985)), except for the following modifications. The hy

bridization mix contained 40 % fonnamide, 4 X sse, 50 mM DTT and 10 % dextransulfate 

to reduce the background hybridization (Singer et al. (1986)). The SP6 probes from 

pSP65-prHu4, pCA TIM and pSP64-pBlur8 were cut 5' to the inserts to restrict the length 

of the transcripts to approximately equal sizes. The length of the transcript was approxi

mately 200 bp for the 45S rRNA probe, 300 bp for the human Alu probe and 600 bp for 

the SV 40 probe. The SP6 transcription reaction was performed according to Riboprobe 

protocols (Promega Biotec). [a35s] rUTP (10.0 mCi/ml) was obtained from Amersham. 

Approximately 1 x 106 cpm of labelled SP6 transcripts were used. In addition, probes 

were extracted with phenol and precipitated following standard procedures and resus

pended in hybridization buffer. The typical yield for the three transcripts was approximately 

3-4 x 107 cpm/Jlg RNA. The labelled single-stranded RNA. was brought to 5 Jll in the hy

bridization mixture supplemented with 1 mg/ml yeast tRNA and 50 mM DTT. The probe 

was added onto the cell preparation on the microscope slide. The slides were placed into 

sealed incubation chambers over a reservoir of hybridization buffer at 400C for 12 to 14 

hrs. After hybridization the slides were treated with RNAse as described (Hames et al. 

(1985)). The dehydrated air-dried slides were coated with NTB-21iquid emulsion (Kodak) 

diluted 1:1 with water. The coated slides were then exposed in desiccated, light-sealed 

boxes for various amounts of tirne and developed with· D 19 and rapid fix (Kodak). 
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Sl protection assay. 

pGMSV 40 was digested with Pf/m I and Hind III. The digested DNA was end-la

belled by Klenow filling in of the 3' recessive end at the Hind Ill site. The 291 bp fragmen~ 

corresponding to 4558 bp - 5172 bp in the A gene was strand-separated on a 5 % denatur

ing polyacrylamide gel (Maniatis et al. (1982)) and purified from the gel by isotachophore

sis (Oeferstedt et al. (1984)). Varying amounts of poly (A+) RNA from GM637 cells were 

hybridized to an excess of the labelled single-stranded pGMSV40 fragment (2 x 105 cprn/ 

reaction) at 560 C for 3 hrs. The hybrid was digested with S 1 nuclease (Sigma) at 250 C 

for 30 min following standard procedures (IRL nucleic acid hybridization pp.143-152). 

The protected fragment was denatured and resolved on a 5 % polyacrylamide-urease

quencing gel (Maxam and Gilbert (1980)). 

RNA isolation and analysis. 

Equal numbers of cells were harvested and poly (A+) RNA was isolated by binding to 

oligo-dT cellulose type 2 columns (CalBiochem) as described (Hames & Higgins IRL). 

Increasing concentrations (20-100 ng) of poly (A+) mRNA were dotted onto nitrocellulose 

and hybridized with 32p nick-translated SV40 DNA. GM637 and COS 7 mRNAs were 

fractionated on a 1 % formaldehyde-agarose gel, transferred to a nitrocellulose filter and 

probed with either total SV40 DNA or subclones of SV40 Hind Ill fragments (gift of War

ren Gish) to distinguish between early and late messages. The size of the transcripts was 

estimated by comparison to an RNA MW ladder (BRL) probed with 32p labelled form I 

DNA. 
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Immunofluorescence. 

Cells were grown on coverslips, rinsed 2 x in PBS and fixed in 2 % paraformalde

hyde/PBS/5 mM MgCl2. The cells were incubated for 1 hr in a 1/200 dilution of the anti-T 

antigen antibody p108 (Gurney et al. (1986)), which was a kind gift from E. Gurney in 

PBS/1 % BSA/ 0.02 % sodium azide. After washing the cells with 0.2 % Triton, incuba

tion for 1 hr with FITC conjugated anti-mouse goat antibody (Sigma) in a 1/500 dilution 

was performed. The same procedure was followed for VP1 serum (Lin et al. (1986)), 

which was a kind gift from H. Kasamatsu raised in rabbits. Anti-rabbit TRITC conjugated 

goat antibody (Sigma) was used to detect VPl. After washing, the coverslips were fixed in 

DAB CO (Sigma) to prevent bleaching. Microscopy was performed on a Zeiss phase-con

trast microscope. The cells were photographed using either Kodak Tri-X or Ektachrome 

films. 

Density shift experiments. 

GM637 and XP12ROSV cells were labelled at 20 % confluency. 20 J.lg/ml of BrdU 

(Sigma) was added to the medium. At 6 hrs, 12 hrs and 24 hrs post introduction of label 

total cellular DNA was prepared following standard procedures. After purification 100 J.lg 

of total DNA was taken up in 10 mM Tris (pH 7 .4), 10 mM EDT A and the refractive index 

of the solution adjusted to 1.4034 with CsCl. The CsCl!DNA solution was spun at 32 000 

rpm, at 21 oc for 72 hrs in a Sorvall 50.1 rotor. 24 fractions of 120 J.1l were collected with 

a Hoeffer fraction collector and the refractive index taken at every 4th fraction. The frac

tions were denatured and 10 J.ll of each dot-blotted onto nitrocellulose and probed following 

standard procedures ( Maniatis et al (1982)). For restriction enzyme digests and gel analy

sis pooled fractions were further purified from CsCl by repeated ethanol precipitations. 

Southern analysis was performed on Ba/ I and Hind III digested pooled fraction DNAs. 
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These protocols were suggested by Jeffrey Reynolds and are modifications of described 

procedures (Aory et al. (1973), Mechali and Laskey (1983)). 

Flow cytometry analysis of GM637 cells 

The cells were rinsed once, trypsinized and pelleted in a table-top centrifuge at half

speed for 2 min. To the cell pellet 25 % ethanoV15 mM MgCl2 was added for fixation and 

the cells stored overnight at 40C. RNA was digested by the addition of 0.1 mg/ml of heat 

treated RNAse in saline GM (0.27 M NaCl, 11 mM KCl, 1 mM Na2HP04, 2 mM 

KH2P04, pH 7.5) for 30 min at 370C. The cells were pelleted again and washed two 

times with PBS (phosphate-buffered saline, 137 mM NaCl, 2.7 mM KCl, 4.3 mM 

Na2HP04·7 H20, 1.4 mM KH2P04, pH 7,3). The cells were stained for 15 min with 50 

Jlg propidium iodide (CalBiochem) in saline GM. The cells were analyzed by excitation 

with 488 nm light from an argon-ion laser and measurement of fluorescence intensity per 

cell at greater than 620 nm, in a FMF-77 -100 flow cell (Research Developments, Los 

Alamos, NM) in a flow cytometer constructed as described (Hawkes and Bartholomew 

(1977)). 
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Results 

Quantization of extrachromosomal SV40 in two SV40 transformed human eel/lines. 

Two SV40..:transfonned fibroblast human cell lines, GM637 and XP12ROSV, harbor 

significant amounts of extrachromosomal SV 40 genomes, in contrast to other stably SV 40 

transformed human cell lines which lack detectable extrachromosomal SV40 (Gish and 

Botchan (1987) and Girardi et al. (1965)). The average SV40 copy number per cell in both 

cell lines is about 10 000, as estimated by DNA dot blot hybridization of Hirt supernatants 

[data not shown]. 

In situ hybridization experiments using an 35S-labelled SV40 transcript as probe 

(Materials and Methods) reveal that 0.3%-0.5% of the cells in both human cell lines contain 

large. amounss of SV40 genomes as seen in Fig. la for GM637 cells. Comparison of the 

SV 40 signal to the signal produced by a human Alu probe of similar size and specific 

activity (Fig. 2-1 b.) indicates that the cells seen in Fig. 2-1 a harbor more than 250 000 

copies of SV 40 per haploid host cell genome. Fig. 2-1 a shows a cell that has just divided 

despite its high content of SV 40 genomes. This suggests that more than 250 000 SV 40 

genomes do not prevent the host cell from replicating. Fig. 2-1c shows an example of a 

field of GM637 cells. 0.1% of the cells contain greater then 200 but fewer then 250 000 

SV 40 genomes in variable amounts, as seen in Fig. 2-1c. The remainder of the human 

cells contain less than 200 SV40 copies per cell as estimated by comparison to the signal of 

a 45s rRNA probe (Fig. 2-ld). Both GM637 and XP12ROSV cell lines have similar 

amounts and distributions of extrachromosomal SV 40 genomes (Fig. 2-2a and 2-2b ). 
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Fig. 2-1 

In situ hybridization to SV40 and Alu DNA in GM637 cells. 35s- labelled SV40 and 

human Alu transcripts were hybridized to GM637 cells that were pretreated with RNAse. 

(A) GM637 cells were probed with the SV 40 probe, hybridized and exposed for 10 

hrs. The cell in this field has just divided despite its high content of SV 40 genomes. 0.5 % 

of the GM637 cells show an induction of SV 40 genomes. 

(B) The signal intensity shown in the nucleus of these GM637 cells probed for Alu 

sequences equates to 500 000 Alu sequences per human genome. The signal obtained with 

a shorter exposure (4 hours) is weaker than that obtained with the SV40 probe (A). We 

conclude that the GM637 cells in (A) contain greater than 500 000 SV 40 genomes per cell. 

(C) Shows a field of GM637 cells. 0.1 % of the cells shown carry intermediate (fewer 

then 500 000 but greater then 200) amounts of SV 40 genomes per cell, as estimated by 

comparison to the signal of an rRNA gene. 

(D) The signal intensity obtained in the nuclei of these cells probed for rDNA 

sequences corresponds to 200 copies per haploid genome. 
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Fig. 2-2 

(A) The intensity of the SV 40 signal obtained from XP12ROSV cells in in situ 

hybridization with the SV 40 probe used in Fig. 1 is both as strong as the SV 40 signal in 

GM637 cells and also shows that a similar fraction of the cell population carries elevated 

SV40 genome numbers. Interestingly, as in Fig. la, a strong signal is often found in cell 

clusters and in newly divided cells. 

(B) 0.5% ofXP12ROSV cells have greater then 500 000 copies of SV40 genomes per 

cell and 0.1% have varying numbers but more than 200 copies per haploid genome. 
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Characterization ofGMSV40 andXPSV40 

The extrachromosomal DNA from GM637 (GMSV40) and XP12ROSV (XPSV40) 

was isolated and shown to consist of only one predominant species of SV 40 in the Hirt su

pernatant of each of the cell lines (Fig. 2-3a), even after many years of passaging, since 

subclones of the two cell lines (GM637B and XP12BE) which were obtained from J. 

Cleaver's laboratory and from NIGMS respectively, also carried extrachromosomal SV40 

genomes of similar a sizes. This was surprising because excision products from integrated 

SV40 genomes in nonpermissive and semipermissive cells (Botchan et al. (1980)) are re

ported to be relatively heterogeneous. Agarose gel electrophoresis of the extrachromosomal 

DNAs from both cell lines revealed in addition to their homogeneity a migration difference 

with respect to wildtype SV40, indicating a deletion in both GMSV40 and XPSV40 

genomes (Fig. 2-3a). 

Further restriction enzyme digests of GMSV 40 and XPSV 40 showed that deletions of 

roughly 300 bp in the A gene have occurred in both GMSV40 and XPSV40, indicated by 

the shift of Hind III fragment B (Fig. 2-3b) and the altered Ava II fragment patterns with 

respect to wildtype SV 40. Fragment sizes in Pvu II digests and the shift of a 682 bp band 

in the Ava II digest of XPSV 40 indicate that rearrangements have also occurred in the pro

moter/enhancer region of both GMSV40 and XPSV40 (Fig. 2-3b). 

Cloning, subcloning and sequencing of the Hind III B fragment of GMSV 40 (Fig. 2-4 

a,b,c,d) and XPSV40 (Materials & Methods) revealed an identical deletion of 323 bp, from 

4643 bp to 4966 bp and a point mutation changing a C to an A at 4642 bp in the A gene of 

both variants (Fig. 2-5). XPSV40 in addition, contains a duplication of 18 bp (4461 -

4479) in the second exon of the A gene and a deletion of the Mba liBel I site at nt 2771 

(Chapter III). 
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Fig. 2-3 

Structure of the extrachromosomal SV40 genomes in GM637 and XP12RO. 

(A) Analysis of Hirt supernatant DNA from GM637 cells and a GM637 subclone 

GM637B, XP12ROSV and XP12BE, both of which are independently established SV40 

transformed XP12RO cell lines. wildtype SV40 DNA is run as a size marker. The second 

lane of the wildtype and all human cell supernatants were digested with Bam HI to 

linearize the SV 40 genomes (F III), the wild type digest was incomplete (still F II present). 

This gel shows that all four human cell lines carry a single extrachromosomal SV 40 

genome that is smaller than wildtype SV 40. 

(B) Hirt extracted low molecular weight DNA from GM637 and XP12RO cells and 

wildtype SV40 DNA was digested with Hind III and Ava II and resolved on a 1 % agarose 

gel. The digests show that the Hirt supernatants from both SV 40 transformed cell lines 

contain only one detectable species of extrachromosomal SV 40 genomes containing 

deletions which shift the Hind III fragment B from 1169 bp (wildtype) to 864 bp 

(XPSV 40) and 846 bp (GMSV 40). Fig. 4 a gives a map of the expected fragments of 

GMSV40 and wildtype SV40. In the Ava II digest the wildtype fragment A (1580 bp) is 

shifted to 1257 bp in both GMSV 40 and XPSV 40 Hirt supernatants. Additional mutations 

which map to the promoter/enhancer element of SV 40 have occurred, altering the mobility 

of fragment E. 
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Fig. 2-4 

(A) GMSV 40 and wtSV 40 genotypes. Hind III fragments are given for reference and 

the deletion in fragment B of GMSV40 is highlighted. The size of GMSV40 is 4920 bp, 

while wild type SV 40 is 5243 bp. 

(B) Cloning scheme of cloning GMSV40 from the Hirt supernatant of GM637 cells 

into pUC. The recombinant was named pCMSVGM and subsequently renamed 

pGMSV40. XPSV40 was cloned following the same scheme, generating XPSV40. 

(C) Structure of the recombinants pCMSVGM (pGMSV40) and pCMSVwt 

(pwtSV 40). Both constructs contain the respective SV 40 genome cloned into the Bam HI 

site of pUC 19. The size of the recombinants is given below. The GMSV40 recombinant 

has a deletion indicated as a black box creating a size difference of 323 bp when compared 

to the wildtype recombinant. The SV 40 origin is indicated by a hatched box for reference. 

(D) pGMSV 40 and pXPSV 40 were used according to the scheme to generate 

subclones of both orientations into M13. 

(E) Structure of one of the SV40-M13 subclones in mp19. Fragment B of the 

wildtype SV 40 genome is shown as a box, with the deletion in GMSV 40 indicated by a 

black box. 
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Fig. 2-6b 

Genotype of GMSV 40 and XPSV 40 in comparison to wildtype SV 40 small and large 

T antigen coding sequences. The map shows the early region of SV 40 with the nucleotide 

numbers referring to positions in the wildtype genome. The bold lines represent sequences 

encoding for proteins. The deletion of 323 bp, the point mutation at 4642 bp changing an A 

to a C and the 18 bp duplication at position 4461 to 4479 in XPSV40 are indicated. The 

exons and introns of the wildtype small and large T antigen are given for comparison. 
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The deletion in the first exon of the A gene by itself is sufficient to cause the mutant 

phenotype of GMSV 40 as assayed by marker rescue of replication in monkey and HeLa 

cells (Chapter III). Similar but non-identical deletions have occurred in the SPl binding 

motifs in GMSV40 and XPSV40 (Yokota H. unpublished observation). In addition, in 

both GMSV 40 and XPSV 40 a rearrangement in the enhancer has occurred, resulting in a 

duplication of a protein binding box, with a similar net effect but with slightly different nu

cleotides involved, as seen in the shift of fragment E of the Ava II digest (Fig. 2-3) for 

XPSV40. 

The net effect of the 323 bp deletion in the A gene is the loss of the large T antigen 

splice donor and 48 bp of large T antigen coding sequence (Fig. 2-6a). The deletion ends 

just upstream of the small t antigen splice donor, inserting 6 bp from the large T intron not 

normally found in the large T coding sequence. The small t antigen termination codon is out 

of frame due to the deletion. Hence, if a correct splicing event occurs at the small T antigen 

splice sites the second exon will be translated as wildtype T antigen in GM637 and 

XP12ROSV cells. The deletion of 323 bp removes all small t antigen-specific coding se

quences (Fig. 2-6b) and hence neither GMSV40 nor XPSV40 can express small t antigen. 

Sl protection assay of GMSV40 RNA 

Deletions in the proximity of splice junctions in SV 40 have been shown to hinder 

splicing (Laiminis et al. (1984)) by altering both the primary sequence near the splice site, 

and possibly secondary or tertiary RNA structure. As both GMSV40 and XPSV40 

genomes carry large deletions 5' to the potential splice donor site we wanted to test whether 

splicing occurs. In addition, the splicing event would have to utilize the small T antigen 

splice donor and the large T/small t antigen common splice acceptor. AnSI protection assay 
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Fig. 2-7 

S1 protection analysis of GM637 RNA. Total GM637 poly (A+) mRNA was 

hybridized to an end-labelled 291 bp Pflm I to Hind ill fragment of pGMSV 40. The hybrid 

was digested with S 1 nuclease. The fragments were resolved on a 5 % polyacrylamide-urea 

gel, which was dried and exposed overnight to X-ray film. The protected fragment was 

212 bp long. The 291 bp fragment corresponds to the undigested DNA-DNA hybrid 

present in both no RNA and RNA lanes. No RNA lanes contained equal amounts of 

unspecific mouse rnRNA. The diagram below the photo depicts the position of the 323 bp 

deletion and the intron in GMSV40. The GMSV40 fragment was end-labelled at the Hind 

Ill site. The size of the expected potential transcript (212 bp) due to the deletion 3' of the 

splice donor site is shown. 
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was performed using pGMSV40 DNA and GM637 pqly (A+)RNA (Fig. 2-7) (Materials 

and Methods). 

Heterologous splicing of the 66 nucleotide small t antigen intron uses the small t anti

gen 5' splice donor to generate the GMSV40 T antigen mRNA, as the large T antigen 3' 

splice junction is deleted. This supports our proposal that the GMSV 40 and XPSV 40 T 

antigens are wildtype with respect to functions encoded by the second exon (Chapter IV), 

provided that tertiary protein interactions between the deleted region and the second exon 

are unimportant for these functions . 

RNA expression indicates that both early and late gene products are expressed in 

GM637 and XP 12ROSV cells. 

Studies in newly infected human fibroblasts have shown that the SV 40 early and late 

proteins are expressed at levels comparable to infected permissive cells (Ozer et al. 

(1981).We wanted to test the level of SV40 mRNA expression in GM637 and XP12ROSV 

cells compared to COS 7 cells, which contain few integrated SV 40 genomes, in contrast to 

an average of 10 000 SV40 episomes in the human cell lines. COS 7 cells are SV40-trans

formed CV 1 (monkey kidney) cells, which contain deletions in the origins of replication in 

their integrated SV 40 genomes. COS 7 cells express early mRNAs for small and large T 

antigens and late mRNAs for VP2 and VP3, but not VP1 (Gluzman Y. (1981)). 

Dot blot hybridization of mRNA was performed (Materials and Methods) and the sig

nal quantitated by densitometric scanning of X-ray exposures. GM637 and XP12ROSV 

expressed similar amounts of SV40 message per total mRNA. In COS 7 cells the fraction 

of SV 40 mRNAs in the total mRNA population was 50-fold less than in GM637 and 

XP12ROSV cells (Fig. 2-8a). 
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Fig. 2-8 

Northern analysis of SV40 mRNA expression in GM637 and XP12RO cells. 

(A) Quantitative analysis of SV40 mRNA expression. 20, 40, 80 and 100 ng of total 

mRNA from GM637, XP12RO and COS 7 cells was transferred to nitrocellulose by using 

a dot blot apparatus and hybridized to nick-translated SV 40 DNA. The comparison of 

signal intensities on a weaker exposure of the same autoradiogram by densitometry shows 

that 1 ~-tg of COS 7 mRNA contains 10-fold less SV40 message than 20 ng of either 

GM637 or XP12RO mRNA, which equates to a 50 fold enrichment of SV40 messages in 

the human cell lines. 

(B) Qualitative analysis of GM637 mRNA. 150 ng of GM637 and 1.5 ~-tg of COS 7 

poly (A+) mRNA were fractionated and immobilized on nitrocellulose. Early transcripts 

and VP2 and VP3 mRNA migrate at about 2500 bp, VPl mRNA migrates at about 2000 

bp, but is not expressed in COS 7 cells. This indicates that both early and late mRNAs are 

expressed in GM637. Similar results were obtained for XP12RO cells (data not shown). 
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A Northern blot of total poly (A+) RNA from GM637 and COS 7 cells was probed 

with nick-translated SV 40 DNA (Materials and Methods). Bands which agree with pre

dicted sizes for early and late mRNAs can be distinguished (Fig. 2-8b), indicating that 

GM637 and XP12ROSV cells, expressed both early and late messages. The size of the 

bands on the Northern blot was confirmed by alignment to fragments of a labelled RNA 

MW ladder (Materials and Methods). Early RNA migrates at about 2500 bp and VP1 

mRNA, which is not expressed in COS 7 cells migrates at 2000 bp, and VP2 and VP3 

mRNAs at 2500 bp (Tooze, J. ed. (1981)). A similar Northern blot was probed with a 

probe specific for early and late mRNAs to verify the predicted identity of the messages in 

Fig. 8b. (Maulbecker, C. and Issei, L. 1988, data not shown). 

The RNA transcription profile agrees with the protein expression data described be

low, confirming that both late and early expression can be detected in GM637 and 

XP12ROSV cells. 

Immunofluorescence assay for T antigen and VP 1 expression in GM637 and 

XP 12ROSV cells 

A polyclonal antibody against T antigen was used in an immunofluorescence assay 

with both GM637 and XP12ROSV cells. Approximately 95% of all SV40-transformed 

human cells in the population express T antigen. Approximately 0.5% of the cells express 

larger amounts ofT antigen than the rest of the population (Fig. 2-9a). This agrees with the 

fraction of cells harboring large amounts of SV 40 genomes as determined by the in situ 

DNA hybridization experiments (Fig. 2-1). The anti-T antigen antibody we used is directed 

against an epitope in the carboxy terminus of large T antigen. The fact that this antibody 

recognizes GMSV40 and XPSV40 T antigens supports our conclusion that the second 

exon of the variant T antigens is unaffected by the mutations, unless T antigen is expressed 

in these cells from the integrated SV 40 DNA. 
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Fig. 2-9 T antigen and VP1 expression in GM637 cells. 

(A) GM637 cells were fixed and exposed to anti-T antigen serum for 1 hr and 

reexposed to an FITC conjugate anti-antibody. The T antigen signal is nuclear, and of 

varying intensity (9 a1). This shows that the deletion does not interfere with the nuclear 

localization of the protein. 95 % of all cells express T antigen, 0.5 % of which express 

much higher levels ofT antigen than the remainder of the population (9-a2). These cells are 

often found in clusters. 

(B) GM637 cells were doubly stained with both anti-T antigen serum and anti-VP1 

serum. T antigen antibody was detected by the FITC conjugate anti-mouse antibody (green 

fluorescence), while VP1 was detected by an RITC anti-rabbit conjugate antibody (red 

fluorescence). 

The upper photo shows that a subfraction of cells that express large amounts ofT antigen 

also expresses VPl. The lower photo shows cells that express VP 1, next to a phase 

contrast photo of the cells. VP1 expression is observed both in the nucleus and in the 

cytoplasm. Interestingly, as has been seen in the in situ hybridization and forT antigen 

expression, VP1 expression in often seen in adjacent cells. 

The original photographs of these figures 
were done in color. It was necessary, 
however, to reproduce them in black and white. 
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Fig. 2-10 

XP12ROSV cells were stained with the same antibodies against T antigen and VPl as 

used for GM637 cells (Fig. 9). Almost all cells showed T antigen fluorescence (upper 

photograph), while VPl fluorescence was visible in a very small subpopulation (lower 

photograph). 

The original photographs of these figures 
were done in color. It was necessary, 
howeve~ to reproduce them in black and white. 
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A subfraction of the cells that contain large amounts T antigen, also stain for viral coat 

protein VPl (Fig. 2-9b) (approximately 0.25% of the total cell population), indicative of 

late protein expression. This confirms the observation by Kuchterlapati et al. (1978) who 

reported that 1% of GM637 cells express VPl. The discrepancy in cell numbers expressing 

VPl may be caused by differences in passage number and/or handling of the cells. 

XP12ROSV show SV 40 protein expression patterns similar to GM637 cells (Fig. lOa and 

lOb). 

It seems reasonable to postulate that the expressing subfraction of cells corresponds to 

the fraction of semipermissive human host cells that tolerate a permissive response. A sim

ilar scenario has been suggested for transiently transformed human fibroblasts by Zousias 

et al. (1980) and Ozer et al. (1981)). 

The supernatant of GM637 cells contains infectious virions 

We observed that GM637 and XP12ROSV cells both produce late proteins. 

Kuchterlapati et al. (1978) have noted earlier that the late expression seen in GM637 cells 

disagrees with the observed stability of integrated SV40 genomes (Botchan et al. (1978)). 

This could be explainable, if GMSV 40 and XPSV 40 did not produce functional virions. To 

test for the production of infectious virions we transferred an aliquot of the supernatant of 

GM637 cells onto uninfected permissive CV 1 cells. DNA harvested at 120 hrs post 

infection showed the Hind Til pattern of GMSV 40, rather than wildtype SV 40 (Fig. 2-11). 

One week post infection the CV 1 cell monolayer lysed. These data indicate that GM637 

produces infectious virions which contain GMSV40 DNA. 
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Fig. 2-11 

CV 1 infection assay. An aliquot of GM637 cell supernatant was diluted 10-fold and 

transferred onto confluent CV 1 cells. Hirt supernatant was harvested at 120 hrs post 

infection and digested with Hind III and Ava II along with wildtype SV40 DNA and 

GMSV 40 supernatant. The fragments were analyzed by gel electrophoresis and Southern 

hybridization. The restriction enzyme pattern shows that the majority of the SV 40 DNA 

packaged into GM637 virions which were used to infect CV 1 cells is GMSV40 DNA. The 

monolayer lysed one week post infection, which shows that GM637 cells produce 

infectious SV 40 virions. 



64 

wtVGM wtVGM 

Hind Ill Ava II 

XBB893-2586 



65 

Density labelling of newly replicated DNA in GM637 cells. 

We wanted to investigate whether the SV40 replication kinetics of the subfraction of 

the GM637 and XP12ROSV cells which seemed to be permissive (i.e .. those expressing 

late mRNAs) would follow a fast, lytic pattern. Lytic replication is characterized by 

extensive reentry of newly replicated genomes into the replication pool. This has been 

observed early in viral infections of permissive cells (Roman and Dulbecco (1975), 

Mantenueil et al. (1973)). 

In permissive lytic replication, 6 hrs post exposure to the density label (BrdU) most 

SV 40 genomes should have undergone more than one round of replication and have thus 

incorporated the label into both DNA strands causing most of the signal to be distributed in 

the heavy-heavy fractions. The light-light fraction represents the remaining genomes that 

are not in the replication pool. 

GM637 and XP12ROSV cells were grown in the presence of BrdU and timepoints 

taken at 6 hrs, 12 hrs and 24 hrs (Materials and Methods). The gradient fractions were 

probed either with a human genomic probe (45s rRNA gene in prHu3), or an SV40 probe. 

We present here data for GM637 only, because XP12ROSV replication kinetics were 

basically identical (data not shown). The chromosomal DNA of GM637 cells, detected 

using the human probe, starts to replicate at 12 hours post BrdU exposure. Part of the 

signal moves from the light-light signal seen at 6 hrs into heavy-light, with the majority of 

the signal in heavy-light at 24 hrs. This indicates that at 24 hrs the majority of the human 

genome has undergone one round of replication (Fig. 2-12). This agrees with previous data 

obtained by flow cytometry which determined the length of the cell cycle of GM637 cells to 

be between 16 hrs and 18 hrs (Fig. 2-12d). No human heavy-heavy signal occurs even at 

24 hrs. It can be seen that a fraction of the genomic DNA does not contribute to the pool of 

replicating molecules and remains in the light-light fraction. 
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Fig. 2-12 Replication kinetics of SV40 in GM637 cells. 

(A) Density shift analysis of SV40 replication in GM637 cells. GM637 cells were 

grown in the presence of 20 )lg/ml BrdU. Total cellular DNA was isolated at 6 hrs, 12 hrs 

and 24 hrs after exposure to the label and fractionated on a CsCl gradient. Fractions of 

different densities were collected and transferred onto nitrocellulose with a dot blot 

apparatus. The filter was probed with nick-translated SV40 DNA and the amount of label 

hybridized determined by scintillation counting of the nitrocellulose dots in Aquasol. 

Shown here is the distribution of SV 40 genomes which have completed two rounds of 

replication in the presence oflabel (heavy-heavy, HH), one round of replication (heavy

light, HL), or not replicated at all (light-light, LL) across the CsCl density gradient. The 

autoradiogram of the corresponding gradient fractions probed with labelled SV 40 DNA is 

shown underneath the graph. 
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(B) Comparison of the distribution of SV 40 signal versus genomic signal after 

different exposure times to the label across the gradient. The replication kinetics of the 

genomic DNA were followed by exposing duplicate dots of the fraction to nick-translated 

prHu3 (human rRNA gene, shown as B3 counts on the right y-axis). The genomic signal 

starts to move from LL into HL between 12 and 24 hrs., which agrees with a previously 

determined cell cycle time of 16 to 18 hrs for GM637 cells (Fig. 12e). The incomplete 

resolution of the HL and LL peaks in the genomic signal is due to insufficient shearing of 

the DNA prior to CsCl banding, which prevented complete separation of partially replicated 

and unreplicated DNA. This graph shows that the SV 40 replication kinetics are uncoupled 

from host genomic replication, as the SV 40 signal moves at a much faster rate through the 

gradient. 
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(C) Southern analysis of HH, HL and LL SV 40 DNA from GM637 cells. Fractions 

under each peak (A) were pooled, purified and analyzed on 1 % agarose gels. The blot on 

the right contains total DNA from the fractions probed with labelled SV40 DNA and 

digested with BalI which does not cut SV40 DNA .. The amount of form II and form III 

SV 40 is relatively high because the DNA was sheared prior to CsCl banding to dissolve the 

genomic DNA. Identical migration patterns of the SV 40 genomes in the density fractions 

shows that the SV40 signal obtained in (A) is caused by a homogeneous population of 

SV40 genomes, rather than a distribution where the HH SV40 signal would be contributed 

by wildtype SV40 genomes and the HL signal would be contributed by GMSV40. 

Densitometry analysis of the bands confirms the data obtained in Table 1. The blot on the 

left is a Hind III digest of the pooled fraction DNA. The presence of the shift of Hind III B 

from nt 1169 to nt 846 due to the deletion confirms that the replicating molecules in the 

gradient are GMSV40. 
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As the majority of the SV 40 signal in the in situ hybridization is concentrated in 0.3 % 

- 0.5 % of the cells (Fig. 2-12), the signal obtained by probing for the density labelled 

SV 40 genomes will basically reflect the SV 40 replication in this subpopulation of cells. 

The distribution of the SV40 signal is seen in Fig. 2-12a. The area under each peak was 

integrated and calculated as percentage of S V 40 signal in a certain replication state (Table 2-

1). The persistent high percentage of SV40 genomes in heavy-light at 12 and 24 hrs post 

exposure to BrdU is inconsistent with either lytic SV 40 replication kinetics or random entry 

of a plasmid population into the pool of replicating molecules. Lytic replication should 

cause essentially all the SV 40 signal to be distributed in the heavy-heavy and light-light 

fractions, as actively replicating SV40 genomes will have completed more than two rounds 

of replication, and thus should carry BrdU in both strands. In the case of plasmid replica

tion a distribution of 25% heavy-heavy, 50% heavy-light and 25% light-light would have 

been expected, as has been seen for mitochondrial replication using an aliquot of nick

translated human mitochondrial DNA as probe (courtesy of Allan Wilson) on the fraction

ated DNA (data not shown) and for mouse cell mitochondrial replication (Bogenhagen and 

Clayton (1977)). 

Pooled fractions from the heavy-heavy, heavy-light and light-light peaks of the SV40 

signal (Fig. 2-12a) were shown to be GMSV40 rather than wildtype SV40 or excised 

chromosomal SV40, confirming the identity and homogeneity of the extrachromosomal 

SV 40 in the pool of replicating molecules (Fig. 2-12c ). 



Construction of mp19CMwt and mp19CMGM 

M13 Replicative Form I 
( mp19) 

l cut with Hind Ill 

M13 Form Ill 

j calf intestine 
alkaline phosphatase 

Dephosphorylated Form Ill 

SV40 (GMSV40) Form I 

! cut with Hind Ill 

j electrophoresis in f low melt agarose 

extraction 
fragment B band 

SV40 Fragment B 

T 4 DNA Ligase 

t transformation into competent JM1 05 cells 

Clear Plaques 

preparation of RF DNA 

restriction enzyme digests 

agarose gel electrophoresis 

SV40 conrning clones 

Sequencing 

isolation of ss DNA 

Dot Hybridisation 

6282 Hind Ill 

0 

mp19CMwt 
(mp19CMGM) 

8422 bp 8099 bp 

4000 

1000 

2000 

XBL ~65-1720 B 

+:> 
w 



44 

Fig. 2-5 

Sequencing gel showing the deletion of 323 bp (indicated by the arrow) and the point 

mutation in GMSV40(.). XPSV40 sequencing gels show the same deletion and point 

mutation, but have a duplication of 18 nucleotides in the second exon. The position of the 

deletion is from nt 4643 to nt 4966, with respect to the wildtype numbering system. 
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Fig. 2-6a 

Sequence of the first exon of the wildtype SV40 A gene to be read from bottom to top. 

The minimal core origin and T antigen binding sites I and II are indicated for reference. 

Introns are indicated as boxes, the large T antigen intron of 347 bp as a narrower and the 

small t antigen intron of 66 bp as a wider box. The deletion in GMSV 40 and XPSV 40 is 

indicated by a dotted line underneath the sequence. The point mutation is indicated by an 

arrow at bp 4642. Start and termination codons for the wildtype small t antigen/large T 

antigen and small t antigen, respectively are given. Note that the termination codon of small 

t antigen is out of frame due to the deletion. 
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(D) Flow cytometty analysis of OM637 cells. The FCM histogram shows the amount 

of fluorescence (DNA content) with time in the cell cycle. The "graphs are a plot of DNA 

content (X axis) versus number of cells (Y axis). The 01 and 02 phases of the cell cycle 

show as peaks, with S phase in between. A number of cells remain in 01, which 

represents resting cells, while in the timecourse shown in this figure, the majority of cells 

start to synthesize DNA and move into S phase. 02 represents premitotic cells that contain 

two genomes per cell. Since the OM637 cells were roughly synchronized by serum 

starvation and timepoints were taken after the addition of serum, we can estimate that the 

cell cycle in these cells takes about 16 to 18 hours. 
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Table 2-1 

Density analysis of SV 40 replication in GM637 cells. 

The area under the heavy-heavy, heavy-light and light-light peaks of the SV40 signal was 

integrated and shown hare as percentage of the total SV 40 signal at that timepoint 



Length of Exposure 
to BrdU 

6 hours 

12 hours 

24 hours 
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Distribution of SV 40 signal in the gradient, 
as percentage of the total SV 40 signal obtained 

heavy-heavy heavy-light light-light 

7% 24% 56% 

14% 33% 43% 

34% 18% 34% 
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Discussion 

Initiation of proviral replication of SV 40-transformed nonpermissive or semipermis

sive cells has been reported to lead to the excision of viral genomes upon fusion of non

permissive SV40-transformed cells to permissive cells (Botchan et al.(1978)). According to 

this model, generation of extrachromosomal SV 40 genomes proceeds through a local 

"onion skin" structure of amplified sequences. Depending upon the structure of the proviral 

SV 40 genomes, either homogeneous or heterogeneous excision products will be created 

through recombination. Tandem arrangement of proviral SV 40 sequences leads to homolo

gous recombination and to preferred heterogeneous excision products. This has been ob

served upon fusion of the SV80 cell line with a permissive cell line. The tandemly inte

grated SV40 sequences gave rise preferentially to 4.4 kb and 3.3 kb SV40 species among a_ 

variety of other heterogeneous fragments (Gish and Botchan (1987)). Similar results have 

been obtained by fusion of transformed nonpermissive rodent cells with permissive cells, 

as described by Bullock and Botchan (.1982) for the rat cell line 14 B. Other studies show 

that certain tandem integrations of SV 40 genomes may lead to relatively homogeneous ex

cision products (Botchan et al. (1979)). Non-tandem integration leads to heterologous 

excision products via imprecise, illegitimate recombination events, which may produce 

SV40 genomes containing host sequences. In the absence of tandem repeats, topoiso

merase I binding sites seem to serve as recombinational hot spots leading to the excision of 

preferred SV 40 species, among the heterogeneous population of excised molecules. 

(Bullock et al. (1985)). 

We have shown here that homogeneous stably maintained extrachromosomal SV40 

genomes exist in GM637 and XP12ROSV cells (Fig. 2-3). Extrachromosomal SV 40 has 

been previously observed in GM637 cells (unpublished observation. Botchan, M., Mc

Dougall, J., and Sambrook, J.,) but not in XP12ROSV cells. The proviral SV40 structure 
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of both GM637 (Kuchterlapati) and XP12ROM1 (Royer-Pokora et al. (1984)) clonal cell 

lines has been reported previously. XP12ROM1 genomic SV40 is replication-incompetent 

when fused to permissive cells due to a point mutation at 4172 bp in the proviral A gene. 

XP12ROM1 is a subclone of XP12RO, while the cell line XP12ROSV is a different sub

clone of the same parent XP12RO cell line with presumably identical genomic SV 40 struc

ture, but with the extrachromosomal SV 40 in addition. This assumption is based on there

ported stability of integrated SV40 genomes in established clonal cell lines that have gone 

through crisis. In addition, excision repair of the integrated SV 40 genome should not oc

cur, because in XP12RO cells the excision repair required to resolve amplified "onion skin" 

regions of replicated proviral SV40 presumably cannot take place. The pathway to generate 

extrachromosomal SV 40 genomes from the integrated SV 40 may thus be blocked (Park 

and Cleaver (1979)). This notion is supported by the finding, that another SV40 trans

formed XP cell line, XP12BE which we obtained from an independent source also 

contained homogeneous extrachromosomal SV 40 genorries of similar apparent molecular 

weight as GMSV 40 and XPSV 40 (Fig. 2-3a) 

The defect in the XP12RO cells and the mutation in the proviral SV40 suggests that 

XPSV 40 is not continuously produced by overreplication and excision of the proviral 

SV40, but rather is stably maintained as an extrachromosomal genome. The defect in repair 

of DNA damage by UV light in fibroblasts of Xeroderma Pigmentosum patients was 

shown not interfere with replication. Rates of SV 40 replication in normal and XP fibrob

lasts were similar and approached those of permissive monkey cells (Ozer et al. 1981 ). 

Thus while SV40 may not be able to excise from the XP12ROSV genome it may replicate 

from a free viral SV 40 genome. 

The proviral SV40 structure in GM637 also should not permit homologous recombi

nation to generate GMSV 40. In GM637 cells, T antigen-positive cells were shown to har

bor tandemly integrated partially deleted SV 40 genomes on chromosome eight. Restriction 

enzyme analysis indicated that the incomplete tandem integrates were separated by host 
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DNA (S.P. Hwang, Ph.D. Thesis. Princeton University). Both human cell lines thus con-

tain integrated SV 40 genomes that appear incapable of supporting excision of homoge

neous replication competent SV 40 genomes. We conclude that the source of the extrachro

mosomal GMSV 40 and XPSV 40 genomes must differ from the proposed model of contin

uous spontaneous excision of extrachromosomal SV 40 genomes, from integrated proviral 

SV 40 sequences. 

We propose that GMSV40 and XPSV40 genomes are natural SV40 variants that are 

maintained extrachromosomally at low levels in the human cell lines and are induced at low 

frequencies to amplify in a subfraction of host cells. This induction of replication of extra

chromosomal viral genomes in a subfraction of cells has been observed for other extra

chromosomally maintained viruses such as bovine papilloma virus, (BPV) (Roberts and 

Weintraub (1988), and Reynolds J. pers. communication). In ID13 cells, which are BPV 

transformed mouse cells, an average of 100-200 episomal BPV genomes per cell ha~ been 

reported and a subpopulation of these cells induces amplifies BPV DNA more than 100-

fold over the average copy number. Thus cells within a given population may have two 

levels of viral copy number control. The majority of the population may tightly control the 

viral copy number, while a subfraction may have lost that control and allow for upreplica

tion. 

GMSV 40 and XPSV 40 are homogeneous in that they are the only detectable forms of 

extrachromosomal viral DNA in their respective cell lines (Fig. 2-3). DNA sequencing 

showed that both GMSV 40 and XPSV 40 have an identical deletion and point mutation in 

the A gene (Fig. 2-5). The net effect of these mutations is the loss of 16 amino acids of 

large T antigen and the insertion of two new amino acids in the GMSV 40 and XPSV 40 T 

antigens. Both variants also lack all small t antigen-specific coding sequences (Fig. 2-6a 

and 2-6b). 

The identical nature of the deletion and point mutation suggests that GMSV 40 and 

XPSV 40 may have a common ancestor with the deletion and point mutation that existed in 
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the original virus stocks that were used to establish the SV40 transformed human cell lines 

GM637 and XP12ROSV. Interestingly, GMSV40 and XPSV40 are not identical, as sec

ondary mutations like the 18 bp duplication in the A gene of XPSV 40 and alterations in the 

late regions distinguish the two SV40 variants. A common ancestor of GMSV40 and 

XPSV 40 may have only carried the deletion and point mutation in the A gene. Rearrange

ments of SV 40 genomes may occur during crisis, when human cells tend to select for mu

tant SV 40 genomes that have lost their replication function but retained transforming capa

bility as suggested by Gish and Botchan (1987). Some researchers suggest a link between 

the degree of damage in the viral DNA (i.e. the probability of destroying the replication 

functions of the virus) induced either by chemicals or irradiation and efficiency of trans

formation (Small et al. (1982) and Butel et al. (1972)). Neufield et al. (1987) show that 

human fibroblasts transformed with origin minus SV 40 genomes have an increased life 

span, when compared to wildtype SV 40 transformants, but nevertheless would eventually 

succumb to senescence and crisis. Thus it is plausible that the secondary alterations that 

now distinguish GMSV 40 from XPSV 40 occurred separately during crisis or at a later 

point in the passaging of the clonal cell lines GM637 and XP12ROSV, while the primary 

alteration facilitated the stable transformation of infected human fibroblast cells. 

RNA and protein expression studies presented here show that both variants express 

early and late functions (Fig. 2-8, 2-9 and 2-1 0) and are capable of virion production (Fig. 

2-11). This clearly distinguishes GMSV40 and XPSV40 from previously studied defective 

SV40 genomes in human cells that shoed that no late SV40 RNA is expressed in these cells 

(Sauer et al. ( 1967). Despite the much greater amount of template in the human cells, only 

50-fold more SV40 mRNA is expressed when compared to COS 7 cells. This is might be 

due to exhaustion of host cell transcription factors in the inducing human cells, as most of 

the extrachromosomal SV 40 genomes are sequestered in very few cells as seen in the in 

situ hybridization experiment. 
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The virions harvested from GM637 cells were capable of infecting CV 1 cells (Fig. 2-

12). As virions can be produced by the variants, the GMSV40 and XPSV40 DNAs could 

be lost from their host genomes either by packaging into virions or solely by dilution in 

analogy to amplified sequences that are lost as double minute chromosomes when drug se

lection pressure is removed (Starke G. (1984) and Schimke R.(1984)). Cells that produce 

VP 1, 0.25 % of the total population (Fig. 2-lOb and 2-11 b) at any given time, would then 

package and lose potentially all of the extrachromosomal sequences if no new DNA 

synthesis were occurring replenishing the supply of extrachromosomal SV 40 DNA. If the 

integrated SV40 genomes in GM637 and XP12ROSV cells were providing sufficient T 

antigen protein for the continued transformation of the human host cell, no selection pres

sure would exist to retain GMSV 40 and XPSV 40 genomes unless the only source of T 

antigen was the extrachromosomal DNA. We report here that continuously passaged 

GM637 and XP12RO~V cells and cells of different passage numbers and subclories (Fig. 

2-3b) all contain an average of approximately 10 000 extrachromosomal SV40 genomes, 

arguing for the relative stability of these variants in SV 40-transformed human cells. Despite 

the presence of extrachromosomal SV 40 DNAs, the integrated viral DNA seems stable in 

GM637 cells, neither excising, nor reintegrating into other parts of the human genome 

(Kuchterlapati (1978)) since only homogeneous GMSV40 and XPSV40 genomes are de

tectable in the Hirt supernatant of these cell lines (Fig. 2-3). Analogous studies in rat cells 

(Botchan et al. (1978)) support the notion that integration of SV40 into the genome is ran

dom and stable. Some researchers propose that a cell which harbors SV 40 genomes is im

mune to superinfection with SV40 virions (Dubbs and Kit (1971)). Thus, reinfection may 

not occur in GM637 and XP12ROSV cell lines despite the observed formation of GMSV 40 

virions. In addition, SV 40 infection studies in human fibroblast cells indicate that the re

duced virus yield in human fibroblast cells is due to a step before uncoating of the virions 

(Ozer at al. 1981). Semipermissive human cells like GM637 and XP12ROSV, may thus be 

very inefficient in supporting virus propagation. 
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The SV 40 genome copy number in the inducing subpopulation of cells reaches levels 

characteristic for SV 40 replication shortly after infection of permissive cells (Roman and 

Dulbecco (1975) and Manteneuil et al. (1973)), but as seen in (Fig. 2-1 a) these cells can 

still replicate and divide. This distinguishes the inducing GM637 cell from an infected per

missive cell in a lytic replication response. The burden of the additional extrachromosomal 

SV 40 genomes to be replicated is negligible in light of the variation in host chromosome 

number in different GM637 cells within the population. Both variant SV 40 genomes are 

replication competent and produce late functions in human host cells, which resembles the 

normally lethal permissive response. 

We propose that the deletion and point mutation in the A gene may cripple GMSV40 

and XPSV 40 such that they circumvent destruction of their human host cell through a lytic 

response. Despite the reduced virus yield upon SV 40 infection of human fibroblasts, when 

compared to permissive infections, human cells eventually .succumb to the virus. Presum

ably slower virus accumulation leads to delayed crisis and cell death. Only in the event of a 

mutated replication function of the virus may human fibroblasts become stably transformed 

(Neufield et al. (1987)). Thus, selection pressure would exist to preserve the mutations in 

the A gene of GMSV40 and XPSV40. This notion is supported by the stability of the A 

gene mutation in both variants, despite the previously reported fluidity of other regions in 

the SV40 genome when passaged in newly infected human cells. 

The density replication experiments (Fig. 2-12) show that both GMSV40 and XPSV40 

replication kinetics are characterized by a strong heavy-light SV40 signal, distinct from ei

ther lytic SV40 replication or random plasmid replication. The onset of SV40 replication is 

slightly faster than the onset of human genomic replication (Fig. 2-12a). This argues 

against a tight control of GMSV 40 and XPSV 40 replication by the host cell. The replication 

kinetics in GM637 and XP12ROSV cells are most consistent with the spontaneous 

induction of SV40 replication from low levels of extrachromosomal SV40 genomes in a 

subpopulation of cells, combined with an impaired replication function of the virus. 
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GMSV 40 and XPSV 40 thus may have a crippled replication capacity which enables them 

to survive in potentially permissive hosts. 
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Chapter III 

Transient replication studies to determine the host range of GMSV40 and 

XPSV 40 and to define the mutation responsible for the phenotype. 
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Introduction 

Simian virus 40 infects permissive African green monkey cells, that support viral run

away replication, virion formation and reinfection. Thus the virus can productively replicate 

and reinfect uninfected cells which eventually leads to cell lysis and death (Tooze, J., ed. 

(1982)). Infection of nonpermissive rodent cells leads to the stable integration of the viral 

DNA into the host genome and transformation mediated by continuous expression of SV 40 

T antigen. Excision and replication of the integrated viral DNA can only be mediated by· 

permissive cell factors supplied in trans through cell fusion experiments between permis

sive and nonpermissive cells (Knowles, et al. (1968)). Human cell are semipermissive for 

SV 40 replication. Shortly after infection human cells support a permissive response, char

ac!erized by efficient SV 40 replication, '1rlon formation and cell lysis. A subpopulation of 

cells integrates the viral genomes and becomes transiently transformed. After prolonged 

passaging in culture transiently transformed human cells senesce, only a small percentage 

of human cells survive and persist as stably transformed human cell lines (Girardi and 

Jensen (1966)). The integrated SV40 genomes in these stably transformed human cells are 

mutated such that they do not support SV 40 origin specific replication, which is a 

prerequisite for excision (Botchan et al. (1980)). 

replication of the integrated sequences will occur when the host chromosome replicates. 

Mutations can be found in either the T antigen protein or the origin of replication, the two 

viral components needed for SV 40 replication in the presence of permissive host cell fac

tors (Conrad et al. 1982). 

GM637 and XP12ROSV cells are both stable SV 40 transformed human cell lines. 

Unlike other SV40 transformed stable cell lines, both carry large amounts of replicating 

extrachromosomal SV 40 genomes. These extrachromosomal genomes were isolated and 

named GMSV40 and XPSV40 for the cell lines from which they were isolated. 
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Since both SV 40 genomes were maintained stably in human cells, despite the selection 

pressure against stable transformants carrying replication competent SV 40 genomes, we 

decided to further study the replication phenotype of these SV 40 genomes. Transient repli

cation assays to compare replication of the cloned GMSV 40, XPSV 40 and wildtype SV 40 

DNAs were performed in permissive, nonpermissive and various semipermissive human 

cell lines. Marker rescue experiments and cotransfections mapped the GMSV 40/XPSV 40 

phenotype to the first exon of the large T antigen. The GMSV 40/XPSV 40 phenotype is a 

defective trans activation function of host cell factors, that results in deficient replication 

and lysis in permissive monkey cells and that alters replication kinetics in some semiper

missive human cells. 
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Materials and Methods 

Cell lines. 

CV 1-P, COS 7, H 293 and HeLa cells were obtained from the Cold Spring Harbor 

Cell Culture Facility. CV 1 cells are African green monkey kidney cells that are permissive 

for SV40 replication and are commonly used to propagate wildtype SV40 virus. Wildtype 

SV40 virus refers to strain 776. COS 7 cells are SV40 transformed CV 1 cells that contain 

replication defective SV40 genomes, but constitutively produce large amounts ofT antigen 

(Gluzman Y. (1981)). Human 293 (H 293) cells are human embryonic kidney cells trans

formed by transfection with Adenovirus 5 fragments (Graham et al. (1977)). H 293 cells 

express the early adenovirus transforming genes E1A and E1B. HeLa cells are cervical 

carcinoma cells that express the human papillomavirus HPV 18 transforming proteins E6 

and E7 (Seedorf et al. (1987)). GM037 cells passage 15 were obtained from the Human 

Genetic Mutant Cell Repository NIGMS. GM037 cells are untransformed human fibroblast 

cells. 

All cell were passaged in DME supplemented with 10% fetal calf serum. GM037 cells 

were grown in 20 % fetal calf serum. 

Plasmids and constructs 

pwtSV40, pGMSV40 and pXPSV40 are subclones of wildtype SV40, GMSV40 and 

XPSV40 cloned into pUC 19 at the Bam HI site (Chapter II). pJYM was a gift from 

Michael Botchan and is wildtype SV 40 cloned into pBR322 at the Bam H1 sites (Lusky 

and Botchan (1981)). 

pW2-t/cDNA was a gift from Ilan Bikel and David Livingston. It is described in 

Loeken et al. (1988) as pSV-t/cDNA. The plasmid encodes SV40 small t Antigen exclu

sively in addition to the promoter/ enhancer control region. 
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pEl contains 0-15% of the adenovirus genome and is described elsewhere (White and 

Stillman (1987)). It expresses the ElA and ElB gene products and was used in cotransfec

tion experiments. Chapter IV discusses the Adenovirus early region in more detail. 

The subclones pA, pB, pC and pD were derived from pGMSV 40 and pJYM by sub

stituting fragments of each others genomes. These constructs were used for Marker rescue 

experiments. DNA digests, purification and ligation reactions followed standard protocols 

(Chapter II). 

Transjections 

For DNA transfections we used the calcium phosphate coprecipitation method devel

oped by Graham and Van der Eb (1973) with modifications suggested by Weber et al. 

(1984). In general 60 mm dishes seeded one day prior to transfection of 80% confluent 

cells were transfected with 2jlg of SV40 DNA (corrected for the amount of plasmid DNA 

in the recombinants used). Plasmid DNA was digested to release and linearize the SV40 

insert prior to transfection. In cotransfection experiments 2 jlg each of the DNAs of interest 

was used. Sheared calf thymus DNA was added to 10 jlg total. The DNA precipitate was 

exposed to the cells for 10 hours. The cells were then shocked with 15% glyceroVDME for 

1 to 3 min depending upon the cell line used, rinsed with phosphate buffered saline solu

tion and incubated with fresh medium. 12 hours post the shock, the cells were split if nec

essary. The first timepoint is calculated from the time elapsed since the glycerol shock. 

Extrachromosomal DNA was isolated from the Hirt supernatant (Hirt (1967)) and 

purified by RNAse and proteinase digests and repeated phenol extractions following stan

dard procedures. 1/4 of the DNA was digested overnight with Mbo I (New England Bio

labs) and analyzed by Southern analysis of 1 % agarose gels using nick-translated 32P-la

belled SV40 DNA as a probe. 
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Plaque assay 

Plaque assays were performed as described in (Mahy, B. ed. (1985)) with the follow-

ing modifications. Medium from transfected cells at the time of harvest of the DNA was 

collected. Undiluted and 100 fold diluted medium was freeze-thawed 5 times to release 

virions and applied onto uninfected CV 1 cells. Infections were incubated for 2 hours at 

370C with occasional agitation. Thereafter cells were washed and fed with an agar overlay 

(1 x DME, 4% FCS, 0.9% Bactoagar). After 6 days a second overlay was added. At the 

point of plaque appearance, in general 8 days post-infection 0.001% Neutral Red (Sigma) 

in the agar overlay was added to stain living cells. Plaques were counted and allowed to 

expand until lysis of the monolayer. Media-only mock infections and mutant infections that 

contained no plaques were grown for 2 weeks, to verify that no plaques appeared due to 

possible slower virion formation rates. 
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Results 

Replication ofGMSV40 andXPSV40 in permissive monkey cells. 

African green monkey cells (CV 1) are permissive for SV40 replication. When wild

. type SV40 infects or wildtype SV40 DNA is transfected into CV 1 cells, the cells allow for 

lytic runaway SV 40 replication, followed by late gene expression and virion formation 

which leads to cell death and lysis. 

Mutants of SV 40 exist that have lost the capacity to replicate in CV 1 cells. These mu

tants integrate into the host genome and transform the host cell. These mutants invariably 

carry a mutation in either the origin of replication or the large tumor antigen of SV 40 

(Manos and Gluzman (1985)). 

In a transfection assay the replication phenotype of GMSV 40 and XPSV 40 were com

pared with wildtype SV40 in CV 1 cells. Prior to transfection the recombinants pGMSV40, 

pXPSV40 and pwtSV40 were digested with Bam H1 to excise the SV40 genomes from the 

plasmid. 2 IJ.g of linearized SV40 DNA per 60 mm plate was transfected via calcium 

phosphate coprecipitation onto CV 1 cells (Materials and Methods). The first timepoints 

were taken 24 hours post glycerol shock, which is when most of the precipitate should be 

taken up by the cells. Input DNA is visible as a form III linear SV40 band of 5243 bp 

(4920 bp for GMSV40 and 4938 bp for XPSV40) (Fig. 3-1). To distinguish between input 

unreplicated and replicated DNA, the isolated DNA was digested with the methylation-sen

sitive restriction enzyme Mbo I (Materials and Methods). Since the plasmid DNA was 

grown in a dam+ E. Coli strain which methylates replicated DNA at the A residue of the 

Mbo I recognition sequence, it is resistant to cleavage by Mbo I. Transfected DNA that has 

replicated in the eukaryotic host has a different methylation pattern, which renders the 
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replicated DNA sensitive to cleavage by Mbo I. This allows us to distinguish input from 

replicated SV40 genomes. An additional convenient feature of Mbo I is that two of it's 

cleavage sites that reside in wildtype SV 40 that are deleted in GMSV 40 and XPSV 40. 

These Mbo I sites are at nt 4770 and 4710, while the deletion extends from nt 4643 to 

4966. Wildtype SV40 will have eight Mbo I fragments (1347, 1264, 945, 610, 396, 384, 

237 and 60 bp). In GMSV40 and XPSV40 the fragments 1347, 610 and 60 become fused 

due to the loss of the two sites and generate a 2017 bp fragment. Thus by the Mbo I diges

tion pattern of replicated DNA, we can not only determine whether the DNA has replicated, 

but also whether it is mutant or wildtype SV 40. In addition, XPSV 40 can be distinguished 

from GMSV 40 because XPSV 40 carries a unique mutation which deletes the Mbo I site at 

nt 2771. The 945 nt and 237 nt fragments of GMSV 40 and wildtype SV 40 become fused 

to a 1182 nt fragment characteristic for XPSV40. The Mbo I pattern of all three SV40 

genomes wtSV 40, GMSV 40 and XPSV 40 varies such that they can easily be distinguished 

from each other in transient replication assays. 

Wildtype SV 40 starts to replicate between 12 and 24 hrs post transfection. Between 36 

and 48 hrs virions are produced, which will cause infection and replication in an additional 

fraction of the previously uninfected host cells. Such bursts of replication and lysis appear 

after 72 hours and eventually lead to cell lysis and destruction of the cell monolayer by 210 

hours post-transfection (Fig. 3-13). Replication is monitored by the appearance of Mbo I 

restriction fragments on Southern blots that are probed with nick-translated SV 40 DNA 

(Fig. 3-1 ). The formation of SV 40 virions was tested throughout the transient replication 

timecourse by the addition of aliquots of the media from the transfected dishes onto unin

fected CV 1 cells and by monitoring for lysis. 

Replicating wildtype SV40 DNA is characterized by the lower molecular weight bands 

generated through Mbo I digestion. The input unreplicated SV 40 DNA is visible as an 

undigested high molecular weight band of unit length SV 40 in the 24 hour timepoint. The 

two autoradiographs in the left side of Figure 3-1 show a wildtype SV 40 and GMSV 40 
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Fig. 3-1 

GMSV40 and wildtype SV40 transfection into CV 1 cells. 21J.g each of GMSV40 and 

wildtype SV40 form III were transfected into CV 1 cells. The DNA isolated from the Hirt 

supernatants was digested with Mbo I. The DNA was analyzed by gel electrophoresis on 1 

% agarose gels, and Southern blot hybridization to labelled SV 40 DNA. The gels on the 

right represent a shorter transient replication assay. The input Mbo I insensitive form m 
SV 40 DNA is visible in the lanes as 5243 bp band in the wildtype transfection and 4920 in 

the GMSV40 transfection. Replicated SV40 DNA is cleaved by Mbo I. The gels on the left 

are a longer replication timecourse to the point of lysis in the wildtype SV 40 transfection, 

while the single lane to the right is a three week timepoint of the GMSV 40 transfection. The. 

graph below the autoradiogram depicts densitometry tracings to roughly quantitate the 

difference between wildtype and GMSV 40 replication rates. Both axis are drawn not to 

scale to accommodate the timeframe. 
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transfection. Both transient replication assays were run and processed side by side thus 

signal intensities are comparable. The signal intensities of the input form III SV 40, which 

is Mba I insensitive, is similar in both wild type and GMSV 40 genomes indicating that 

similar amounts of DNA were transfected into the cells. The left gels are a longer time

course, where timepoints were taken until the CV 1 cells lysed (217 hours). The signal in 

the 169 hour timepoint is stronger than in the 217 hour timepoint because some of the DNA 

is not harvested with the Hirt procedure, because it was packaged into virions. GMSV 40 

transfections showed no lysis and maintained extrachromosomal GMSV40 genomes in the 

CV 1 cells even after 3 weeks post-transfection. 

Unlike wildtype SV 40 replication, there is no increase in the amount of Mba I sensitive 

replicated GMSV40 DNA after 72 hours. GMSV40 replication starts at similar times as 

wild type replication, but never reaches wild type levels. The graph (Fig. 3-1) compares 

replication rates of wtSV 40 and GMSV 40. Figure 3-13 carries this analysis further, in that 

it monitors replication of GMSV 40 and wild type SV 40 at earlier times. This transfection 

shows that at 12 hours post transfection there is no SV40 replication in either wildtype or 

GMSV 40-transfected CV 1 cells. At 24 and 36 hours, which is pre-virion formation, both 

wild type and GMSV 40 begin to replicate, but replication in GMSV 40 is at much lower 

levels than wildtype, despite equal amounts of input DNA. These early timepoints are cru

cial because they exclude superimposed replication due to virion formation and reinfection 

of adjacent cells. We could not detect virions in the 36 hour wildtype timepoints of the 

transfection experiment. Only in the media of the 48 hour wildtype timepoint did we find 

virions as assayed by transferring medium onto uninfected CV 1 cells. The difference in 

signal intensities between GMSV 40 and wild type SV 40 before the 48 hour timepoint is 

thus solely due to different initial rates of replication. 

The graph in Figure 3-1 shows that there is a 20-fold difference in rates of replication 

between GMSV40, and wildtype SV40 in CV 1 cells as judged by densitometry tracing of 
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Fig. 3-2 

Morphology of CV 1 and CVGM cells. The upper photo shows CV 1 cells that were 

used in the transfection with GMSV 40 that gave rise to CVGM. CVGM cells are shown on 

the bottom photo 6 months after the transfection and continuous passaging thereafter. 
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the autoradiographs. Similar results were obtained with XPSV 40 transfections (data not 

shown). 

The GMSV40-transfected CV 1 cells never lysed. The lane at the right (Fig. 3-1) rep

resents a timepoint taken 3 weeks post transfection. The Mbo I banding patterns shows that 

the DNA is GMSV40. Despite the high copy number of GMSV40 genomes there was no 

lysis observable in the CV 1 cells. Figure 3-13 shows another transfection, where a time

point was taken after 10 weeks (lane labelled CVGM) contained no lysing cells. After 2 1/2 

months of continuous passaging the GMSV 40-transfected cells start to go through crisis. 

Crisis is characterized by cell death accompanied by the formation of dense colonies of 

transformed cells, which survive crisis (Girardi et al. 1965) and Mayne et al. (1986)). The 

general morphology of GMSV40 carrying CV 1 cells changed (Fig. 3-2). We have not 

subcloned CVGM cells, but have continuously passaged these GMSV 40 transfected CV 1 

cells for greater then 6 months. Contact inhibited and multinucleated cells are visible when 

compared to CV 1 cells (Fig. 3-2). The important observation however is, that both 

GMSV 40 and XPSV 40 can persist in permissive CV 1 cells without inducing detectable 

lysis, despite the fact that both SV 40 genomes can replicate and express T antigen, but not 

VP1 in most of the nuclei of CVGM and CVXP cells (data not shown). 

Transfections of GMSV 40 and XPSV 40 into COS 7 cells established whether the 

deficient replication and lysis phenotypes observed in CV 1 cells can be rescued by wild

type T antigen provided in trans from the integrated SV 40 genomes in COS 7. The trans

fection protocol was similar to the one used for the CV 1 cell transfection in that 2 jlg of 

linearized wildtype and GMSV40, XPSV40 and wildtype SV40 genomes per 60 mm dish 

were transfected onto COS 7 cells. Input DNA is visible as Mbo I insensitive form III 

SV40 DNA of 5243 bp for the wildtype SV40, 4920 bp for GMSV40 (Fig. 3-3) and 4938 

bp for XPSV40 (data not shown). Wildtype SV40 replication started at 24 hours and led to 
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Fig. 3-3 

GMSV 40, wildtype SV 40 transfection into COS 7 cells. Rates of replication of 

GMSV 40 are at wildtype levels, since the amount of Mbo I sensitive signal in the 

GMSV40 transfection is equal to or higher than in the wildtype SV40 transfection. The 

Mbo I pattern of GMSV40 still shows the 2017 bp band, indicating that despite the 

potential of recombination with the integrated SV 40 sequences in COS 7, the bulk of the 

GMSV40 DNA still carries the deletion. 
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lysis after 200 hours of incubation. GMSV 40 and XPSV 40 characterized by their distinct 

Mbo I restriction pattern replicated at wildtype efficiencies and lysed at the same time the 

wildtype-transfected cells lysed. The COS 7 transfection shows that the mutant replication 

and lysis phenotype of GMSV 40 and XPSV 40 observed in CV 1 cells can be rescued in 

COS 7 cells by the wild type T antigen provided in trans. This indicates that the lesion in 

GMSV 40 and XPSV 40 resides either in the T antigen protein itself or in altered T antigen 

levels, which could be caused by a mutation in the promoter-enhancer region. 

Replication ofGMSV40 and XPSV40 in semipermissive human cells. 

GMSV40 and XPSV40 were originally isolated from SV40 transformed semipermis

sive human cells. Transient replicatio:::1 assays in human cells may help to elucidate the rea

son for the survival of these SV 40 variants in human cells, which tend to select for replica

tion incompetent SV40 genomes (Gish and Botchan (1987)). 

H 293 cells, are adenovirus transformed human epithelial kidney cells. H 293 cells 

support high levels of SV40 replication especially at low levels ofT antigen (Lewis and 

Manley (1985) and Lebowski et al. (1985)). In the previous transfection (Fig. 3-3) we had 

shown that the mutant phenotype of GMSV40 and XPSV40 observed in CV 1 cells (Fig. 

3-1) could be rescued in COS 7 cells. A human cell line that was not to stringent in it's T 

antigen requirement for SV 40 replication seemed appropriate to test the replication capacity 

of GMSV40 and XPSV40 in human cells. The same transfection protocol as for the mon

key cell transient replication assays was used for the human cells (Fig. 3-4). In agreement 

with previous reports we observe a very strong Mbo I sensitive SV 40 signal in the wild

type S V 40 templates at 48 hours. Unlike in permissive monkey cells, the signal does not 

increase, which may be due to the inability of H 293 cells to support SV 40 reinfection cy

cles. Both GMSV40 and XPSV40 replicate at wildtype efficiencies, as indicated by the 

mutant specific Mbo I fragments of 2017 bp in GMSV40 and 2035 bp in XPSV40 

(XPSV40 carries a duplication of 18 bp in the second exon of the A gene). In 
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Fig. 3-4 

GMSV40, XPSV40 and wildtype SV40 replication in H 293 cells. The XPSV40 DNA 

was not run on the same gel as wildtype and GMSV40 DNAs, causing a difference in 

migration of fragments of identical size and also different relative signal intensities. 
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addition XPSV40 has a deletion of an Mbo I site at 2771 bp. The 945 bp and 237 bp wild

type fragments become fused to a 1182 bp fragment visible as a doublet next to the 1264 nt 

fragment. Rearrangements of the SV 40 genomes seem more common in H 293 cells, as 

both wildtype and mutant SV 40 genomes show new minor Mbo I fragments at later time

points. Time points were taken up to 5 weeks post transfection at which time both mutant 

and wildtype SV40 genomes were still present in the cells at equal but low levels (data not 

shown). 

HeLa cells are a cervical carcinoma cell line, that carries the transforming proteins of 

human papillomavirus HPV 18. HeLa cells were reported to be very inefficient in support

ing SV40 transient replication (Lebowski et al. (1985)). A transfection with GMSV40, 

XPSV40 and wildtype SV40 was done to compare replication rates in that cell line. At 24 

hours there is no replicated SV40 DNA present in the wildtype transfection (Fig.3-5). 

GMSV 40 and XPSV 40 on the other hand have replicated, indicated by the Mbo I frag

ments appearing in the 24 hour timepoint. Mbo I banding patterns are characteristic for the 

mutant genomes that contain a deletion which fuses three wildtype fragments to a new band 

of 2017 bp in GMSV 40 and 2035 in XPSV 40 due to 18 bp duplication in XPSV 40 but not 

GMSV40. XPSV40 in addition carries a deletion of aMbo I site at 2771, which fuses 

fragments 945 and 237 to a new band of 1182 bp visible as a doublet with the 1264 band. 

At 72 and 120 hours post transfection the wildtype signal is stronger than the GMSV40 and 

XPSV 40 signals. This shows that while GMSV 40 and XPSV 40 may be more efficient in 

replication immediately after transfection, while wildtype SV40 although slower initially, 

overtakes GMSV 40 and XPSV 40 replication at later timepoints. The replication kinetics 

observed seem to follow more than one condition for SV 40 replication in the host cell: an 

early state, at which GMSV40 and XPSV40 replication is more efficient and a later state at 

which the wildtype SV40 can replicate more efficiently. Similar replication kinetics have 

been observed in repetitions of this experiment (Fig. 3-10). 
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Fig. 3-5 

GMSV 40, XPSV 40 and wild type SV 40 transfection into HeLa cells. All three input 

form III SV 40 genomes replicate and become Mba I sensitive. The band above the input 

form III DNA represents uncut plasmid DNA, presumably due to incomplete Bam HI 

digestion designed to release the SV40 genomes from the plasmid. This figure shows that 

replication of GMSV 40 and XPSV 40 is at wildtype levels early in the transient replication 

assay, but is less efficient than wildtype at later times. 
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GM037 cells are the untransformed parent cell line of GM637 cells, which is the cell 

line from which GMSV 40 was isolated. To test the notion that GMSV 40 may have adapted 

to replicate better in human fibroblast cell lines, GM037 cells were transfected with wild

type SV40, GMSV40 and XPSV40 at passage 19. No replicated SV40 DNA was observ

able in any of the SV 40 transfections (Fig. 3-6), while a HeLa transfection done side by 

side showed efficient replication off all the SV40 genomes. One week post-transfection a 

fraction of the GM037 cells started to lyse, with sporadic colonies of apparently healthy 

cells forming foci, a response that is known as crisis (Girardi et al. (1965)). Three weeks 

post-transfection most of the cells had died, except for individual foci of transformed cells. 

Figure 3-7 a. shows the untransformed GM037 fibroblast cells, characterized by the or

dered fiber-like growth. Figure 3-7b. and 3-7c. depict developing foci among dying cells. 

The foci where picked and seeded (Fig. 3-7d.). The cells appeared to be transformed, 

characterized by rounder cells and a more disordered growth. We were unable to maintain 

these cells due to repeated crisis events and contamination. The low frequency of foci for

mation, 1 to 5 per 2 J.Lg of DNA and the repeated crisis cycles decrease the possibility of 

establishing new stable SV40 transformed human cell lines has been observed earlier 

(Mayne et al. (1986)). It seems that additional low frequency events may be needed to con

vert transiently transformed human cell lines to stably transformed cell lines (Chapter II). 

While this experiment is to limited to make any quantitative comparisons between 

GMSV40, XPSV40 and wildtype SV40 transformation capacities, we may still conclude 

that GMSV 40 and XPSV 40 can transform human cells. The transient replication assay 

shows, that there is no advantage of GMSV 40 over wildtype SV 40 in replication in un

transformed human fibroblast cells. 

• 
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Fig. 3-6 

Transfection of untransformed primary human fibroblasts cells with GMSV 40, 

XPSV 40 and wild type SV 40. 

GM037 cells were transfected at passage number 19 with 2 ~g/ 60 mm dish of Bam HI 

digested pGMSV 40 , pXPSV 40 and pwtSV 40. The digest to release the SV 40 insert from 

the plasmid was incomplete. Both supercoiled plasmid DNA and form III SV 40 insert 

DNA are visible as Mbo I insensitive input DNA in all time points. A HeLa transfection 

was done side by side as a control. No replication is observed with any of the SV 40 

genomes in the GM037 cells while efficient rates of replication are observable in HeLa 

cells. After prolonged incubation of the GM037 transfections sporadic foci of faster 

growing cells appeared, while the majority of the cells started to senesce. The number of 

foci obtained per 2 ~g of transfected SV 40 DNA is given in the table. 
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Fig. 3-7 

GM037 cell transformation by GMSV 40. Figure 25 a. shows untransformed GM037 

fibroblasts at passage 18. Mter transfection with the SV40 genomes, the cells from the 

GM037 transient replication assay were passaged to passage numbers greater than 30, 

when the cells started to senesce, while isolated foci of faster growing cells appeared in the 

monolayer (b.). Senescence was accompanied by increasing cell death and eventually only 

colonies of the fastest growing cell remains in the dishes (c.). Those foci from transiently 

transformed cells were picked and expanded. The morphology of the cells was different 

from primary GM037 cells (a.) exhibiting a more disordered growth and a rounder cell 

shape characteristic for transformed cells (d) . Continued cell death occurred in the 

transiently transformed cells, which prevented the establishment of a stably transformed 

GM037 cell line. 
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Transient replication assay in nonpermissive rodent cells. 

Mouse L cells (gift of M. Botchan) were transfected with GMSV 40, XPSV 40 and 

wildtype SV40 and BPVlOO (gift of Lauren Thorner). No replication was observed with 

any of the SV 40 genomes, whereas BPV replication was observed at later timepoints (data 

not shown). This shows that the GMSV 40 mutant is not a host range phenotype that en

ables replication in nonpermissive mouse cells. 

Marker rescue experiments to map the mutation that causes the phenotype in CV 1 and 

HeLa cells. 

The COS 7 cell transfection has shown that the GMSV 40 lysis and replication pheno

types mapped to the T antigen protein itself or T antigen protein levels (Fig. 3-3). 

Marker rescue of deletions and temperature sensitive SV 40 mutants with fragments of 

wildtype viral DNA have helped to map the mutations to defined fragments of SV 40 DNA 

(Lai and Nathans (1976)). Instead of a recombination event to happen in the cells that res

cues the mutant phenotype we constructed mutant-wildtype chimeras and assayed for the 

wildtype phenotype in transient replication assays. By analogy the GMSV40 phenotype 

should be assignable to one particular fragment of SV 40 by exchanging GMSV 40 se

quences with wildtype SV40 sequences. For the exchange of GMSV40 with wildtype 

SV40 fragments, we chose pGMSV40 and pJYM, because the vector backbone in 

pGMSV40 is pUC while in pJYM it is pBR322 (Lusky and Botchan (1981)). The size dif

ference between the two plasmid backbones enables the identification of subclones which 

have wildtype fragments of identical size as the mutant inserted into the mutant genome, 

that would otherwise be indistinguishable from the mutant genome and vice versa. To ana

lyze the subclones we used the restriction enzyme Pvu_ II because rearrangements in the 

promoter enhancer region of GMSV 40 created a new Pvu II site at nt 158 (first observed 

by Ann Orme and Hisao Yokota) and the deletion of 323 bp in the A gene alters migration 

of one of the wildtype Pvu II fragments of wildtype. 
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Fig. 3-8 

Construction of the marker rescue subclones from pGMSV 40 and pJYM. 

Both plasmids were digested with Pflm I and the two backbone vector fragments isolated 

together with the 4558 bp to 1007 bp Pflm I fragment from low melt agarose. The Pflm I 

fragment of pGMSV40 was than inserted into the pJYM vector backbone (pC subclone) 

and the wildtype pJYM Pflm I fragment inserted into the pGMSV40 backbone (pD 

subclone) by mixing and ligation in the low melt agarose. pC and pD were distinguishable 

from their parent plasmid backbone by Pvu II digests, since the vector in pGMSV 40 is 

pUC, whereas the pJYM vector is pBR322, while the Pflm I inserts differ because of the 

deletion in the A gene and the creation of a new Pvu II site in the promoter/enhancer region 

ofGMSV40. 

The pC and pJYM were digested with Pflm I and the isolated Pflm I fragments 

digested with Hind III. pA was constructed by ligating the pJYM backbone fragment with 

the 4558 to 5172 bp Pflm I/Hind III fragment ofpC and the 5172 to 1007 bp Hind III/Pflm 

I fragment of pJYM. pB was constructed in a similar manner, only that the source of the 

Pflm I/Hind III fragment was pJYM, while the Hind lll/Pflm I fragment came from pC. 

Pvu II digestion was used to confirm the identity of the fragments. 

The GMSV40 sequences in the figure are represented as thick lines, while wildtype 

sequences are represented by thinner lines. Numbering is with respect to the SV 40 

genome. The Bam HI sites at which wildtype and GMSV40 were cloned into pUC 

(PGMSV40) and pBR322 (pwtSV40) are indicated. 
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The initial set of subclones exchanged the first exon of the A gene and the promoter

enhancer region of GMSV 40 and wild type SV 40, as the COS 7 result suggested that the 

mutant phenotype resides in that region of GMSV 40. The enzyme Pflm I cuts SV 40 twice, 

at nt 4558, Gust downstream of the intron in the A gene) and at nt 1007, (which is on the 

late side of the promoter enhancer region). Construct pC contains the Pflm I fragment of 

pGMSV 40 containing the first exon of the GMSV 40 T antigen and the promoter-enhancer 

ligated to pJYI and construct pD contains the Pflm 1 fragment of pJYI containing wild type 

first exon and promoter-enhancer ligated into pGMSV 40 (Fig. 3-8). Since Pvu II digests 

can distinguish between the wildtype and GMSV 40 Pflm 1 insert and since the backbone 

size (i.e. pUC versus pBR322) is different we were able to confirm the identity of pD ver

sus pJYM and pC versus pGMSV 40. 

Transient replication assays in CV 1 cells and HeLa cells showed that in agreement 

with the COS 7 cell result the mutant phenotype maps to the GMSV 40 Pflm 1 fragment 

(Fig. 3-9 and 3-10). This result eliminates the possibility that mutations in GMSV40 out

side the A gene and promoter-enhancer region such contribute to the GMSV40 phenotype. 

The second set of constructs was designed to separate the T antigen coding region 

from the T antigen promoter region in pC, to which the mutant phenotype had mapped. The 

Pflm 1 fragment of pC was digested with Hind III, which cuts just upstream of the first 

A TG of the T antigen gene at nt 5172. A three step cloning event involving the pJYM 

backbone with Pflm I ends, and the two Pflm 1/Hind III fragments of either pJYM or pC 

gave rise to the recombinants pA and pB. pA contains nt 5172 to 4558 of GMSV40 in

serted into pJYM, while pB contains nt 5172 to the origin at nt 5243 and nt 1 to 1007 in the 

late region of GMSV40 inserted into pJYM. Pvu II digests distinguished pA and pB from 

pC andpJYM. 

In both the CV 1 and HeLa cell transfections 2 ~g of the SV40 insert (form III) from 

pA, pB, pC, pD, pGMSV40, pXPSV40, pwtSV40 and pJYM per subconfluent 60 mm 
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dish of either CV 1 or HeLa cells, was transfected and timepoints were taken as described. 

The CV 1 cell transfection showed strong SV 40 replication in the cells transfected with 

pwtSV40, pJYM, pD and pB. pwtSV40 and pJYM both contain SV40 wildtype insert that 

was cut out of the plasmid backbone prior to transfection. The replication of both wild type 

SV 40 genomes served as a standard to show that there was little variation in transfection 

efficiencies, since the replication response of both wildtype genomes was basically identical 

(Fig. 3-9). Construct pD which contains the wildtype Pflm I fragment inserted into 

pGMSV 40 replicated like the wild type genomes. Construct pB that contains only the A 

gene portion of the Pflm I fragment replicated like the wildtype genomes and pD. 

pGMSV 40 and pXPSV 40 replicated at low levels, which remained constant at later 

points throughout the timecourse (Fig. 3-9). Replication can only be seen at overexposures 

of the autoradiogram shown in Fig. 3-9, (not shown here). pC, which contains the 

GMSV 40 Pflm I fragment inserted into pJYM, exhibits the replication deficient phenotype 

of GMSV 40. pA contains only first exon of the A gene of the GMSV 40 Pflm I fragment 

also was deficient in replication. pA showed the GMSV 40 phenotype in CV 1 cells, while 

pB replicated like wild type. This shows that the GMSV 40 replication phenotype in CV 1 

cells maps between nt 4558 to nt 5172 of GMSV 40. 

The eight SV 40 genomes used in the CV 1 transfection were used in a HeLa cell tran

sient replication assay in parallel. We had observed in previous replication experiments in 

HeLa cells that initially GMSV 40 initially replicated with better than wildtype efficiencies, 

whereas in later timepoints replicated wildtype SV 40 accumulates to much higher levels 

(Fig.3-5). 

pGMSV 40, pA and pC replicated at wild type efficiencies in the early timepoints in 

HeLa cells (Fig. 3-10), whereas the replication signal obtained from pwtSV40, pJYM, pB 

and pD was many-fold stronger at later times than the signal from the GMSV 40 A gene

containing genomes. This shows that the altered replication phenotype observed in HeLa 

cells maps to nt 4558 to nt 5172, of GMSV40 as in CV 1 cells. 
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Fig. 3-9 

Transient replication assay of the Marker rescue subclones in CV 1 cells. pA, pB, pC, 

pD, pGMSV 40, pXPSV 40, pJYM and pwtSV 40 were digested with Bam m to release the 

SV 40 insert and transfected by calcium phosphate coprecipitation into CV 1 cells. 2 J..Lg of 

SV40 genomes per 60 mm dish of A, C, GMSV40 and XPSV40 resulted in very low 

levels of replication detectable only at longer exposures of the autoradiogram. B, D, 

wtSV40 and pJYM replicated efficiently as indicated by the large amount ofMbo I sensitive 

SV 40 DNA at later timepoints. 
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GMSV 40 has both a deficient replication phenotype and a deficient lysis phenotype 

(Fig. 3-1) in CV 1 cells. The transient replication assays with the Marker rescue constructs 

in CV 1 and HeLa cells allowed mapping of the GMSV 40 replication phenotype to the first 

exon of the A gene. 

To map the lysis phenotype in a plaque assay (Table I), 2 ml of media from the 210 

hour timepoint of the CV 1 cell transfections (Fig. 3-9) of all eight SV 40 genomes was 

collected prior to harvest of the cells for the replication assay. The media aliquots were 

freeze-thawed to release the virus and applied to uninfected CV 1 cells, along with two 

media controls from uninfected CV 1 dishes. 1 ml of the CV 1 cell transfection with the 

SV 40 genomes from pGMSV 40, pXPSV 40, pA and pC was used undiluted for infection 

for 2 hours. A 100-fold dilution of the pwtSV40, pJYM, pB and pD transfections was 

used, since undiluted media from these samples gave plaque densities to large to be 

quantitated. After two hours of exposure to the media the CV 1 cells which were rinsed and 

fed with an agar overlay. Eight days post infection plaques appeared, in the monolayer of 

living cells stained with Neutral red. Ten days post infection the monolayer of CV 1 cells 

that had been exposed to the 100 fold dilution of pwtSV 40, pJYM, pB and pD media 

lysed. No plaques were observed in the pGMSV 40, pXPSV 40, pA and pC media infec

tions or the two media controls (Table 3-1) even after two weeks of incubation. The pro

moter-enhancer and the late region of GMSV 40 support wildtype levels of plaque forma

tion (11 400 plaques with pB versus no plaques with pA). This demonstrates that the de

fective lysis phenotype of GMSV40 maps to the GMSV40 region nt 4558-5172 in con

struct A, together with the deficient replication phenotype in CV 1 and HeLa cells. 
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Fig. 3-10 

Transient replication assay of the Marker rescue subclones in HeLa cells. pA, pB, pC, 

pD, pGMSV40, pXPSV40, pJYM and pwtSV40 were transfected in parallel to the CV 1 

transfection into HeLa cells. The input form ill DNA is visible as Mbo I insensitive high 

molecular weight band. Replicated Mbo I sensitive DNA appears in all transfections at 72 

hours post transfection. While the 72 hour signal is roughly equal for the different SV 40 

genomes, B, D, wtSV40 and pJYM show greater levels of replication at later timepoints 

than A, C, GMSV40 and XPSV40. The XPSV40 transfection shows an overall weaker 

signal, but an XPSV40 specific Mbo I pattern is visible in the 210 hour timepoint lane. 

While transfection efficiencies varied slightly for the different SV 40 genomes and the 

amount of DNA loaded in the 120 hour lanes was only half of the other timepoints due to 

loss of the DNA during Hirt isolation, the general GMSV 40 phenotype that has been 

observed in HeLa cell previously is still apparent. 
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Table 3-1 

Plaque assay of marker rescue constructs in CV 1 cells. In the case of pwtSV 40, 

pJYM, pB and pD constructs a 100-fold dilution of the media from the 120 hour timepoint 

of the transient replication assay was used to infect CV 1 cells. The number of plaques 

obtained was corrected for the 100-fold dilution. pGMSV40, pXPSV40, pA and pC media 

were used undiluted (1 ml/60 mm dish). No plaques were detectable for any of these 

DNAs. The two media controls contained media from uninfected CV 1 cells and were in 

parallel to the SV 40 constructs treated with the agar overlays and neutral red. 
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SV 40 constructs number of plaques/dish 

pA 0 

pB 11400 

pC 0 

pD 11000 

pGMSV40 0 

pXPSV40 0 

pWtSV40 12000 

pJYM 21000 

media control 0 
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Small t antigen complementation assay 

The Marker rescue experiment maps the phenotype of the lesion in GMSV 40 to the 

first exon. DNA sequencing shows that the mutation in GMSV40 is a deletion of 14 amino 

acids in the large T antigen and a deletion of all small t antigen-specific coding sequences 

(Fig. 2-6b ). The phenotype of GMSV 40 could thus be caused by either the large T antigen 

mutation or the small t antigen deletion or both in combination. If the absence of small T 

antigen is the cause of the GMSV 40 phenotype, the addition of small t antigen to cells car

rying GMSV 40 should rescue the wildtype phenotype from GMSV 40. 

The small t antigen expression plasmid pW2-t/cDNA lacks all large T antigen unique 

sequences. Only the small t antigen was expressed from the early promoter of this plasmid 

when it was transfected into cells (Loeken et al. (1988)). 

The Marker rescue construct pA, which contains the first exon of the A gene of 

GMSV40 inserted into pJYM, pGMSV40 and pwtSV40 were cotransfected with pW2-

t/cDNA into CV 1 cells. Time points of 24, 72, 120, 169 and 210 hours were taken to an

alyze the DNA for transient replication assays. A control transfection with 2 IJ.g of pW2-

t/cDNA plasmid alone, was done to monitor small t antigen expression throughout the 

timecourse. No replication was observed in the small t antigen only transfection (data not 

shown). At 24 hours post pW2-t/cDNA transfection, there were was no detectable t ex

pression as measured by immunofluorescence to PAB 108 (gift of E. Gurney, Gurney et 

al. (1986)), which is a T/t antigen antibody against the common N-terminus of the early 

proteins. After 72 hours increasing numbers of cell showed small t antigen expression, 

characterized by the cytoplasmic staining in addition to nuclear staining. Figure 3-11 b. 

shows the protein fluorescence in CV 1 cells on the right and CV 1 cells transfected with 

the small t plasmid on the left at 210 hours post transfection. Neither the SV40 pA nor 

pGMSV 40 replication were rescued by the cotransfection with the small t antigen vector 

(Fig. 3-11). 
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Fig. 3-11 

(A) Transient replication assay in CV 1 cells of a cotransfection of GMSV 40 with a 

small t antigen expression vector. 2 j.lg of pGMSV 40, pA and wild type SV 40 genomes 

were mixed with 2 j.lg of p W2-t/cDNA plasmid prior to formation of the calcium phosphate 

coprecipitate. Controls with not expression vector contained 2 j.lg of carrier DNA added 

instead. Cotransfection of the small t antigen expressing plasmid did not rescue deficient 

replication of pGMSV 40 and pA. No difference in replication rates was observed whether 

the wildtype SV40 genome was cotransfected with pW2-t/cDNA plasmid or not. Only one 

of the two wildtype transfections is shown here since they are basically identical. 

(B) The photo on the left shows CV 1 cells. The photo on the right shows CV 1 cells 

210 hours post transfection with pW2-t/cDNA. Small t antigen expression was monitored 

by protein fluorescence obtained with PAB 108. 
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Only in the wildtype SV 40 transfection Mbo I sensitive SV 40 bands were detectable. 

In a repetition of this experiment a wildtype SV 40 recombinant band appeared at 210 hours 

in the pA but not the pGMSV 40 small t antigen cotransfection. No Mbo I sensitive SV 40 

signal was observed prior to 210 hours. We believe that after 169 hours in that particular 

cotransfection a recombination between the pA SV40 genome and the pW2-t/cDNA 

occurred which repaired the deletion and gave rise to the wildtype SV40 Mbo I banding 

pattern observed in the 210 hour timepoint of that cotransfection. In general, recombination 

between the cotransfected SV40 genomes did not occur, despite the reported frequency of 

recombinations in calcium phosphate coprecipitation based transfections (Jasin et al. 

(1985)). 

The failure of small t antigen to complement the GMSV 40 mutant phenotype shows 

that the deficient replication and lysis phenotypes of GMSV 40 are caused solely by the 

deletion of amino acids 66 through 81 in the large T antigen. 

Cotransfection ofGMSV40 with a plasmid expressing Adenovirus EJA and EJB 

proteins. 

GMSV40 and XPSV40 show wildtype replication in H 293 cells, and mutant replica

tion phenotypes in HeLa and CV 1 cells (Fig.20, 22 and 23). H 293 cells express the ade

novirus ElA and ElB proteins (Graham et al. (1977)). The Adenovirus proteins may thus 

complement in trans a function deleted in the GMSV40 T antigen to restore wildtype levels 

of replication in H 293 cells. Cotransfection ofGMSV40 and wildtype SV40 genomes with 

pEl, a plasmid which expresses both ElA and E1B, did not rescue the GMSV40 replica

tion phenotype in CV 1 cells (Fig. 3-12). Expression of the adenovirus proteins was ob

served in the nucleus of the transfected CV 1 cells by immunofluorescence with a cocktail 

of anti-ElA antibodies m37, m58 and m73 (gift of Ed Harlow) (data not shown). The ade

novirus proteins were expressed in CV 1 cells but failed to complement the GMSV 40 
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Fig. 3-12 

Transient replication assay in CV 1 cells for cotransfection of GMSV 40 and wildtype 

SV40 genomes with pEl, a plasmid which expresses both ElA and ElB proteins of 

Adenovirus. Cotransfection of pEl with 2 j..l.g of either GMSV 40 or wildtype SV 40 did not 

rescue the GMSV 40 replication and lysis phenotypes. At the exposure shown in this figure 

only wildtype Mbo I fragments are visible, while low levels of GMSV 40 replication are 

only detectable at overexposures of the blot. ElA expression was monitored by 

immunofluorescence at timepoints, prior to harvest of the cells. Nuclear fluorescence was 

observed with a mixture of anti-ElA antibodies. 
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phenotype unlike the complementation observed in H 293 cells. One reason could be that a 

factor other than the adenovirus proteins complements GMSV 40 in H 293 cells. 

Alternatively, the adenovirus proteins may induce cellular proteins associated with the 

transformed phenotype in H 293 cells, that are either not inducible in CV 1 cells, or may 

require a longer time frame than 210 hours to be activated. 

Cotransjection with the replication incompetent SV80 genome. 

Since the GMSV 40 phenotype was rescued by the T antigen provided in trans in COS 

7 cells, we wanted to test whether a replication incompetent SV 40 T antigen could rescue 

the GMSV 40 phenotype. SV80 T antigen carries a point mutation in the DNA binding do

main ofT antigen, which abolishes the DNA binding requisite for SV 40 replication (Gish 

and Botchan (1987)). SV80 was first isolated from the genome of an SV40 transformed 

human cell line. The point mutation in the A gene prevents replication, which is necessary 

for excision. GMSV 40 was also isolated from SV 40 transformed human cells but unlike 

SV80 was still replication competent (Chapter II, Fig. 2-12) and hence present as extra

chromosomal free viral DNA. 

The transfection with only one type of SV40 genome contained 41lg of SV40 DNA/60 

mm dish. Cotransfections contained 2 llg of each of the SV 40 genomes per dish. The up

per panel in Figure 3-13 shows the transfection of either GMSV40, wildtype SV40, or 

SV80 into CV 1 cells. GMSV 40 levels of replication are lower than wild type replication at 

24 and 36 hours. At 48 hours in the wildtype transfection virion formation was observed 

by infection of uninfected CV 1 cells with media from that timepoint. No virions were pro

duced in either the 36 and 48 hour timepoints of GMSV 40 of the 36 hour timepoint of the 

wildtype SV 40 transfections. The difference in replication observed prior to 48 hours be

tween GMSV40 and wildtype SV40 is thus solely caused by the GMSV40 replication defi

ciency. The difference between the GMSV40 and wildtype SV40 signal intensities is mag

nified at later times due to the inability of GMSV40 to produce virions, whereas virion 
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Fig. 3-13 

Transient replication assays in CV 1 cells of a cotransfection of GMSV 40 and wild type 

SV 40 genomes with the replication incompetent SV80 genome. Input form III SV 40 

genomes are visible as Mbo I insensitive high molecular weight bands in the early 

timepoints. Transfection of SV80 alone showed no replication in CV 1 cells. The level of 

GMSV 40 replication at 24 and 36 hours post-transfection is approximately 50 fold lower 

than wild type replication as judged by densitometry tracings of the autoradiograms. Virion 

formation was observed in the 48 hour but not in the 36 hour timepoint of wildtype and in 

none of the GMSV 40 timepoints. At later timepoints the difference in replication rates 

between GMSV 40 and XPSV 40 is magnified by superimposed reinfection due to virion 

formation the wildtype SV40 transfection. 

The CVGM lane shows that 10 weeks post transfection there is still GMSV40 

extrachromosomal DNA carried in the GMSV 40 transfected CV 1 cells (CVGM). 
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production in the wildtype leads to reinfection and eventually to lysis. No wildtype time-

point was taken after 120 hours due to lysis of the cells, whereas in the 189 hour timepoint 

dish of the GMSV 40 transfection no lysed cells were observable. The SV80 transfection 

showed no replication at any point. Only the input form Til SV80 DNA is visible in the 12 

and 24 hour lanes . 

Cotransfection of GMSV40 and SV80 resulted in a rescue of GMSV40 replication. 

The signal of the GMSV 40/SV80 cotransfection at 24 and 36 hours (pre virion formation) 

is almost 20-fold greater than GMSV40 alone. After 120 hours this difference in the 

amount of Mbo I sensitive SV 40 DNA is magnified due to the formation of virions tested 

as described above. The GMSV40/SV80 cotransfected CV 1 monolayer lysed after 210 

hours. The Mbo I pattern in the 24, 36 and 48 hour timepoints is almost exclusively 

GMSV40, whereas in the 120 and 189 hour timepoints there is a wildtype Mbo I pattern 

observable in addition to the GMSV 40 pattern. These studies demonstrate that despite the 

clear requirement for SV80 to rescue GMSV 40 replication, the majority of the replicated 

genomes are GMSV40, particularly in the earlier timepoints. This is interesting in light of 

the fact that equal amounts of SV80 and GMSV 40 DNA were used to form the calcium co

precipitate which was transfected into the CV 1 cells. The replication in the SV 40/SV80 

cotransfection is slightly slower than wild type alone, due to the reduced amount of wild

type genomes per cell. 

The CVGM lane is a 10 week post-transfection timepoint of GMSV40 in CV 1 cells. 

the Mbo I pattern indicates that no rearrangements seemed to have occurred in the GMSV 40 

genome. Despite the relatively high number of SV40 genomes per cell no lysing cells can 

be detected in the CV 1 monolayer; whereas, in the SV80 cotransfection the CV 1 cells 

lysed a short time after the wildtype SV 40 transfected cells lysed. 

This indicates that the SV80 T antigen complements the 16 amino acid deletion in the 

GMSV 40 T antigen and restores wildtype levels of replication and lysis in CV 1 cells. 
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Discussion 

Contrary to the notion that permissive and semi permissive cells which survive SV 40 

lytic infection and become transformed harbor defective viral genomes (Huebner et al. 1975 

and Gish and Botchan 1987), we isolated both GMSV40 and XPSV40 from SV40 trans

formed human cells (Chapter II). Both genomes were shown to be replication competent in 

the human cell lines GM637 and XP12ROSV, from which they were isolated originally. 

In other viruses like JC virus and polyoma virus small changes, especially in the regu

latory region, were shown to alter the host range of the virus. In JC virus, sequence het

erogeneity in the promoter-enhancer elements altered organ specific replication of the virus 

(Loeber and D6erries 1988). In other studies the host range of JC virus was broadened by 

in~eraction of the SV 40 or BKV T antigens with the JCV regulatory region (Chuke et al. 

1986). In this case the host range was influenced by the T antigen rather than the promoter 

enhancer element. Similar experiments exchanging polyomavirus enhansons (Ondek et al 

1988) with SV40 or adenovirus enhansons to extend the host range (Campbell and Villareal 

1988) and studies of natural host range mutants (Tseng et al 1988) were done in polyoma 

virus. The study of one natural host range variant of polyoma, which contained a rear

rangement in the enhancer, is particularly interesting since this variant not only shows a 

host range phenotype, but also persists as stable free copies of up to 50 000 genomes per 

cell (Arizumi and Ariga 1986). GMSV40 and XPSV40, with their ability to persist and 

replicate as greater than 10 000 free copies per human cell seemed to have acquired a simi

lar interesting adaptation to the human host cell. To test whether the adaptation to the hu

man cell environment had any effects on the host range phenotype of these natural variants, 

transfection assays were done into permissive, semipermissive and nonpermissive host 

cells. 
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Transient replication assays of GMSV 40 and XPSV 40 genomes transfected into per-

missive CV 1 cells, showed that the SV40 variants were 20-fold less active in replication 

than wildtype SV40 (Fig. 3-1). In addition to the replication defect of GMSV40 and 

XPSV 40, there was a deficiency in virion formation and lysis. At later time points in a 

replication assay in permissive cells the wildtype replication signal increased due to virion 

formation and reinfection of previously uninfected cells in the population. Eventually the 

wildtype SV40 transfected CV 1 cells lysed. CV 1 cells transfected with either GMSV40 or 

XPSV 40 showed continuous low levels of replication and no apparent lysis, despite con

tinued presence of GMSV 40 genomes in the cells. Passaging of the GMSV 40 transfected 

CV 1 cells for several months eventually led to crisis. The cells emerging from crisis had a 

more transformed COS 7-like cell morphology (Fig.3-2b.) 

Both replication and defective lysis phenotypes of GMSV 40 and XPSV 40 could be 

restored to ~ildtype levels by transfection int~ COS 7 cells, which supply wildtype T anti

gen in trans from the integrated SV 40 sequences. This indicates that unlike a number of 

replication defective SV 40 variants previously isolated from human cells which were non

complementing mutants poisoning the effects of wildtype T antigen in trans (Farber et al. 

(1987) and Gish and Botchan (1987)), GMSV40 and XPSV40 T antigens do not inhibit, 

but are rescued by wildtype T antigen in COS 7 cells. We conclude from this experiment 

that the deficient replication and lysis phenotypes of GMSV 40 and XPSV 40 are caused by 

a mutation in the T antigen coding region or in the promoter enhancer region which would 

alter the levels of the T antigen protein. Both kinds of mutations have been observed to 

cause similar host range mutations in other viruses as described above. 

Since GMSV40 and XPSV40 seemed replication competent in there respective parent 

human fibroblast cell lines, but deficient in replication in permissive monkey cells we 

wanted to define the limits of the host range of the two variant SV 40 genomes in human 

cells would be. 
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Human epithelial kidney cells transformed with the adenovirus E1A and E1B proteins 

(H 293 cells) provide a very supportive environment for SV40 replication (Lebowski et al 

1985). An inverse relationship between the amount ofT antigen expressed and the amount 

of SV 40 replication has been observed, and that efficient early transcription resumes, when 

replication is repressed chemically or by deletions of site I or site II (Lewis and Manley 

1985). This is in contrast to most other cell types known. Other authors observed a differ

ence in the ratio of small t antigen splice events to large T antigen splice events, which in H 

293 cells is 3-5 to 1 in favor of the small t splice. Most other cell lines, like HeLa cells, fa

vored the large T antigen splice (Noble et al. 1987). This is particularly interesting since in 

GMSV40 and XPSV40 a deletion exists that deletes the large T antigen splice donor and 

splicing was shown to occur using the small t specific branch sites (Chapter II, SI protec

tion assay) which is preferred in H 293 cells. Assuming that the amount of SV40 message 

remains constant, GMSV 40 T antigen would be produced more efficiently since the small t 

splice junction used in GMSV 40 is preferred in H 293 cells over the large T splice junction 

which is deleted in GMSV 40. In the wild type SV 40 genome in H 293 cells the large T 

antigen splice junction would compete unfavorably with the small t splice function. Hence 

the GMSV 40 and XPSV 40 T antigens might be produced in higher quantities then wildtype 

in H 293 cells. In other cells like CV 1 or HeLa cells wildtype T antigen would be pro

duced more efficiently, since in those cells the large antigen splice junction is preferred 

over the small t splice junction, which GMSV40 and XPSV40 utilize. This may effect rates 

of SV 40 replication in the H 293 versus HeLa and CV 1 cells. Transient replication assays 

showed, that both GMSV 40 and XPSV 40 replicated at wild type levels in H 293 cells (Fig. 

3-4). This may result from higher levels ofT antigen produced by the GMSV40 and 

XPSV 40 genomes, due to more efficient splicing, when compared to wildtype T antigen: 

Higher T antigen concentrations may compensate for the GMSV 40/ XPSV 40 T antigen 

replication defect. Alternatively, the mutant SV40 genomes may only show the GMSV40 

replication and lysis phenotype in permissive monkey cells and not human cells, since both 
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mutant genomes replicated well in their parent human fibroblast cell lines GM637 and 

XP12ROSV. 

A transient replication assay in HeLa cells showed that GMSV40 and XPSV40 repli

cated as well, if not slightly better than wild type SV 40 at early times in the replication as

say. At later times wildtype replication overtook GMSV 40 and XPSV 40 replication. The 

HeLa replication and protein fluorescence studies comparing GMSV40 and wildtype SV40 

T antigen expression during CV 1 transfections indicate that GMSV40 T antigen may repli

cate better in human cells than in monkey cells, since T antigen levels in SV 40 transfected 

CV 1 cells were similar for wildtype and GMSV 40 T antigens, whereas replication was 

deficient. HeLa cells and CV 1 cells should have similar splice preferences in the A gene, in 

contrast to H 293 cells. Since initial replication rates of GMSV 40, and XPSV 40 genomes 

were better than wildtype in HeLa cells, but not CV 1 cells, differing amounts of variant 

versus wild type T antigens resulting from preferred splicing of the wildtype SV 40 mRNA 

are unlikely to cause the GMSV 40/XPSV 40 phenotype. This might be due to the fact that 

in GMSV 40 and XPSV 40 only the small t donor splice junction may be used, leading to as 

efficient splicing, as the preferred large T splice event in the wildtype genome in both CV 1 

and HeLa cells. 

The observation that wild type overtakes GMSV 40 and XPSV 40 replication at later 

times in the HeLa cell transient replication assay may be explained by a deficiency of 

GMSV40 and XPSV40 in inducing cellular replication factors. GMSV40 and XPSV40 

thus may initially replicate better than wildtype, but fail to induce a cellular factor necessary 

to support higher levels of replication at later times. This factor may be more abundant in 

semi permissive human cells like HeLa or H 293 cells, due to the induction by other viral 

transforming proteins such as the adenovirus proteins in H 293 cells, or the E7 protein of 

HPV 18 in HeLa cells. In permissive CV 1 cells, however this cellular factor might be lim

iting and might require induction by SV 40 to support lytic replication rates. 
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,No replication was observed from either GMSV 40, XPSV 40 or wildtype SV 40 

genomes in GM037 cells (Fig. 3-6), the original untransformed fibroblast cell line which 

was transformed by SV 40 yielding the GM637 cell line, from which GMSV 40 was iso

lated. Transiently transformed cells emerged after prolonged incubation of the GMSV 40, 

XPSV40 and wildtype SV40 transfected GM037 cells (Fig. 3-7). This indicates that both 

GMSV 40 and XPSV 40 seem competent in transforming primary human fibroblast cells. 

We were not able to establish stably transformed cell lines from these cells, despite their 

apparent transformed morphology. In general transformation frequencies in human fibrob

last cells are very low, particularly if replication competent SV 40 genomes are used, 

whereas T antigen or origin defective SV40 genomes transform at higher frequencies 

(Small et al. (1982)). 

A transient replication assay in rodent cells showed that neither GMSV 40 and XPSV 40 

nor wildtype SV40 genomes replicated, while a BPV control transfection showed replica

tion. The transient replication assays confirmed that GMSV40 and XPSV40 genomes carry 

a mutation in the T antigen protein or have a mutation resulting in altered T antigen protein 

levels which causes a host range phenotype of deficient replication and lysis in permissive 

monkey cells.Most SV 40 replication mutants studied previously were entirely defective for 

replication and plaque formation in CV 1 cells, due to mutations in the T antigen; but re

tained transforming functions (Manos and Gluzman (1985) and Gluzman and Ahrens 

(1982)). 

Marker rescue constructs were made to determine whether the GMSV40/XPSV40 

phenotype was caused by a promoter-enhancer mutation or a mutation in the T antigen 

protein proper. The complementation in COS 7 cells indicated that both replication and lysis . 

phenotypes were caused by one of the two mutations and ample precedence exists in the 

literature that attributed host range and defective replication phenotypes to either one of 

these regions in the viral genome. The replication of constructs pC and pD (Fig. 3-8) in CV 

1 and He La cells (Fig. 3-9 and 3-1 0), confirms that only the first ex on of the A gene or the. 



139 

promoter-enhancer region cause the GMSV 40/XPSV 40 phenotype. Constructs pA and pB 

(Fig. 3-8) served to distinguish between a potential regulatory region mutation and an 

alteration in the T antigen gene. Construct pA, which carries nt 4558 to 5172 of GMSV 40 

inserted into the wildtype SV 40 genome, showed the GMSV 40 phenotype in replication in 

CV 1 and HeLa cells and the GMSV 40 phenotype of deficient lysis in a plaque assay on 

CV 1 cells (Table I). 

The first exon of the GMSV40 and XPSV40 A gene was sequenced (Chapter IT, Fig. 

5). The alteration which causes the GMSV 40/XPSV 40 phenotype is a deletion of 323 bp 

and/or a point mutation. These mutations result in the deletion of 16 amino acids and the 

addition of a tyrosine and a lysine to the large T antigen protein, along with the deletion of 

all small t antigen unique sequences in both the GMSV40 and XPSV40 A genes. 

Formally then either, the large T antigen mutation or the small t antigen deletion could 

be responsible for the GMSV 40/XPSV 40 phenotype. The structure of small t antigen has 
• . • I 

been strongly conserved among papovaviruses suggesting that it may play an important 

role in SV 40 lytic infections and transformations. Recent studies have shown that small t 

antigen in addition to large T antigen, can trans activate some but not all RNA polymerase 

IT and III requiring promoters (Loeken at al1988). SV40 infected or transformed cells car

ried new RNA species synthesized by either one of the two RNA polymerases (Singh et al. 

1985). In addition, small t antigen has been shown to aid transformation either at limiting T 

antigen concentrations (Bikel et al. 1987) or in resting cells (Martinet al. 1985) but is ob

solete in actively growing cell transformations (Kriegler et al. 1984). Small t antigen dele-

tions were shown to alter the host range of transformation, since in the absence of t the 

mutant virus may only transform rapidly proliferating cells such as lymphoid cells. In the 

presence oft, SV 40 may act as a tumor promoter or growth factor to induce he proliferative 

state required for transformation in resting cells such as fibroblasts (Matthews et al. 1987). 

Some authors suggest that the small t interacts with 56 K and a 32 K host proteins, ele

veating the growth control in the host cell. Only at high multiplicities of virus, required for 
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the expression of sufficient small t antigen to interact with and block potential growth reg

ulator proteins (56 and 32 K proteins) could the small t effect of overcoming chemically 

(i.e. theophylline) induced growth-arrest in CV 1 cells be demonstrated (Rundell, K. 

1987). Although no clear biochemical function of small t antigen has been demonstrated, 

the circumstantial evidence in the literature would be sufficient to account for the 

GMSV 40/XPSV 40 phenotype by a small t antigen deletion. 

Addressing the effect of the small t deletion, GMSV 40, pA and wild type SV 40 were 

cotransfected with a small t antigen expression plasmid. No rescue of transient replication 

of either GMSV 40 or pA in CV 1 cells was observed. Expression of small t antigen was 

monitored by the appearance of both cytoplasmic and nuclear staining in a control transfec

tion of the small t expression vector alone into CV 1 cells. Small t antigen immunofluores

cence was shown to be both cytoplasmic and nuclear, but in general weaker than large T 

fluorescence, which is conf'med to the nucleus (Ellman et al. (1984) and. Montano and Lane 

(1984)). The failure of small t antigen to complement the GMSV40/XPSV40 phenotype in 

a cotransfection assay despite apparent expression of small t antigen, indicates that the 

deletion and point mutation in the large T antigen seems the sole cause of the mutant phe

notype. The deleted 16 amino acids may form a domain in largeT antigen which may differ 

from small t antigen, presumably due to differential folding caused by the small t antigen 

unique amino acids. This might be the first indication that the region common to both small 

and large T antigens may have different three dimensional structures in the two proteins. 

GMSV40 and XPSV40 replicate almost at wildtype levels in both H 293 and HeLa 

cells. Cotransfection of a plasmid which expresses both ElA and ElB proteins of aden

ovirus together with either GMSV40 or wildtype SV40 should show whether other viral 

transforming proteins induce factors in trans and thus rescued the GMSV 40 replication 

phenotype in H 293 replication. Transient replication assays in CV 1 cells showed the same 

rate of replication of GMSV 40 or wild type SV 40 whether or not the adenovirus proteins 

were provided in trans (Fig. 3-13). Either a longer timeframe than that of the transient 
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replication assay is needed for the adenovirus proteins to induce cellular replication factors, 

or cellular factors may not be inducible by adenovirus proteins in monkey cells. Monkey 

cells are non-permissive for adenovirus replication and adenovirus can only replicate in CV 

1 cells if the helper function of SV 40 large T antigen is provided in trans (Polvino-Bodnar 

and Cole (1982)). Alternatively, the GMSV40 phenotype may only be complementable by 

wildtype SV40 T antigens as seen in the COS 7 cell transfection (Fig. 3-3). 

Cotransfection ofGMSV40 with the SV80 mutant into CV 1 cells rescued both repli

cation and lysis phenotypes. SV80 carries a point mutation at nt 4337, converting a leucine 

to a methionine. This point mutation destroys the DNA binding function of the SV80 T 

antigen (Gish and Botchan 1987). Mutants such as SV80 or T22 (Manos and Gluzman ·· 

(1985)) that have lost DNA binding ability can still mediate trans activation of SV40 late 

transcription, presumably by induction of modification of cellular promoter binding factors 

which in tum induce the expression of factors necessary for late transcription (Gallo et al. 

1988 and Robbins et al. 1986)). SV80 T antigen may complement the. deletion in the 

GMSV 40 T antigen by trans activating limiting transcription and/or replication factors 

(Chapter V). We have shown in Chapter II that GMSV40 and XPSV40 are not deficient in 

late transcription in human cells. We favor the model (discussed in Chapter V) that SV80 T 

antigen trans-activates the expression of a limiting cellular factor required for efficient SV40 

replication in both monkey and human cells. 

Replication incompetent T antigen mutants such as NKL T, SV80 or T22, transform 

already established cell lines, but not primary cells. GMSV 40 on the other hand, was 

shown to be able to transform GM037 cells, a function at which the above mentioned T 

antigens are deficient. The dual function of wildtype T antigen in transformation of both 

primary and established cell lines, may be paralleled by a dual function in replication. A 

trans function that is performed by SV80 T antigen and a cis function that is performed by 

GMSV 40 T antigen. 



Chapter IV 

The isolation of GMSV 40 T antigen from mammalian cells and 

in vitro replication studies 

comparing wildtype T antigen and GMSV40 T antigen. 
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Introduction 

During the cell cycle at the transition from G 1 to S phase a cell commits itself to repli

cate its entire genome once before cell division. In the bacterial chromosome a single repli

con initiates replication at a unique origin and terminates after replication of the entire chro

mosome. Eukaryotic cells must replicate genomes varying between 2.3 x 107 bp in yeast to 

5 x 1Q9 bp in plants and amphibians, containing large numbers of replicons in a single 

chromosome. Each of these replicons must fire once during a cell cycle, implying the need 

for factors which distinguish replicated from unreplicated origins. The loss of this control 

observed under stress response such as drug exposure (Schimke et al. (1984)) or in viral 

infections (Botchan et al.(l-978)) of permissive hosts leads to multiple initiations from one 

origin during S phase and subsequent amplification of DNA sequences associated with that 

origin. 

An understanding of both the mechanism of DNA replication during the cell cycle and 

its control both in different host cell systems, such as permissive and nonpermissive cells, 

is crucial to our understanding not only of processes like the ones mentioned above but of 

life in general, as the ability to replicate is life per se. 

Studies in prokaryotic systems subdivided DNA replication into four distinct steps: 

prepriming, priming, elongation and termination, each of which is characterized by specific 

enzyme requirements (Bramhill and Kornberg (1988), review and Campbell, J. (1986), 

review). Due to the complexity of the eukaryotic genome a partial understanding of 

eukaryotic replication has been achieved through the study of simple eukaryotic genomes as 

model systems, namely adenovirus, SV 40 and yeast. 
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The rationale for choosing DNA tumor viruses is that they contain single replicons, 

and in the case of SV 40 are replicated as minichromosomes with the help of cellular repli

cation factors, analogous to the much larger host cell chromosomes. The mechanism of 

SV 40 replication from its origin is thought to be similar to replication at each of the many 

origins in the host chromosomes. 

In vivo studies have established that the sole requirements for SV40 replication pro

vided for by the virus are a functional T antigen and the origin of replication. The develop

ment of cell free SV40 replication systems has greatly helped the understanding of DNA 

replication and the cellular factors involved in it ( Li and Kelly (1984), Kelly (1988) re

view, Huberman (1987) review, and Wold et al. (1989)). 

Prep riming and priming at the origin of replication. 

In general, eukaryotic origins of replication are characterized by an AT rich sequence, 

which may serve as an area of local DNA bending, presumed to be necessary for local un

winding at the origin after presynthesis complex formation. The AT rich sequence is 

flanked by inverted repeats which are thought to bind cellular initiator proteins (Yamaguchi 

and DePamphilis ( 1986) and Dean et al. ( 1987) ). 

In SV 40 the origin (site II) is recognized by the viral initiator protein T antigen. A 

deletion of 4 bp within site II eliminates origin dependent DNA synthesis both in vitro 

(Stillman and Gluzman (1985) and in vivo (Gluzman et al. (1979)). The binding of a nu

clear monkey cell factor (MCF) to a 7 bp sequence on the early side of site IT is correlated 

to replication activity (Traut et al. (1988)). Factors which either determine host cell permis

sivity for replication, such as MCF or cell cycle specific factors that are expressed at the G 1 

to S boundary, may interact with the initiator protein to control replication. Recent studies 

have shown that while G 1 cell extracts are incapable of initiating SV 40 replication in an in 

vitro system, G 1 cell extracts supplemented with S phase extracts were able to efficiently 

initiate SV40 replication (Roberts and Urso (1988)). The unidentified S phase protein fac-
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tor is believed to interact with T antigen to together perform the unwinding reaction at the 

origin. This factor could potentially be regulating both control of only S phase and once per 

cell cycle initiation at chromosomal origins. Replication at the SV 40 origin is initiated more 

than once during S phase in permissive hosts, which is a difference in viral replication from 

normal cellular replication. If it were the cell cycle regulator, it will be interesting to learn, 

how it distinguishes unreplicated from newly replicated origins of replication and whether it 

is expressed in S phase only to restrict replication to S phase. 

Formation of the prepriming complex, which in the case of SV 40 contains T antigen 

and one or more host cell factors, is thought to be responsible for the observed 10 min lag 

before the onset of replication in vitro (Stillman and Gluzman (1985) and Wobbe et al. 

(1986)). After presynthesis complex assembly, T antigen catalyzes the actual priming 

which is an A TP dependent DNA unwinding reaction, thought to be mediated by the heli

case activity ofT antigen (Stahl et al. (1986) ~nd Dodson et al. (1987)). Cellular helicases 

must also exist which perform this reaction at cellular origins to establish the two replica

tion forks and make the DNA accessible for the elongation complexes. By immunodeple

tion and restoration of replication extracts additional cellular components involved in in 

vitro replication reactions have been identified. A single strand DNA binding protein (SSB) 

preserves the locally unwound DNA and is necessary to augment the T antigen helicase ac

tivity. Both an E. coli SSB, as well as its eukaryotic homologue, replication factor A 

(RFA) (Fairman and Stillman (1988)) can perform this function. RFC, an auxiliary protein, 

is needed for optimal unwinding reactions (Fairman M. pers. comm.). 

Elongation and termination 

According to the two polymerase model (Focher et al. (1988) and So and Downey 

(1988)) polymerase a and polymerase 0 cooperate in elongating nascent DNA strands. 

Polymerase a has an associated primase activity and low processivity, both of which are 

necessary for an enzyme to perform lagging strand synthesis. DNA polymerase o on the 
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other hand is highly processive and contains no associated primase activity. Polymerase o 

is believed to be associated with PCNA (proliferating cell nuclear antigen; cyclin, which is 
., . 
•' 

an earlier name referring to the cell cycle variation in PCNA concentration) which enhances 

the polymerase's processivity (Prelich et al. (1987)). Depletion of PCNA from in vitro 

replication extracts leads to the formation of short nascent DNA strands, but abolishes fur

ther elongation. The polymerase o/PCNA complex is thought to perform leading strand 

synthesis. A topoisomerase activity is necessary for chain elongation to relieve supercoils 

caused by the unwinding of the parental duplex DNA helix. 

Termination occurs when two replication forks meet, which in the case of SV 40 is 

halfway around the genome and in the case of cellular chromosomes when forks from 

neighboring origins meet. In SV40 no specific nucleotide sequence seems to direct termi

nation. It has been reported, however that nucleosome binding at the termination region is 2 

to 5 fold tighter than in the rest of the SV40 genome (Hsieh and Griffith (1988)). To 

segregate the multiply intertwined daughter molecules topoisomerase II is needed. Presum

ably the same is true for newly synthesized cellular chromosomes (Yang et al. (1987)). To 

introduce negative supercoils into the resolved, relaxed DNA, host factors in addition to the 

topoisomerases are required, since purified eukaryotic topoisomerase I and II alone do not 

suffice to introduce negative supercoils into the newly replicated DNA. 

Transcriptional elements influence replication rates 

Cis-acting transcriptional elements next to origins of replication (core origin region) 

have been described as auxiliary stimulatory elements on replication. They are in general, 

with the exception of adenovirus factors and polyoma virus enhancer binding factors not 

essential for replication as measured in in vitro replication systems, but may enhance rates 

of replication or determine cell specificity of replication in vivo, (DePamphilis (1988)). 

SV 40, polyoma and adenovirus share similar interactions of the core origin with aux

iliary elements. In all these viruses the promoter and enhancer elements may be located in 
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either orientation but adjacent to the AT rich sequence in the core element to facilitate un-

winding and replication initiation. In other viruses like bovine papillomavirus and Epstein-

Barr virus, the distance to the auxiliary element from the core region is unimportant for its 

stimulatory effect. In mitochondria mRNA produced by adjacent upstream promoters is 

used to prime DNA synthesis. The two latter mechanisms are distinct from the SV 40, 

polyoma and adenovirus group and are reviewed in DePamphilis (1988). 

Adenovirus was the first model replicon where effects of transcriptional elements on 

replication where observed. Nuclear factors I and III (NFI and NFIII) are, in addition to 

being transcription factors, absolutely required for initiation of DNA replication both in 

vivo and in vitro (Stillman B. (1983) review). 

Polyoma virus replication is comparable to SV40 replication in its requirement of the 

core origin sequence in cis and polyoma large T antigen in trans. The polyoma enhancer el-
, . . 

ement is absolutely required for replication in diploid nuclei, but can be substituted in a po-

sition and orientation independent manner by other enhancers to restore replication 

(DeVilliers et al. (1984)). The enhancer element adjacent to the core origin region stimulates 

replication 9 fold in diploid nuclei, whereas in one cell embryos in the absence of enhancer 

factors identical replication rates are observed in plasmid constructs that contain or lack the 

enhancer element (DePamphilis and Wassarman (1987)). 

Unlike polyoma, SV40 replication does not absolutely require an enhancer element 

upstream of the core region (nt 5208-5222), but does to a lesser extent than polyoma re

spond to the promoter elements in vivo but not in vitro. The GC elements (promoter ele

ment) that bind the transcription factor SPl, and only in the case of a deletion of the GC el

ement, the 72 bp elements of the enhancer that bind multiple transcription factors have an 

effect, both elements together stimulate replication in vivo 2-30 fold DeLucia et al. (1986) 

and Lee-Chen and Woodworth-Gutai (1986)), but have nQ effect on replication in vitro (Li 

et al. 1986). The presence ofT antigen binding site I stimulates replication both in vivo and 
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in vitto 10 to 20 fold ( M. DePamphilis. personal communication). Rates of replication in 

vitro were the same for SV40 constructs that did or did not contain the auxiliary element in 

addition to the core region, whereas in vivo stimulation of replication is observed in the 

presence of the auxiliary element 

Two models for the function of the auxiliary elements in replication have been pro

posed. The frrst model invokes interaction of the transcription factor with the initiator pro

tein binding to the origin. An example for SV40 would be the interaction between AP-2 and 

T antigen, which may stabilize T antigen binding to site II (Mitchell et al. (1987). The en

hancement of replication function is clearly distinct from the typical enhancer function, 

since the distance of the auxiliary element to the origin is crucial, foreign enhancers cannot 

substitute and the enhancement of replication is a-Aminitin insensitive (O'Connor and Sub

ramani (1988)). Another model that would account for the difference observed between in 

vivo and in vitro replication rates upon deletion of the auxiliary transcription elements-, 

would invoke chromatin effects (Morse and Simpson (1988) and DeLucia et al. (1986)). 

Transcription factors binding to the promoter and enhancer elements would m¢ify the nu

cleosome distribution such, that the core origir1 of replication becomes accessible to initiator 

proteins like T antigen. Unusually high concentrations of initiator protein and/or altered 

chromatin structure may circumvent the chromatin effect observed in in vivo replication as

says. 
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Materials and Methods 

Cell lines 

COS 7, human 293 and HeLa cell lines were obtained from the Cold Spring Harbor 

Cell Culture Facility. CV 1-H were a gift from Melvin DePamphilis. All cell lines used 

were grown in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% calf 

serum. HeLa and H 293 cells were in part propagated in suspension culture. 

Plasmids and Constructs 

ForT antigen expression constructs made by Y. Gluzman were used and modified .. ~, 

pAC4C+pTGX1 is an Adenovirus 5 (Ad5) derivative that lacks E1A and ElB coding re

gions cloned into pAT153 (Stillman and Gluzman (1985) and Gluzman (1982)). The T 
.• • I ' 

antigen is inserted downstream of the adenovirus major late promoter. The recombinant 

contains a single Sal I site in the pAT153 sequence that was used for linearization. The Stu 

I/Bam HI fragment of pGMSV40 (Chapter II) was subcloned into pAC4C+pTGX1 to 

substitute the wildtype T antigen with the GMSV 40 T antigen. The identity of the insert 

was verified by Hind III digestion of pCMGM, the GMSV40 adenovirus recombinant 

(Fig. 4-1). 

pSV origin plus and pSV origin minus (p8-4 derivative with a 4 bp deletion at the Bgl I 

site of the otherwise wildtype SV40 genome) gift ofY. Gluzman were used as templates in 

the in vitro replication reactions. Both constructs are described in Stillman and Gluzman 

(1982). 
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Fig. 4-1 

Construction of pCMGM. pGMSV40 was digested with Nci I, to cut the pUC DNA 

into small fragments and subsequently doubly digested with Bam HI and Stu I. 

pAC4C+pTGX1 the plasmid containing wildtype SV40 T antigen was digested with Hind 

III and the recessive ends filled in with Klenow enzyme and than cut with Bam HI. The 

deletion of 323 bp in GMSV 40 is indicated as solid bars in the T antigen gene. Both digests 

were resolved on 1% low melt agarose gels (SeaPlaque) and the fragments of interest 

isolated and ligated in agarose (Strohl. K. (1985)). The filling in of the Hind m site 

allowed ligation to Stu I, thus inserting the GMSV 40 fragment in place of the wildtype 

SV 40 fragment. The identity of pCMGM was verified by Hind III digests resolved on a 

1% agarose gel. The migration difference between the wildtype fragment of 1169 bp and 

the GMSV 40 fragment of 846 bp is due to a 323 bp deletion. 
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Purification of GMSV40 and wildtype SV40 T antigens 

pCMGM was linearized at the Sal I site and cotransfected with the large fragment of 

adenovirus (4%-100%) (Y. Gluzman, manuscript in preparation) into 293 cells by calcium 

phosphate coprecipitation (Graham and Vander Eb (1973). H 293 cells were originally 

transformed with Ad 5 fragments (Graham et al. (1977)) and provide E1A and E1B in 

trans, which are needed to support propagation of the recombinant. 

Recombination between pAC4C+ pTGX1 and Dl 1309, to produce Ad5SVRII2 and 

Ad5SVRII2/GM. 

pAT153 T 
_Sail 

0% 9% 

>< 
17% 9% 

011309 

4% 9% 17% 100% 

Virus plaques were picked picked from the H 293 cell infection and the lysate was as

sayed forT antigen protein by radioimmune-assay with PAB 405 anti-T antibody (Harlow 

et al. (1981) and Harlow and Lane (1988)) and for SV40 DNA by dot blot hybridization to 

labelled SV40 DNA. The H 293 lysate which contained Ad5SVRII2 (wildtype T antigen 

recombinant) and Ad5SVRII2/GM was used to infect H 293 cells for protein expression. 

When T antigen was to be produced from HeLa cells, the cells were coinfected with 

wildtype adenovirus and the H 293 lysate to provide E1A and E1B functions. H 293 cells 

were infected with the lysate alone. T antigen production from both human cell lines out of 

spinner culture was done as described by Stillman and Gluzman (1985). To produce wild-

type and GMSV40 T antigens in CV 1-H cells, they were transfected with pAC4C+pTGX1 
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and pCMGM. Protein expression was monitored by immunofluorescence with PAB 419 

(gift of Ed Harlow) and harvested at 62 hours post transfection. 

The protein was purified by immunoaffinity chromatography as described previously 

(Stillman and Gluzman (1985) and Simanis and Lane (1985)). Protein concentrations were 

measured by Bradford assays (Bradford M. (1976)) using bovine serum albumin as a ref-

erence. 

Protein analysis and assays 

SDS-polyacrylamide gels (5%, unless otherwise indicated) were prepared and the 

proteins resolved as described (Laemmli (1970) and Harlow and Lane (1988)). Protein 

gels were stained either with 0.5% Coomassie blue and destained with acetic 

acid/methanol/water (2: 1: 17), or silver stained (general protocol, Harlow and Lane (1988) 

with modifications by Arie Admon (pers. comm)). Western blotting was performed as de

scribed by Harlow and Lane using either semi-dry electrophoretic transfer or wet elec

trophoresis transfer. 14c molecular weight markers were a gift from Ed Harlow. For de

tection 1251-labelled rabbit anti mouse antibody was used to detect the primary antibodies 

reacted with the proteins on the membrane. 

Preparation of ill vitro replication extracts 

Cytoplasmic replication extracts were prepared from HeLa and H 293 cells by suspen

sion in hypotonic buffer and Dounce homogenization as described (Stillman and Gluzman 

(1985)). CV 1-H cell replication extracts were prepared as described by Decker et al. 

(1986) with the following modifications. Cells were preincubated for 5 min. at 40C in hy

pobuffer, then scraped free with a rubber policeman and lysed in a Dounce homogenizer 

with 15 strokes of pestle B. The hypobuffer contained acetate instead of chloride salts (20 

mM HEPES pH 7.5, 5 mM KOAc, 1.5 mM MgOAc, 0.5 mM DTT). The cells were left on 

ice to incubate for 45 min and then centrifuged in a Sorvall H B4 rotor at 10 000 rpm for 10 



154 

min. Protein concentration was determined by Bradford assay with bovine serum albumin 

as a standard. The protein concentration in the extracts was approximately 5-8 mg/ml. The 

supernatant which contains the cytoplasmic extract was frozen on dry ice/ethanol and stored 

in liquid nitrogen. Prior to use in the in vitro replication reactions the extracts were spun for 

10 min at 12 000 rpm and the supernatant used for the replication assay. 

In vitro replication reactions 

Reactions were performed essentially as described by Stillman and Gluzman (1985). 

Replication reactions in a volume of 50 ~-tl contained 40 mM HEPES pH 7.5, 8 mM 

MgCl2, 0.5 rnM DTI, 100 ~-tM each of dCTP, dGTP, dTTP, 2.5~-tM dATP, 25~-tM a-32p 

dATP ( approx.1000 cprn/pmol), 200 ~-tM CTP, GTP and UTP and 40 mM creatine phos-

phate, 1 ~-tg creatine phosphokinase (Sigma) as an A TP generating system. Typical reac

tions contained 300 ng template DNA (pSV origin plus and pSV origin minus) and 500 ng 

T antigen together with 150 ~-tg cytoplasmic extracts. pSV origin minus plasmid was used 

to measure the amount of repair synthesis and to correct the pmoles obtained from pSV 

origin plus replication to obtain absolute replication values. The reactions were incubated at 

370C for various amounts of time and terminated by the addition of EDTA to 10 mM and 

carrier DNA (50 ~-tg). The DNA was precipitated by the addition of ice cold 8% TCA/1% 

NaPPi onto Whatman GF-C glass fiber filters. The specific activity of the newly synthe

sized DNA was determined by scintillation counting, and corrected for the amount of repair 

synthesis, obtained with pSV origin minus plasmid. 
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Results 

Isolation and purification of GMSV40 T antigen 

Recent studies by Mohr et al. ((1989) in press) have shown that SV40 T antigen ex

pressed from bacteria is 10-15% less active than T antigen produced in mammalian cells in 

directing DNA in vitro replication. Bacterially produced T antigen is deficient in binding to 

site II at protein concentrations at which mammalian T antigen binds efficiently. 

To produce GMSV 40 T antigen, an adenovirus protein expression system developed 

by Yasha Gluzman (manuscript in preparation and Gluzman (1982)) was used to express 

the protein in mammalian cells. pGMSV 40 contains a deletion of 323 bp in the first ex on of 

the A gene. It was shown to be deficient in replication and lysis in transient replication as

says in CV 1 cells (Chapter Ill, Fig. 3-1 and 32). The mutant T antigen gene was sub

cloned from pGMSV40 into pAC4C+pTGX1, which is an adenovirus expression vector 

recombinant that contains the wildtype SV 40 T antigen downstream of the adenovirus ma

jor late promoter (Materials and Methods and Fig. 4-1 for details). 

Following cotransfection of pCMGM (the pAC4C+pTGX1/GM subclone) with the 

large fragment of Adenovirus Dl 1309 (Gluzman (1982)) into human 293 cells, 

recombination occurs in the homologous region between 9% to 17% of the Adenovirus 

genome. The recombinant virus named Ad5SVRII2/GM contains the whole adenovirus 

genome except E1A and E1B coding regions. In human 293 cells E1A and E1B are pro

vided in trans by integrated adenovirus sequences that were used for transformation toes

tablish the cell line (Graham et al. (1977)). Approximately one week after transfection lysis 

plaques appeared; these were isolated and expanded by reinfection of H 293 cells. The 

lysates derived from the plaques of 24 recombinant viruses where tested for SV40 DNA 

and T antigen expression as described in Materials and Methods. Two of the SV 40 T anti

gen expressing lysates along with Ad5SVRII2 as wildtype control were used to infect 
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H293 cells. The cells were labelled with 200 jlCi 35 S rnethionine/60 rnrn dish for 2 

hours. Total protein was extracted and T antigen was irnrnunoprecipitated with PAB 405 

(Harlow and Lane (1988)). Gel electrophoresis was performed and the gel dried and ex

posed to X-ray film for 2 hours (Fig. 4-2). 

Both lysates produced GMSV 40 T antigen and hence contain the recombinant virus 

Ad5SVRII2/GM 1 and 2 respectively. Both lanes labelled GM, that contain GMSV40 T 

antigen show similar breakdown products to wildtype T antigen, but migrate slightly faster 

than the wildtype T antigen. This experiment shows that GMSV 40 T antigen can be pro

duced at same levels to wildtype T antigen from the adenovirus expression vector system. 

It also indicates that GMSV 40 T antigen stability is roughly equal to wild type T antigen 

stability, as the ratio of the full length 96 kD band to minor bands is similar in wild type and 

GMSV 40 lanes. The deletion of 14 amino acids thus does not grossly alter the stability of 

the GMSV 40 T antigen protein. 

HeLa and H 293 cell extracts were infected with the expanded Ad5SVRII2/GM1lysate 

and the protein purified by imrnunoaffinity chromatography to PAB 419, a monoclonal an

tibody directed towards theN terminus ofT antigen. Monoclonal antibodies 405 (carboxy 

terminus of the protein) and 416 also recognize GMSV40 T antigen. The epitope for PAB 

416 is roughly localized between nt 4918-4571 but despite the deletion of nt 4966-4643 in 

GMSV40, PAB 416 can recognize GMSV40 T antigen as shown by radioirnrnune-assays 

with iodinated antibodies PAB 416, 419 and 405 (courtesy of Ian Mohr) (data not shown). 

This indicates that the antibody PAB 416 must bind to an epitope upstream of nt 4966 or 

downstream of the splice junction in the second exon and that the original mapping is 

inaccurate. 

480 jlg of GMSV 40 T antigen were purified from 1/2 liter of HeLa spinner cells and 

190 jlg from twenty confluent infected H 293 cell dishes (10 ern) (Fig. 4-3). 

GMSV 40 T antigen produced from HeLa spinner and 293 plate cells migrates at about 

94 kD, when compared to MW markers and wildtype T antigen, which migrates at 96 kD 
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Fig. 4-2 

In vivo labelling of GMSV40 T antigen in H 293 cells. Recombination of pCMGM 

and Dl 1309 resulted in lytic adenovirus. The protein produced in two such lytic plaques 

was labelled by growth in 35S methionine and immunoprecipitated with a monoclonal anti

T antigen. The two lanes contain GMSV 40 T antigen produced by the recombinant viruses 

Ad5SVRII2/GM1 and Ad5SVRII2/GM2 in H 293 cells. An infection with Ad5SVRII2 

was done as a control (wt lane). 
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Fig. 4-3 

Resolution of GMSV 40 T antigen from HeLa and H 293 cells. This figure shows a 

5% denaturing polyacrylamide gel stained with Coomassie Blue. 20, 10, 3 and 1 jlg 

aliquots of wild type and GMSV 40 T antigens were loaded onto the gel. GMSV 40 T 

antigen produced from HeLa spinner and H 293 plate cells migrates at equal positions, but 

faster than wildtype T antigen, which migrates at 96 kD. The arrow points to a protein that 

migrates at approximately 185 kD. This high molecular weight band appears in both 

GMSV 40 preparations, but not in the wild type preparation. 
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on 5% denaturing polyacrylamide gels. The nature of a 185 kD protein that apparently cop

urifies with GMSV 40 T antigen isolates from both human cell lines, but not wild type T 

antigen is unclear. It was intriguing, however to speculate that GMSV 40 T antigen may 

bind a human host cell protein of 185 kD better than wildtype T antigen can, which is a 

tempting assumption, as wild type and GMSV 40 T antigens were isolated in an identical 

manner. Experiments addressing the nature of the 185 kD band will be described in the 

next section. 

Purification from of GMSV40 T antigen and wildtype SV40 T antigen from a CV 1 

cell transfection produced similar results as with T antigens produced from human cells 

(Fig. 4-4). Both T antigens seemed equally stable and a similar migration difference was 

observed between GMSV40 T antigen and wildtype T antigen caused by the deletion of 14 

amino acids in the GMSV40 T antigen. 

GMSV40 and wildtype SV40 T antigens interact with cellular proteins. 

The retinoblastoma susceptibility gene RB encodes for a 928 amino acid protein. The 

loss of this protein is associated with the appearance of retinoblastoma, certain sarcomas 

and has been linked to breast cancer (Lee et al. (1988)). The 105 kD RB protein was 

shown to interact in vitro with both SV40 T antigen and adenovirus E1A protein, as well as 

with other transforming proteins such as E7 of human papilloma virus (DeCaprio et al. 

(1988)). SV40 T antigen shares a small segment of homology with adenovirus 2 and aden

ovirus 5 E1A proteins. This region of homology (amino acids 1-29 and 99-117) is the site 

of interaction with the RB protein (Dyson et al. (1989)) and has previously been implicated 

in the transforming function ofT antigen (Cherington et al. (1988)). An additional site of 

RB interaction with T antigen has been proposed to be located between amino acids 35 and 

60 (Ed Harlow personal communication). 

GMSV40 T antigen contains a 16 amino acid deletion between the two retinoblastoma 

protein binding sites. To test whether the deletion would interfere with RB binding, 
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Fig. 4-4 

GMSV40 T antigen and wildtype T antigen isolated from monkey cells. Each lane on 

the gel contains 1 jlg ofT antigen that was produced through transfection of CV 1-H cells. 

The wildtype T antigen protein migrates slightly faster than the 97 kD molecular weight 

marker in agreement with a predicted size of 96 kD. GMSV 40 runs at about 94 kD, 

presumably due to the deletion of amino acids 66 to 82 (two new amino acids are added 

also), which results in a net loss of 14 amino acids in GMSV40 T antigen. 
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GMSV40 T antigen and wildtype T antigen were mixed with RB polypeptides synthesized 

in an in vitro transcription/translation system (Whyte et al. (1988)). Anti T antigen mono

clonal antibody 416 was used to precipitate the T antigen-RB complexes (Fig. 4-5). This 

experiment was performed in collaboration with Nick Dyson and Ed Harlow. Both wild

type T antigen and GMSV40 T antigen bind to RB protein with equal affinity, despite the 

16 amino acid deletion of GMSV40 T antigen. Thus altered binding to cellular anti-onco

genes may not contribute to the GMSV40 phenotype described in Chapter I and II. 

To resolve the identity of the 185 kD band which copurified with GMSV 40 T antigen 

isolated from both HeLa and H 293 cells a DNA polymerase a assay was performed. 

Polymerase a has a 180 kD subunit and has been reported to interact with SV40 T antigen 

(Smale and Tijan (1986)). In a polymerase a replication assay GMSV40 T antigen activity 

was two fold above background, whereas wildtype T antigen activity was at background 

levels. H 293 cytoplasmic extracts were used as standards. The assay buffer contained 50 

mM Tris pH 8.0, 4 mM MgCl2 200 mM DTT, 800 IJ.M dA TP, dCTP, dGTP, 300 IJ.M 
' 

dTTP, 2.5 IJ.g BSA/ 50 Ill reaction, 10 IJ.g pSV origin plus DNA, 25 IJ.M a-32p dTTP. Re-

actions were incubated for 30 min at 370C and terminated by TCA precipitation. This result 

suggests that a polymerase a activity may have copurified with GMSV40 T antigen and 

would explain the 185 kD band. To test this further Western blot analysis was performed 

with GMSV 40 T antigen, wildtype T antigen and H 293 extracts as positive control by 

probing with an anti-polymerase a antibody (gift of David Lane). The H 293 control 

showed a 180 kD band, which was not detectable in the GMSV40 lane (data not shown). 

We conclude, that the nature of the 185 kD band is obscure but suggestive, since the en-

zyme assay seems to indicate activity, but the antibody failed to detect the enzyme. 

A Western analysis performed with PAB 419 on GMSV40 and wildtype SV40 T anti

gen showed a high molecular weight oligomer, that may have given rise to the 185 kD 

band, due to incomplete denaturation of the proteins prior to gel electrophoresis in the gel in 
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Fig. 4-5. 

Irnmunoprecipitation of the retinoblastoma polypeptide by interaction with GMSV 40 

and wildtype SV40 T antigens. Labelled retinoblastoma polypeptides were synthesized 

from RB eDNA by an in vitro transcription translation system. No full length 105 kD Rb 

protein was obtained in these reactions, due to initiation of translation at internal 

methionines. The major RB peptide synthesized is 60 kD, indicated by the arrow. 

Lane 1 represents the Rb polypeptides, lane 2 and 3 have wildtype and GMSV 40 T 

antigens added, which are tested for complex formation with the Rb polypeptides. The 

complex was immunoprecipitated with the anti T antigen antibody PAB 416. Lane 4 

contains an antibody only control, confirming, that Rb peptides are not precipitated by the 

antibody unless they are bound to the T antigens. Immunoprecipitated proteins were 

resolved on 8% denaturing polyacrylamide gels and detected by exposure to X-ray film. 

This experiment was performed in collaboration with Nick Dyson. 
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Fig. 4-3. Why in the previous gel this would have happened to GMSV40 T antigen from 

both HeLa and H 293 cells but not wildtype T antigen remains unclear. 

Another Western analysis was pe:tformed with a heat shock protein antibody (gift of 

Bill Welsh). Binding ofT antigen to HSP 70 was observed to be dependent upon the first 

108 amino terminal amino acids (Butel, J. (1988) Abstract SV40, Polyoma and Adenovirus 

meeting, Cold, Spring Harbor). Binding of HSP is implied in aiding T antigen transforma

tion functions. No signal was obtained from either GMSV 40 T antigen or wildtype T anti

gen lanes, but only the control H 293 cytoplasmic extract (data not shown). 

l!J.l!iml DNA replication directed by wildtype and GMSV40 T antigens. 

Transient replication assays have shown, that GMSV 40 T antigen is deficient in sup

porting SV40 replication in monkey cells (CV 1). In human cell lines, GMSV40 and 

XPSV40 replicate at wildtype efficiencies (Chapter Ill). 

In vitro replication systems provide an assay to identify host cell factors which may 

cause the host cell specific difference in GMSV40 transient replication levels in monkey 

and human cells. Cytoplasmic extracts from H 293 cells were prepared as described in 

Materials and Methods. Both GMSV 40 and wild type T antigen proteins were prepared 

from HeLa cells by immunoaffmty chromatography. Standard 50 J.Ll in vitro replication re

actions contained 200 J.Lg cytoplasmic extract, 1 J.Lg T antigen protein and 300 ng DNA 

template. Reactions were incubated at 370C for 1 hour maximum, incubations longer than 

one hour result in no increase in DNA synthesis at saturating conditions (data not shown). 

A ten minute lag prior to the onset of DNA replication has been observed at these condi

tions (Stillman and Gluzman (1985)). This lag can be overcome by preincubation of the 

DNA template with cytoplasmic extract and T antigen. 

Time points were taken at 7.5 min, 15 min, 30 min and 60 min. Origin dependent 

DNA synthesis was measured by incorporation of 32P-dAMP into pSV origin plus. The 

pmoles incorporated obtained from pSV origin plus were corrected by the amount of repair 
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synthesis, as measured by counts incorporated into pSV origin minus, a plasmid that con-

tains a 4 bp deletion in site II and can thus not serve as template for origin directed in vitro 

replication (Gluzman et al. (1979)). 

Figure 4-6 shows the level of DNA synthesis as a function of time in H 293 cytoplas

mic extracts comparing GMSV 40 and wildtype SV 40 T antigens at various concentrations. 

250 ng of T antigen represent suboptimal protein concentration for stimulating in vitro 

replication. No replication is observed with 250 ng of wildtype T antigen even after 60 min 

incubation (Fig. 4-6a). 250 ng of GMSV40 T antigen on the other hand are competent in 

supporting replication. The rate of GMSV40 directed in vitro replication at suboptimal 

GMSV 40 T antigen concentrations is approximately 25 fold better than wildtype T antigen, 

which is incapable of directing measurable amounts of DNA synthesis at lower than 0.5 ~g 

concentrations (29.4 pmoles incorp. for GMSV40 T antigen at 60 min versus 2.6 pmoles 

for wildtype T antigen, which is at background levels). Increasing the amount ofT antigen 

to 0.5 ~g per reaction enables wildtype T antigen to support replication (Fig. 4-6b.). 

GMSV40 T antigen still support replication 5 fold better then wildtype T antigen after 60 

min of incubation (52 pmoles for GMSV40 T antigen and 11.5 pmoles for wildtype T anti

gen after 60 min ofincubation). At optimal T antigen concentrations (1 ~g) the difference in 

replication rates between GMSV40 T antigen and wildtype T antigen directed DNA synthe

sis is only 2.5 fold at 60 min (61.7 pmoles by GMSV40 T antigen and 24 pmoles by 

wildtype T antigen) (Fig. 4-6c). 

GMSV40 T antigen purified from HeLa cells thus is up to 25 fold more efficient in 

supporting SV 40 in vitro replication in H 293 cytoplasmic extracts at suboptimal T antigen 

concentrations. 

Figure 4-7 is a different graph depicting the results of the experiment described above 

to better illustrate the time dependent difference in rate of DNA synthesis supported either 

by GMSV 40 or wild type SV 40 T antigens. Stillman and Gluzman have observed a 10 min 

lag prior to the onset of DNA elongation in an in vitro replication system identical to the one 
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Table 4-1 

In vitro DNA replication directed by suboptimal (0.25 ~g) to optimal (1 ~g) levels of 

either GMSV 40 or wildtype SV 40 T antigen from HeLa cells in H 293 cytoplasmic 

extracts. Reactions were terminated prior to maximum levels of DNA synthesis to follow 

replication kinetics at early times. The amount of repair synthesis as measured by the 

counts incorporated into and origin minus DNA template are given. Repair synthesis was 

measured at optimal T antigen concentrations and at a time (30 min) when replication 

kinetics are most linear. At 60 min rates of replication level off. 
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Time (min) DNA synthesis (pmoles dAMP) 

T antigen: 0.25 J.I.Q 0.5 J.I.Q 1 J.I.Q 
GM wt GM wt GM wt 

7.5 2.0 1.5 2.1 1.6 3.0 1.7 
1 5 5.0 1.2 7.1 1.9 15.8 0.3 
30 19.8 1.8 30.0 8.0 41.5 18.3 
60 29.4 2.6 52.0 11.5 61.7 21.4 

DNA repair synthesis (pmoles dAMP) 

30 1.6 1.3 
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Fig. 4-6 

Time dependent DNA replication comparing GMSV 40 and wildtype T antigen directed 

replication rates at various T antigen concentrations. 50 J.ll reactions contained 200 J.lg H 

293 cell cytoplasmic extracts, 0.3 J.lg DNA template and 0.25, 0.5 and 1 J.lg of either 

wildtype or GMSV40 T antigen purified from HeLa cells. The pmoles indicated were 

corrected for DNA repair synthesis and represent 32P-dAMP incorporated into replicated 

DNA. Values below 1 pmol are lower than the value for repair synthesis and represent 

background counts. In the 7.5 min graph only the 1 J.lg GM T antigen is above background 

levels and actually represents replicated DNA. 
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Fig. 4-7 

T antigen concentration dependent in vitro DNA replication rates after 7.5, 15, 30 and 

60 min of incubation of H 293 replication extracts with various amounts of GMSV 40 and 

wildtype SV 40 T antigens. The pmoles used in this graph were corrected for the amount of 

repair synthesis as shown in Table 40. Values below 1 pmol are lower than the value for 

repair synthesis and represent background counts that are insignificant. In the 7.5 min 

graph only the 1 J.Lg OM T antigen is above background levels and actually represents 

replicated DNA. 

• 
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used in this experiment utilizing wildtype T antigen to promote SV40 replication in H 293 

extracts. 

We observe a lag of 7.5 to 15 min prior to DNA synthesis at 1 ~g ofT antigen per re

action. Only at 30 min and 0.5 ~g of T antigen does wildtype T antigen promote measur

able amounts of DNA synthesis. GMSV 40 T antigen can promote DNA replication already 

after 7.5 min of incubation. After 15 min of incubation even suboptimal GMSV40 T anti

gen concentrations suffice to promote DNA synthesis, whereas even the highest concentra

tion (1 ~g) of wildtype T antigen is insufficient in promoting replication. After 30 and 60 

min wildtype T antigen especially at higher concentrations is capable of supporting replica

tion. This demonstrates that GMSV 40 T antigen is faster in the assembly of the prepriming 

complex and can thus reduce the lag observed prior to the onset of in vitro replication. 

GMSV 40 is both faster and more efficient in promoting in vitro DNA replication at 

both suboptimal and optimal T antigen concentrations. 

Comparison of GMSV40 and wildtype SV40 directed DNA replication in CV 1, 

COS7, H 293 and HeLa cell extracts. 

Rates of SV 40 replication in transient replication assays have been shown to correlate 

with in vitro replication efficiencies. H 293 cells were shown to be efficient in supporting 

SV 40 replication in vivo and in vitro, which was inversely correlated to the amount ofT 

antigen synthesis observed (Lebowski et al. (1985) and Lewis and Manley (1985)). H~La 

cell cytoplasmic extracts were four fold less efficient in supporting SV 40 in vitro replication 

then H 293 extracts, which correlates with less efficient SV 40 replication in HeLa cells in 

transient replication assays. 

It was therefore of interest to test whether the deficiency of GMSV40 in transient 

replication assays in CV 1 cells (Chapter Ill) could be reproduced in monkey cell cytoplas

mic extracts in in vitro replication assays. Standard reactions contained reaction buffer 

(Materials and Methods), 200 ~g cytoplasmic extract and 300 ng DNA template per 50 ~I 



176 

reaction and were incubated for 2 hours at 370C. To compare GMSV 40 and wild type 

SV40 T antigens a titration of 1, 2 and 3 ~g T antigen in the monkey and human cell ex

tracts was done. The amount of DNA synthesis in the different extracts was corrected for 

repair synthesis and expressed as pmoles d-AMP incorporated at varying T antigen con

centrations. Table 4-2. shows the rate of DNA replication in the cytoplasmic extracts of CV 

1, COS7, HeLa and H 293 cells obtains with GMSV40 and wildtype SV40 T antigens pu

rified from HeLa cells. 

In CV 1 extracts 1 J.Lg of GMSV40 T antigen is 2.5 fold more effective in supporting 

DNA replication then wildtype SV40. At higher concentrations (2 and 3 ~g) the difference 

in replication rates catalyzed by the two T antigens decreases to 2 and 1.5 fold (Fig. 4-8). 

In COS 7 cell extracts GMSV40 T antigen is at all concentrations tested (1, 2 and 3 J.Lg) 3 

fold better then wildtype T antigen in promoting in vitro replication. A control reaction that 

c~mtained everything but T antigen sho~ed background levels of incorporation similar to 

the origin minus DNA template control. This indicates that despite the integrated SV40 

genomes in COS 7 cells that express T antigen, the COS 7 cytoplasmic extracts alone are 

insufficient in promoting in vitro replication. Presumably most of the COS 7 T antigen is 

within the nuclear extract, and thus does not interfere with the cytoplasmic in vitro replica

tion reactions (Li and Kelly (1984)). In H 293 cell extracts only low T antigen concentra

tions showed a 1.5 fold difference between GMSV40 and wildtype SV40 T antigens. HeLa 

extracts showed in this reaction almost no difference, but in other reactions at similar 

conditions and especially at lower T antigen concentrations showed that GMSV 40 was 

more efficient the wildtype T antigen in promoting in vitro replications. 

This experiment shows that despite the deficiency in promoting SV40 replication in 

vivo in monkey cells, in vitro GMSV 40 T antigen is even better then wild type in promoting 

in vitro replication in all four different cytoplasmic extracts. 
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Table 4-2 

Side by side comparison of GMSV 40 T antigen and wild type T antigen in in vitro 

replication reactions in CV 1, COS 7, H 293 and HeLa cell cytoplasmic extracts. Optimal 

amounts of T antigen were used in the reactions. A control reaction, where no T antigen 

was added is shown below the columns for DNA synthesis. The lack of DNA synthesis in 

the COS 7 extracts shows that the endogenous T antigen is insufficient in promoting 

detectable amounts of DNA synthesis in these extracts. pmoles incorporated due to repair 

synthesis are shown. The amount of repair synthesis is consistently higher in the monkey 

cell extracts, CV 1 and COS 7 than in the human cell extracts H 293 and HeLa. 
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Fig. 4-8 

In vitro replication in CV 1, COS 7, H 293 and HeLa cell cytoplasmic extracts 

supported by either GMSV 40 or wildtype SV 40 T antigens. Reaction mixes contained 200 

J..lg cytoplasmic extracts, 300 ng DNA template and either 1, 2 or 3 J..lg ofT antigen and 

were incubated for 2 hours at 370C, which are reaction conditions that should support 

optimal levels of DNA synthesis. The pmol values for replication were corrected for repair 

synthesis (see Table 41). The open squares represent GMSV40 T antigen directed in vitro 

replication, while the solid squares represent wildtype T antigen directed replication. 
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Rates of iill!.ilra DNA replication promoted by suboptimal T antigen concentration in 

CV 1, COS 7, H 293 and HeLa cell extracts. 

Standard protocols suggest that optimal replication rates in monkey cells require 2 to 4 

JJ.g T antigen per reaction (Li and Kelly (1984)). Human cells reach levels of optimal DNA 

synthesis at 0.5 to 1 JJ.g ofT antigen per reaction (Wobbe et al. (1986) and Stillman and 

Gluzman (1985)). This difference in T antigen requirement in itself is interesting, but is not 

the subject of this study. 

The previous experiment was done at optimal T antigen concentrations. A greater 

difference between GMSV 40 and wild type T antigen at suboptimal than at optimal concen

trations· was observed in H 293 cell extracts as a function of time (Fig. 4-6). To quantitate 

this difference, four T antigen concentrations were tested in two monkey cell and two hu

man cell cytoplasmic extracts. The monkey cell extracts CV 1 and COS 7 contained 0.5, 1, 

2 and 3 JJ.g of T antigen. The human cell extracts contained 0.25, 0.5, 1 and 2 JJ.g of T 

antigen per reaction. 

Table 4-3 lists the amount of in vitro replication obtained in the four extracts from sub

optimal to almost optimal GMSV40 and wildtype SV40 T antigens. In CV 1 cell extracts 

GMSV40 is at all concentrations approximately 2 fold better then wildtype T antigen (2.6, 

1.7, 1.6 and 2.3 fold respectively). This agrees with the difference in rates of replication 

obtained at optimal T antigen concentrations (Fig. 4-8). In COS 7 cell extracts at 250 ng of 

T antigen per reaction GMSV 40 T antigen is 3.6 fold better then wildtype T antigen. This 

difference decreases to 2 fold at higher T antigen concentrations, again this agrees with the 

3 fold difference in rates of replication obtained at optimal T antigen concentrations. 

In H 293 cells at 250 ng ofT antigen per reaction GMSV40 is 15 fold more efficient in 

promoting in vitro DNA synthesis, this difference is due to the inability of wildtype T anti

gen to promote DNA synthesis at low concentrations. At higher concentrations (0.5, 1 and 

2 JJ.g) wildtype T antigen can promote DNA synthesis. At 1 and 2 JJ.g T antigen per reaction 

wild type T antigen is 1.2 fold more efficient than GMSV 40 T antigen (Fig. 4-9). In HeLa 



182 

Table 4-3 

This table shows the pmoles dAMP incorporated into DNA in cytoplasmic extracts 

from CV 1, COS 7, H 293 and HeLa cells. GMSV40 and wildtype SV40 T antigen were 

derived from HeLa cells and are compared in their replication directing activities at 

suboptimal T antigen concentrations. Counts obtained by DNA replication are shown in the 

upper panel, while counts due to repair synthesis are given below. The titration ofT 

antigen concentrations differed in monkey and human cell extracts, because of differences 

in T antigen concentrations needed to reach optimal levels of DNA synthesis. ND 

represents T antigen concentrations that were not tested for these reasons. The reaction of 1 

Jlg wildtype T antigen in COS 7 extracts could not be used due to experimental error. 
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Fig. 4-9 

In vitro replication reactions in CV 1, COS 7, H 293 and HeLa extracts catalyzed by 

suboptimal T antigen concentrations. The difference between GMSV 40 and wildtype SV 40 

T antigen in replication efficiencies is greatest at suboptimal protein concentrations. The 

open square shows GMSV40 T antigen directed replication, while the filled in square 

shows wildtype T antigen directed replication. The pmoles shown were corrected for repair 

synthesis. 
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cytoplasmic extracts similar kinetics as in H 293 cells are observed. At suboptimal T anti

gen concentrations (250 ng) GMSV 40 T antigen is 26 fold more active, whereas at high T 

antigen concentrations this difference levels off (Fig. 4-8 and 4-9.). 

Suboptimal T antigen concentrations in both monkey cell and human cell extracts show 

that GMSV 40 T antigen is up to 26 fold more active in promoting in vitro DNA replication, 

whereas at saturating T antigen concentrations in the human cell extracts wildtype and 

GMSV40 T antigen are almost equally active. Interestingly, in monkey cell extracts 

GMSV40 is more active at all concentrations tested, which might be due to the high con

centration ofT antigen needed to reach saturating levels in monkey cell extracts. 

Comparison of GMSV40 and wildtype T antigen produced from either HeLa or CV 1 

cells. 

In vitro DNA synthesis is promoted more efficiently by GMSV40 T antigel). then 

wild type T antigen in CV 1 cell extracts, whereas GMSV 40 replication is deficient in vivo 

in CV 1 cells. One explanation for the apparent discrepancy could have been that GMSV 40 

T antigen protein when produced in HeLa or H 293 cells is differentially modified such, 

that it is more active in both monkey cell and human cell extracts. In a transfection of the 

GMSV 40 genome into CV 1 cells, the GMSV 40 T antigen is produced by CV 1 cells and 

may not be modified similarly to HeLa cell producedT antigen protein. 

We produced GMSV40 T antigen and wildtype T antigen by transfection into CV 1 

cells as described.in Materials and Methods. Figure 4-4. shows the migration ofGMSV40 

and wildtype T antigens purified form CV 1 cells on a polyacrylamide gel. In vitro replica

tion reactions contained either 200 ~g of HeLa or CV 1 cell cytoplasmic extract, 300 ng of 

DNA template and either 1 or 2 ~g ofT antigen form either monkey or hllman cells. Reac

tions were incubated for 2 hours. 

HeLa produced GMSV40 T antigen was 1.5 to 2 fold more efficient in directing DNA 

synthesis in both CV 1 and H293 cells extracts than the wild type protein isolated from the 
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same cells (Fig. 4-10). CV 1 cell produced GMSV 40 T antigen was 1.5 to 3 fold more ac-

tive then wildtype CV 1 cell produced T antigen. (Table 4-4). This experiment confirms 

that the cell type human or monkey, that was used to produce T antigen, does not cause the 

difference in replication rates from GMSV40 versus wildtype SV40 T antigen and can not 

be used to explain the discrepancy between in vitro and in vivo GMSV 40 T antigen pro

moted replication rates. 
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Table 4e4 

In vitro replication reactions comparing wildtype and GMSV 40 T antigens produced in 

either monkey cells (CV 1) or human cells (HeLa) in human cell extracts (H 293) or 

monkey cell extracts (CV 1). 

The upper panel shows the pmoles dAMP incorporated into the origin containing 

plasmid. Below each column values obtained from the origin minus construct are given, 

which represent repair synthesis. The upper panel represents replication of GMSV 40 and 

wildtype T antigens expressed in HeLa cells. The lower panel represents replication from 

CV 1 cell expressed GMSV 40 and wild type SV 40 T antigens. Rates of replication in either 

CV 1 cell extracts or H 293 cell extracts are shown in two columns side by side. 
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T antigen DNA synthesis (pmoles dAMP) 

extracts: CV1 H 293 
GM wt G.t1 wt 

J:ieJ..a 
1 ll9 14.3 7.0 52.7 32.2 

2 ll9 18.0 11.0 66.3 43.3 

2 ll9 repair synthesis 2.0 4.0 4.1 4.8 

mu. 
1 ll9 15.5 10.2 46.0 15.6 

2 ll9 25.1 10.0 60.5 47.3 

2 ll9 repair synthesis 2.8 - 2.6 4.3 3.2 
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Fig. 4-10 

Comparison of DNA replication rates in H 293 and CV 1 cell extracts promoted by 

either GMSV40 and wildtype T antigens produced in HeLa cells or in CV 1 cells. The 

graphs on the left top and bottom show rates of replication of both T antigens in 293 cell 

extracts. The top graph compares GMSV40 and wildtype SV40 T antigens produced in 

HeLa cells in H 293 extracts. The bottom graph shows replication rates in H 293 extracts 

promoted by both T antigen proteins produced in CV 1 cells. The graphs on the left 

compare replication rates of the HeLa cell produced T antigens in CV 1 extracts (top graph) 

and the CV 1 cell produced T antigens in CV 1 cell extracts (bottom graph). Opens squares 

represent GMSV 40 T antigen directed replication, while filled squares represent wildtype T 

antigen directed replication rates. 
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Discussion 

The development of an SV 40 in vitro replication system has helped to identify host cell 

factors required for eukaryotic DNA replication. Factors that allow for lytic runaway repli

cation in permissive cells, or that down regulate the SV40 replication origin during S phase 

in semipermissive and nonpermissive cells remain unknown. Recent studies in monkey 

cells (Fanning et al. (1988)) and with S phase extracts (Urso and Roberts (1988)) suggest 

that such regulator proteins may exist, but their identity remains obscure. 

SV 40 variants such as GMSV 40 and XPSV 40 that have a host range phenotype of 

replication different from wildtype are of great interest These variants may differ in their 

interaction with host cell replication control factors and thus may serve as tools to identify 

these factors. GMSV40 and XPSV40 are very intriguing mutants because they are replica

tion competent in human cells, but lack efficient replication capacity in monkey cells, the 

original permissive SV 40 host cells. Most SV 40 mutants known to date are either wild type 

in their replication capacity or entirely replication defective. 

We isolated GMSV 40 T antigen from mammalian cells with the help of an adenovirus 

expression vector system (Fig. 4-1 ). The source ofT antigen is significant, because recent 

studies have shown that T antigen purified from bacteria is 10 to 15% less active in in vitro 

replication assays as T antigen purified from mammalian cells (Mohr et al. (1989) in press). 

GMSV40 T antigen expressed by the adenovirus expression vector is as stable as wildtype 

T antigen, as measured in in vitro protein labelling studies in H 293 cells (Fig. 4-2). Figure 

4-3 shows GMSV40 T antigen purified form both HeLa spinner and. H 293 plate cells 

along with wildtype T antigen purified from HeLa cells. At higher concentrations ofT anti

gen, a protein of apparent molecular weight of 185 kD band appears in both HeLa and H 

293 GMSV40 preparations but not in the wildtype preparation. A polymerase a assay and 

a Western blot probed with polymerase a antibody are inconclusive in establishing whether 
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the 185 kD band is the 180 kD polymerase a. subunit. Since subsequent purifications from 

both HeLa and CV 1 cells did not show the high molecular weight band and Westerns 

indicated that some T antigen oligomers migrate at approximately 180 kD, we favor the no

tion that the 185 kD protein may have been aT antigen oligomer that did not become dena

tured prior to gel electrophoresis. There is no difference in HSP 70 binding between 

GMSV 40 and wildtype SV 40 T antigens. 

GMSV40 and wildtype T antigen isolated from a CV 1 cell transfection showed the 

same difference in migration between GMSV40 and wildtype T antigens (Fig. 4-4.) as has 

been observed in H 293 and HeLa cell purified T antigens (Fig. 4-3). GMSV 40 T antigen 

migrates faster than wildtype T antigen, which is probably due to the deletion of 14 amino 

acids in the GMSV40 genome. The 14 amino acids lost in GMSV40 lie in between the two 

proposed retinoblastoma protein interaction sites. Complex formation between the 

retinoblastoma gene product and either GMSV 40 or wildtype SV 40 T antigen is however 

equally as efficient (Fig.4-5). 

At suboptimal protein concentrations GMSV 40 T antigen is more than 20 fold more 

effective in promoting in vitro replication than is wild type T antigen. In CV 1, COS 7, H 

293 and HeLa cell extracts similar differences in the ability to support DNA synthesis be

tween GMSV40 and wildtype SV40 T antigens were observed. At suboptimal concentra

tions (250 ng of T antigen) wildtype T antigen can not promote measurable amounts of 

DNA synthesis in vitro, whereas GMSV40 _T antigen can promote incorporations of up to 

68 pmoles per reaction (Fig. 4-8). At saturating T antigen concentrations the difference 

levels off to 1.5 to 2 fold in both human and monkey cell extracts. A comparison between 

monkey cell produced GMSV 40 and wild type SV 40 T antigens and human cell produced 

GMSV 40 and wild type SV 40 T antigens in both monkey cell and human cell extracts re

vealed no difference (Fig. 4-10). The ratio of replication rates of GMSV 40 versus wildtype 

T antigen remained the same, independent of either protein source or type of replication ex

tract. 



194 

Interestingly, GMSV40 T antigen is not only more efficient in establishing the priming 

complex for in vitro DNA replication, but is also faster. A ten minute lag before the onset 

of DNA synthesis has been observed in in vitro replication reactions with wildtype SV40 T 

antigen (Stillman and Gluzman (1985)). The lag is proposed to be due to the time needed 

for assembly of the presynthesis complex of replication and can be overcome by preincu

bation of the DNA template with T antigen and cytoplasmic extract. We observed a similar 

lag in in vitro replication reactions with wildtype T antigen (Fig. 4-7). After 15 min of in

cubation of the in vitro replication reaction there was little replication observed even at 

saturating wildtype T antigen concentrations. GMSV 40 T antigen on the other hand short

ened the lag to 7.5 minutes, which is when the first timepoint was taken at 1 J.lg ofT anti

gen per reaction, and when in vitro DNA synthesis started. After 15 minutes of incubation 

GMSV40 T antigen is 15 fold more efficient in promoting DNA synthesis than wildtype T 

an~igen. 

The deletion of 14 amino acids in GMSV40 T antigen seems to make this protein both 

faster and more efficient in in vitro replication reactions when compared to wildtype T anti

gen. 

Studies by Mohr et al. (1987) have shown that dephosporylation resulting in there

moval of 80% of the phosphate residues on T antigen results in a 3 to 4 fold increase in the 

ability to support DNA replication in vitro and also seems to decrease the lag prior to onset 

of replication. In GMSV40 T antigen 16 amino acids were deleted and two new amino 

acids were inserted (Fig. 4-11 ). A sequence charged amino acids that have been deleted has 

thus been recreated and might in the new context be significant for the better than wildtype 

activity of GMSV 40 T antigen in analogy to the underphosphorylated T antigen described 

in the study above (Fig.·4-11). 
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Fig. 4-11 

Structure of the first exon and the amino acids encoded for therein of wildtype large T 

antigen, GMSV 40 T antigen and small T antigen. The introns (IVS), are shown as breaks 

in the sequence. Splicing of the 66 bp IVS in GMSV40 has been shown. Deleted amino 

acids in GMSV 40 are shown in smaller print in the wild type large T antigen and small t 

antigen structures. Lysine and tyrosine are highlighted in both large T antigen and small T 

antigen, since they are reinserted in the GMSV40 T antigen. The deletion of the 16 amino 

acids of the T/t common region in GMSV40 is shown as a box. The solid bar in the 

GMSV40 structure shows the deletion of sequences that lie in the intron of large T and that 

delete all small t unique amino acids. The arrow indicates the point mutation that changes a 

serine to lysine. The GMSV 40 sequence is out of frame with respect to small t codons, 

thus the termination codon (stop) in small t can not be utilized in GMSV 40, which enables 

the second exon of GMSV40 to be in the wildtype large T antigen reading frame. The 

structure ofGMSV40 and XPSV40 T antigens is identical in this region. 
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In GMSV40 T antigen 16 amino acids have been deleted after the glycine and valine amino 

acids, but two new amino acids have been inserted (lysine and tyrosine). A point mutation 

in GMSV 40 changed an C to an A at position 4642 (x), thus making the newly inserted 

amino acid a tyrosine (TAT) instead of serine (TCI'). This exactly recreates the sequence of 

amino acids in the wildtype, with the difference being between alanine and isoleucine, 

which are both neutral amino acids. The point mutation changing the serine to a tyrosine 

may thus have been vital to not alter phosphorylation patterns in the protein since serine is a 

stronger nucleophile than tyrosine, and hence is more likely to be phosphorylated and al

tered phosporylation has been shown to have a profound effect on T antigen's replication 

function (Mohr et al. ( 1987) ). A careful analysis of phosphorylation sites in both GMSV 40 

and wildtype SV40 T antigens will be required to test that indeed no change occurred in 

phosphorylation, since the GMSV40 phenotype is strikingly similar to the replication phe

notype of an underphosphorylated T antigen. Due to the insertion of these two new amino 

acids and the point mutation then the overall charge profile of this region in the T antigen 

protein is maintained in GMSV 40 and XPSV 40 despite the deletion. 

Point mutations that alter certain biochemical functions ofT antigen while not disturb

ing others have been mapped throughout the entire A gene. Only very few regions of the 

protein have been spared and one of which is the region that is deleted in GMSV 40. This 

may indicate that the 16 amino acids form a region that cannot be disturbed and dissected 

further. Gluzman and Ahrens (1982) have described a revertant that restores DNA synthe-
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sis of a replication incompetent, transformation competent SV 40 mutant C6 in CV 1 cells. 

This revertant carries a new point mutation (G to A at nt 4977), in addition to the mutations 

at nt 5074 and 5011 (C6-1) and 4360 (C6-2). Segregation of C6 showed that the C6-2 

mutant alone did not replicate in CV 1 cells, while the C6-1 mutants replicated at very re

duced efficiency. Interestingly the revertant is a substitution of a glutamic acid residue by a 

lysine residue at amino acid 63. The GMSV 40 mutations maps directly proximal to this re

gion.beginning at amino acid 67 and also inserts a lysine together with a tyrosine in place 

of the deleted 16 amino acids. The authors offer no explanation of how the lysine insertion 

in the C6 revertant may restore deleterious changes in the two nearby amino acid residues 

(C6-1, Met-Ile and Lys-Asn). Wildtype large and small T antigens contain a lysine at 67 

and tyrosine at 68, while in GMSV 40 these deleted amino acids are replaced by a tyrosine 

at 67 and a lysine at 68. It appears as if a lysine in this region of the protein may be essen

tial for replication and may overcome nearby mutations deleterious to replication as in C6. 

In GMSV40 T antigen ~e deletion of the 16 amino acids may have also been deleterious 

for the SV 40 replication. At later time a revertant may have occurred that inserted the tyro

sine and the lysine into the GMSV 40 deletion and may have thus restored replication. If 

than GMSV 40 were a revertant of a replication incompetent SV 40 mutant it would be sim

ilar to C6 since GMSV 40 replication is restored in the present GMSV 40 genome but not to 

wildtype levels, just like the C6 revertant, which was shown to restore a replication minus 

mutant to low levels of replication in CV 1 cells. The fact that XPSV 40 contains the same 

deletion and addition of the same two amino acids may lend this argument even further 

strength, as XPSV40 is distinct from GMSV40 in two other silent mutations in the A gene 

and other alterations in the late region but is identical to GMSV40 in the first exon and also 

shows the same altered replication phenotype in vivo (Chapter II). 

Alternatively, the deletion of the 16 amino acids deletes a rather extensive hydrophobic 

domain in the protein that may have a function in protein-protein interactions (Fig. 4-12). A 

Chou-Fassman .(Chou and Fassman (1978)) analysis of this region shows that this 
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Fig. 4-12 

Hydrophilicity profiles of wildtype SV40 large T antigen and GMSV40 large T 

antigen. The 16 amino acid deletion of amino acid 67 through 82 is indicated by solid bars 

in the wildtype T antigen blot. In GM637 or GMSV 40 T antigen the deletion and 

reinsertion of two amino acids is incorporated into the blot. XPSV 40 T antigen would 

show an identical profile, since XPSV 40 specific amino acid changes do no reside in the 

region shown on the profile. (0) shows the absolute maximum of hydrophilicity over the 

amino acids blotted. experimental amino acid solubilities were used to predict 

hydrophilicity over 15 amino acid windows. This printout out is a courtesy of Warren 

Gish. 
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hydrophobic domain can be modelled into a helix-tum-helix structure with the 16 amino 

acids that are deleted in GMSV 40 forming the turn in the wildtype protein. Thus GMSV 40 

T antigen may interact with putative host cell replication factors differentially such that it 

may assemble the preinitiation complex faster reducing the lag to shorter than 7.5 minutes 

and also interact with replication factors more efficiently, thus achieving higher replication 

rates than wildtype T antigen. Alternatively the loss of that region may delete an interaction 

with a negative regulatory host cell protein, which may be a cell cycle regulator and/or a 

nonpermissivity factor. Detailed biochemical studies are necessary to clarify, why the 

GMSV 40 T antigen supports faster and more efficient DNA replication rates in vitro than 

wildtype and what the biological significance of this could be. It has been shown that the 

host cell source of DNA polymerase a- primase complex discriminates between polyoma 

and SV40 T antigen dependent replication (Murakami et al. (1986). GMSV40, which 

shows a host range phenotype in vivo and altered replication kinetics in vitro may differ 

from wild type SV 40 in its interaction with the polymerase a- primase complex (Murakami 

et al. (1986)). Our data suggest that the deleted amino acids form a domain involved in. 

modulating T antigens ability to support in vitro replication. 

GMSV 40 T antigen purified from either monkey or human cells is more active than 

wildtype T antigen in supporting replication in both monkey cell extracts (CV 1 and COS 7) 

and human cell extracts (H 293 and HeLa). In transient replication assays measuring 

GMSV40 replication in vivo, we had observed that GMSV40 is deficient in replication in 

CV 1 cells (Fig. Chapter Ill). In vivo replication could be rescued in COS 7 cells that pro

vide T antigen in trans or by cotransfecting with SV80 T antigen. Since in vivo replication 

involves the replication of SV 40 minichromosomes, the discrepancy between in vivo and in 

vitro GMSV 40 replication phenotypes could be explained by chromatin effects. Chromatin 

in vivo may attenuate a biochemically more active GMSV 40 T antigen such that it is less 

competent in promoting replication than wildtype T antigen in vivo, despite the fact that in 

vitro GMSV 40 T antigen is more active than wild type T antigen. 



202 

This is the first time that in vitro DNA replication rates were compared in monkey and 

human cell extracts side by side. Li and Kelly report, that the activity of human and mon

key cell extracts were approximately the same, but the authors fail to show side by side e;K

periments of human and monkey extracts and also show data solely for COS 7 and BSC 1 

but not CV 1 monkey cells (Li and Kelly (1984)). It is interesting to note that in our ex

periments monkey cells, which are permissive for SV 40 replication in vivo require 2-4 fold 

higher T antigen concentrations than semi permissive human cells, to support similar rates 

of in vitro replication (Fig. 4-8 and 4-9). Other factors such as reinfection frequencies 

through virion formation, or compartmentalization of replication factors may manifest the 

permissive and semipermissive phenotype in vivo, which is not reflected in in vitro 

replication assays. The actual replication of SV40 might be better in some human cells both 

in vivo and in vitro. This observation than would apply only to transformed human cells, 

that may express other viral oncogenes such as the adenovirus proteins E1A and E1B in~ 

293 cells and human papilloma virus E7 in HeLa cells or contain endogenous over

expressed or mutated cellular oncogenes and/or mutated or under-expressed cellular anti

oncogenes such as the retinoblastoma gene. Primary human cells do not support SV40 

replication well, but do permit a slow lytic response manifested in crisis. Thus primary 

human cells may be more similar to permissive monkey cells in SV40 replication rates, but 

differ in the degree of the late response. Only the transformed human cells differ from this 

replication phenotype and we postulate that GMSV40 has attenuated its replication capacity 

such that it can be maintained stably in transformed human cell lines. 
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Chapter V 

Conclusions 

The SV 40 host range is specified by the availability of replication factors in the host Non

permissive SV 40 transformed rodent cells fail to provide factors needed by the virus to 

replicate its genome. Many transformed rodent cell lines harbor wildtype SV 40 genomes, 

which will replicate upon fusion with permissive cells that provide host factors required for 

viral replication in trans. Both permissive and semipermissive cells provide all of the 

cellular factors needed for efficient viral replication. In permissive cells SV 40 can induce a 

continuous S phase of the host, which allows lytic viral replication, presumably due to the 

continuous supply of host replication factors. 

Semipermissive human cells also provide these replication factors. In in vitro replica

tion assays human cell extracts replicate SV 40 as well as do pe~issive monkey cell ex

tracts, whereas extracts from nonpermissive rodent cells fail to replicate SV40. In vivo, 

human cells are less efficient than monkey cells in supporting SV 40 replication. This may 

reflect a lower concentration of replication factors in human versus monkey cells. Upon in

fection of human cells, the lytic response is delayed when compared to permissive cell in

fections, although eventually human cells succumb to crisis. Stably SV 40 transformed 

permissive and semipennissive cells have been shown to harbor mutated replication 

incompetent SV 40 genomes. 

This work describes the isolation and characterization of two mutant SV40 genomes, 

which we have designated GMSV 40 and XPSV 40, from two SV 40 transformed human 

cell lines, GM637 and XP12ROSV. Both genomes are replication competent and stably 

maintained in SV 40 transformed human cell lines, defying previous observations that stable 

transformation and replication competence are incompatible. BrdU labelling studies showed 
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that the replication of GMSV40 in GM637 cells and XPSV40 in XP12ROSV cells is 

slower than typical permissive replication (Chapter m. Both T antigen and VPl are ex

pressed in these human cell lines. Formally then, a permissive response should be possible 

in these cell lines, but crisis was never observed. 

In permissive monkey cells (CV 1) very low levels of replication and no lysis have 

been observed upon transfection of either GMSV 40 or XPSV 40. CV 1 cell lines that con

tinuously carry a few GMSV40 genomes extrachromosomally designated CVGM, have 

been established 

Wildtype T antigen supplied in COS 7 cells or a mutant replication incompetent T anti

gen supplied by cotransfection with SV80 genomes, can restore the GMSV 40 replication 

and lysis phenotypes to wildtype levels. GMSV40 and XPSV40 T antigens thus seem 

deficient in a function that can be supplied in trans. SV80 T antigen and a similar T antigen 

mutant (T22) cannot bind DNA, but have been shown to trans activate late transcription. 

We therefore propose that the T antigen from GMSV40 and XPSV40, which we call GMT, 

is deficient in trans activation of a cellular transcription factor that induces a host promoter 

to express a transcription (TF) or replication factor (RF) necessary for efficient SV 40 repli

cation (Fig. 5-1). Our model is based on the assumption that modifications of, or binding 

to a cellular control factor by T antigen, enhances the the expression of a cellular TF or RF, 

needed for efficient viral replication. The Adenovirus ElA protein has similarly been pos

tulated to catalyze the modification, o~ increase the amount of a cellular TF (Kovesdi et al. 

(1986)). Ample precedence exists for a trans activation of cellular control factors by viral 

oncogenes (i.e. API in HeLa cells, sAPl-SRP in CV 1 cells, Hsp70 etc.) Proteins such as 

X protein (Hepatitis B virus), ElA, VP16 (Herpes virus) and TPA are believed to induce 

TFs and/or alter their DNA binding affinity, thus trans activating both viral and cellular 

transcription and replication. Induction of cellular replication may lead to transformation. 

(Gallo et al (1988), Spandau and Lee (1988) and Kovesdi et al. (1986)). 
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Fig. S-1 

Model of the complementation of the deficient trans activation function of GMSV 40 T 

antigen by SV80 T antigen. Two alternative mechanisms for a T antigen-mediated trans 

activation of a cellular transcriptional control factor are shown in the top graph. T antigen 

can either bind to a cellular factor (right) or modify it's DNA binding activity (left). These 

functions can be performed by SVSO T antigen since no DNA binding activity is required. 

The activated cellular transcription factor promotes increased expression levels of a cellular 

replication factor (RF) or a transcription factor (TF). Trans activation of viral transcription 

and/or replication may be mediated by either increased levels of a cellular control factor (TF 

or RF), or a modified more active form of that factor. The modification in turn may be 

catalyzed by T antigen (SVSO T). The cellular TF would bind to the SV 40 

promoter/enhancer and stabilize the interaction ofT antigen with the origin. Alternatively 

binding of ,a TF proximal to the origin may prevent the formation of chromatin, keeping the 

origin accessible for the binding ofT antigen. Thus a TF might indirectly enhance levels of 

replication in vivo. 

Alternatively the trans activated cellular factor could be a RF that is directly involved in 

replication (right). A wildtype T antigen will be able to perform both the trans activation of 

a cellular factor and the binding to the SV 40 origin in cis to efficiently promote SV 40 

replication in vivo. 

We propose that GMSV40 T antigen can only provide the cis function, while SV80 T 

antigen complements the mutation by activation or increase of the levels of a cellular factor 

(TF or RF) in trans. 

The model of leading and lagging strand DNA synthesis at the SV40 origin was 

proposed by B. Stillman. 
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These viral trans activators can compete or substitute for one another in this function, 

indicative of protein-protein interactions rather than DNA-protein interactions. 

In vitro replication studies in human and monkey cell extracts have shown that GMT is 

more active in promotion of in vitro replication than wildtype T antigen, and also reduced 

the lag needed to form the presynthesis complex at the SV 40 origin prior to the onset of 

repiication. GMT thus can perform all biochemical functions necessary to replicate the 

SV40 genome in vitro, in some cases more efficiently than can wildtype T antigen. In vivo, 

however, GMT is deficient in promoting SV 40 replication. 

GMT antigen may be deficient in trans activation of a cellular TF necessary for SV 40 

replication in vivo, but not in vitro (Fig. 5-1). In vivo, a transcription factor may be 

needed to keep the SV 40 replication origin free of nucleosomes, as has been proposed to be 

the function of some viral immediate early (IE) proteins (Workman et al. (1988)). Alterna

tively, a transcription factor may stabilize the binding ofT antigen to site IT in the origin 

(Mitchell et al. (1987)). In vitro a TF may not be required because of the absence of his

tones on the DNA, it might also be over-supplied in the cytoplasmic extracts. 

An alternative model i~ that an auxiliary RF is limiting, the expression of which is 

required for efficient trans activation of replication in vivo. An RF has been shown to be 

induced at the beginning of S phase, presumably to replicate the host cell genome (Roberts 

and Urso (1988) ). It has also been shown that the cellular localization of the viral IE protein 

E 1 A varies depending on the cell cycle state of the cell at the time of infection (White et al. 

(1988)). Hsp70, the concentration of which may be elevated by viral oncogenes, is most 

abundant at the G 1-S boundary in uninfected ce.lls (Milarski and Morimoto (1986) ). Taken 

together, these observations support the model that a viral trans activator induces an RFtrF 

(i.e. Hsp70) to support viral replication inS phase. In uninfected cells, excess RF may be 

scavenged by the virus to replicate its genome. The concentration of that factor would then 

determine the amount of replication permitted in different hosts, ranging from no replication 
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in nonpermissive cells, to lytic replication in permissive cells. In support of this, the level 

of inducible factors such as Hsp70 is correlated with permissivity to viral infection 

(Imperiale et al. (1984) ). 

Wildtype SV 40 virus may have the ability to induce expression of this RF in trans in 

permissive cells. Over-expression of the RF would thus allow overreplication of the wild

type viral genome. T antigen modifications may regulate· the balance between T antigen 

acting in cis to replicate and transcribe SV40 DNA, and in trans to activate cellular factors 

required for these processes. 

We postulate that GMT is deficient in this trans activation function. According to our 

model, GMSV40 and XPSV40 may only be able to replicate if a host cell provides a con

centration of the RF in excess of that needed for host genome replication. The failure to 

trans activate a cellular promoter to express RF may attenuate GMSV40 and XPSV40 

replication in permissive cells such that they replicate only at low levels· during S ph~se, as 

compared to wildtype SV 40 replication. The attenuated SV 40 genome replication kinetics, 

although achieved by means of mutating the virus, resemble those of a host cell controlled 

viral replication. 

The HeLa cell replication kinetics exemplify our model and support our interpretation 

invoking a deficiency in trans activation of an RF or a TF. GMSV40 and XPSV40 replicate 

to higher genome copy numbers than wildtype at early times after transfection into HeLa 

cells. This may be explained by the enhanced replication promotion ability of GMT, as seen 

in the in vitro assays, in the presence of relatively abundant RF. The amount of RF 

available in HeLa cells may support only the replication of a limited number of SV40 

genomes. Once a critical concentration of SV40 genomes is reached, GMSV40 and 

XPSV40 may not replicate until the next S phase in concert with the host genome, when 

new RFs are newly induced by the host. Wildtype T antigen, on the other hand, may con

tinuously induce RFs in trans and may thus reach higher total levels of replication at later 

times, despite its apparent biochemical inferiority to GMT (Chapter ill). 
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The deletion of 16 amino acids (66 to 82) in GMSV40 and XPSV40 T antigen lies in a 

region of the protein where no other known mutations map, which is unusual, since T 

antigen has been mutagenized extensively (Fried and Prives (1986)). Known 

retinoblastoma protein binding sites bracket the deletion. This may have implications for the 

function of the deleted region as in other systems retinoblastoma binding sites have been 

observed to flank transactivation sites. The deleted region forms a hydrophobic domain in 

the wildtype protein (Fig. 4-12). The deleted domain is preserved in related viruses such as 

polyoma, BK and JC virus, and implies some probably indispensable functional role. The 

failure to isolate viable mutants may mean that this region is absolutely required for T 

antigen activity and cannot be deleted. In analogy to the C6 revertant (described in Chapter 

IV), we hypothesize that the insertion of two amino acids partially rescued the GMSV40 

phenotype yielding replication competent but attenuated SV 40 mutants. 

Considering earlier reports of mutant SV 40 genomes, we propose that the GMSV 40 

and XPSV 40 variants preexisted in the original pools of SV 40 genomes isolated from the 

serum of rhesus monkeys. Infection of human cells with either GMSV 40, XPSV 40 or their 

common ancestor allowed the cells to survive infection and avoid destruction, by virtue of 

the mutant's attenuated replication, allowing the establishment of stably transformed cell 

lines such as GM637 and XP12ROSV. A common ancestor of GMSV40 and XPSV40 

may have carried only the mutation that causes the GMSV 40 phenotype, while the other 

silent mutations that now distinguish GMSV 40 from XPSV 40 may have occurred after the 

establishment of the transformed human cell lines. 

The presence of such variants in the original virus pool is not surprising; since attenu

ated viruses may have a much greater chance of replicating and persisting in potentially 

permissive hosts. 
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A wildtype virus that kills its host prevents the spread of its progeny. GMSV40 and 

XPSV40 may be more "wildtype" than what is currently defined as wildtype SV40. The 

latter may actually be an aberrant hyper-lytic mutant, which was picked for the ease of 

efficient propagation in vitro in permissive tissue culture systems, but which may not 

reflect the naturally attenuated life style of SV 40 in the organism. 

"Moderation means survival throughout evolution, with one notable exception: man." 
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