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ABSTRACT
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Acta Unviersitatis Upsaliensis. Comprehensive summaries of Uppsala Dissertations from the
Facuöty of Medicine 1227. 48pp. Upsala. ISBN 91-554-5541-7

The Murine Pneumotropic Virus (MPtV), in contrast to the other Murine Polyomavirus
(MPyV), appears to be non-tumourigenic in its natural host. Instead, MPtV causes acute
pneumonia and can serve as a model in studies of polyomavirus-induced disease. In initial
experiments, MPtV large T-antigen (LT) was expressed in a heterologous system. LT was
characterized with regard to its metabolic stability and cell immortalizing activity and, after
purification, to its specific DNA binding.

The absence of permissive cell culture system for MPtV has hampered its study. We
made attempts to widen the host range of the virus by modifying the regulatory and late
regions of the genome. The enhancer substitution mutant (KVm1), having a transcriptional
enhancer substituted with a corresponding DNA segment from MPyV, was able to replicate in
mouse 3T3 cells and form virus particles that were infectious in mice. However, efficient
infection of cells in vitro was not achieved with this mutant virus, possibly due to the absence
of virus-specific receptors on the cells. The capsid protein substitution mutants, having capsid
protein genes of MPyV, for which receptors are present on a variety of cell types, showed also
no cytopathic effect, despite an enhanced viral DNA replication and assembly of virus
particles.

MPtV-DNA extracted from virus in lung tissue of infected mice had a heterogeneous
enhancer segment. A majority of the DNA molecules had a structure differing from the
standard-type. A 220 base-pair insertion at nucleotide position 142 with a concomitant
deletion of nucleotides 143 to 148 was a prominent variation. Other genome variants showed
complete or partial deletions of the insertion and surrounding sequences in the viral enhancer.
In relation to the standard-type, all variant genomes showed differences in the activities of
transcriptional promoters and the origin DNA replication. Analysis by DNA reassociation
showed that a large number of nucleotide sequences related to the 220 base-pair insert in the
MPtV genome were present in mouse and human DNA, but not in Escherichia coli DNA.
Together, the data suggest that the 220 base-pair insertion is related to a transposable element
of a novel type.
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Abbreviations 
 

MPtV Murine pneumotropic virus (previously called Kilham 
mouse polyomavirus, KV) 

KV Kilham mouse polyomavirus, currently called MPtV 
MPyV Mouse polyomavirus 
BKPyV BK polyomavirus 
JCPyV JC polyomavirus 
PML Progressive multifocal leukoencephalopathy 
SV-40 Simian virus 40 
BFDV Budgerigar fledgling disease virus 
LT Large tumor antigen 
st Small tumor antigen 
RR or rr Regulatory region 
pRb Retinoblastoma protein 
Hsc Heat shock cognate protein 
kd kilo-dalton 
kb kilobase-pair 
bp Base-pair 
nt nucleotide 
ori DNA replication origin 
PP2A Protein phosphatase 2A 
ses SV-40 encapsidation signal 
TE Transposable element 
MITEs Miniature inverted-repeat transposable elements 
SINEs Short interspersed nuclear elements 
LINEs Long interspersed nuclear elements 
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Introduction 
Virus 

Viruses are very small, infectious, obligate intracellular (molecular) 
parasites and are the causes of many diseases. It is possible that viruses have 
been present on earth since the existence of the first form of life, but 
knowledge of their existence has had a much shorter life span (117). Viruses 
are far simpler than even the smallest cellular microorganisms and lack the 
complex energy-generating and biosynthetic systems necessary for 
independent existence. On the other hand, viruses are not the simplest 
biologically active agents: even the smallest virus, built from a very limited 
genome and a single type of protein, is significantly more complex than 
other parasitic molecular pathogens, such as viroids, which only comprise a 
single small molecule of RNA, and prions, which are believed to be single 
molecules of protein (63). 

Viruses have played, and still play, a central role in the unraveling of 
general principles in modern biology. Since their genomes are small, they 
provide simple genetic systems that are useful for studying the structure and 
function of genes. The viral oncogenes provide some of the best model 
systems to reveal the mechanisms of cellular growth control and oncogenic 
transformation of mammalian cells. A vast amount of the knowledge that we 
now have has benefited from the studies of certain viruses, for example, 
regulation of transcription and transcription factors, messenger RNA 
regulation, polyadenylation and translation (14, 57, 95, 100). Viruses will 
continue to be indispensable tools in the deciphering of regulatory 
mechanisms that control gene oncogene expression. 

Polyomaviruses 

Introduction  
The polyomaviruses are a subfamily of the Papovaviridae, a family of 

small, nonenveloped viruses with icosahedral capsids. They are widely 
distributed in nature. Twelve members of this family have now been 
identified. All have capsids that are of the same size and are constructed 
from three capsid proteins. All have genomes of approximately 5,000 bp and 
display a similar genomic organization. Many regions of their genomes are 
highly conserved, demonstrating that the polyomaviruses have descended 
from a common ancestor. Most of these viruses display a narrow host range 
and do not productively infect other species. However, infection of cells in 
which these viruses do not grow productively often leads to malignant 
transformation of the infected cells. Infection with polyomaviruses usually 
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occurs during infancy and causes few acute symptoms, and then a life-long, 
persistent infection is established. Immunosuppressive treatment of 
persistently infected hosts frequently results in reactivation of the virus and 
may result in severe disease, at least in the case of human JC polyomavirus 
infection. Infection with avian polyomavirus (BFDV) results in the death of 
affected birds (21). Table 1 lists the member’s natural hosts and the main 
characteristics of infections (61). 

 
 

TABLE 1. Natural hosts and main characteristics of polyomavirus infections (Adapted from 
ref 60 & 61) 
Host Virus  Characteristics 
Human BK polyomavirus 

(BKPyV) 
Common infection of early childhood; persists in 

kidney epithelium and lymphocytes 
 JC polyomavirus 

(JCPyV) 
Common infection of late childhood; persists in 

kidney epithelium, lymphocytes, and brain; 
produces PML in immunocompromised hosts 

Monkeya Simian virus 40 (SV-40) Natural infection of macaques in Asia; persists in 
kidney; produce PML-like disease in 
immunocompromised macaques  

 Baboon polyomavirus 2 
(PPyV) 

Natural infection of baboons in Africa 

 African green monkey 
polyomavirus 
(AGMPyV) 

Virus of Africa green monkey; multiply in B 
lymphoblasts 

Cattle Bovine polyomavirus 
(BPyV) 

Common infection of cattle; probably persists in 
Kidney 

Rabbit Rabbit kidney 
vacuolating virus (RKV) 

Infection of cottontail rabbits 

Mouse Mouse polyomavirus 
(MPyV) 

Natural infection of mice in wild; may infect 
laboratory mouse colonies; persists in Kidney 

 Murine pneumotropic 
virus (MPtV) 

Natural infection of mice; infects lung endothelium 

Hamster Hamster polyomavirus 
(HaPyV) 

Produces cutaneous tumors in hamster 

Athymic 
rat 

Rat polyomavirus Affects parotid gland 

Parakeet Budgerigar fledgling 
disease virus (BFPyV) 

Produces acute fatal illness in fledgling budgerigars 

aA virus initially described as originating from stump-tailed macaques was subsequently 
identified as bovine polyomavirus (Parry et al, 1983). 

Polyomaviruses as paradigms 
The initial impetus for the studies of these viruses was their oncogenic 

potential. Later, because they have small genomes and are easy to cultivate 
in tissue culture and purify, polyomaviruses have been simple model 
systems for diverse studies in molecular biology. Over the past 30 years 
these viruses have been used to examine many fundamental questions in 
eukaryotic molecular biology. Some major discoveries from work on these 
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viruses are the finding of the supercoiled DNA structure, the identification of 
eukaryotic DNA replication origins, the discovery of enhancers, elucidation 
of the organization of promoters involved in transcriptional regulation, and 
the detailed understanding of negative and positive control of gene 
expression. In addition, replication of SV-40 origin-containing DNA in vitro 
has served as a model for understanding eukaryotic chromosomal DNA 
replication.  

Studies on these oncogenic viruses as agents for cell transformation 
have led to important discoveries with relevance to human cancer. The ras, 
myc, fos, abl, and src oncogenes and the p53, erbB2, and Wnt-APC tumor 
suppressor gene pathway are a few prominent examples of genes and 
pathways the discovery of which is grounded in research on tumor viruses 
(12). MPyV is one of the few oncogenic viruses amenable to study both in 
culture and in its natural host. The polyoma-mouse system affords 
opportunities to test the relevance of transforming functions in the context of 
tumor formation in a variety of tissue and also to explore the role of the host 
genetic background in determining susceptibility or resistance to tumor 
development.   

Virus genome 
All members of the polyomavirus family have DNA genomes with a 

size of approximately 5 kb. In the cell and in the capsid, this DNA is wound 
around nucleosomes to form a “mini-chromosome”. Most viral DNA 
molecules contain a full complement of nucleosomes, but some lack 
nucleosomes over viral regulatory sequences. Histone H1 is not present in 
virion mini-chromosomes, whereas the mini-chromosomes found within 
infected cells contains it (200). The circular genomes are superficially 
arrayed in a similar fashion, and three distinct functional regions can be 
identified: the regulatory region (RR), the early coding region, and the late  

 
 

 
 
 
FIG.1. SV-40 genomic organization of the 
alternatively spliced early (large T-antigen [LT], 
small t-antigen [St], and 17K T-antigen) and late 
(VP1, VP2, and VP3) proteins. The early (PE) and 
late (PL) promoters exist in opposite orientations 
that flank the SV-40 origin (Ori) of replication. 
(Redrawn from ref. 191). 
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coding region. The RR comprises enhancer, promoters and a single unique 
origin for DNA replication (ori). Transcription extends bi-directionally from 
initiation sites near the origin, with early and late mRNAs being transcribed 
from opposite strands of the viral genome. The early region encodes the viral 
regulatory proteins, the tumor or T antigens, so called because they can be 
detected with antisera derived from animals bearing tumors induced by these 
viruses or by cells transformed by these viruses (60). SV-40 and other 
primate polyomavirus encode two T antigens, designated large T- and small 
t-antigens on the basis of size. Mouse polyomavirus (MPyV) and hamster 
polyomavirus (HaPyV) encode three T antigens—large T, middle T, and 
small t. A tiny t-antigen was recently identified in mouse polyoma and 
SV40. All of the T antigens of each virus share N-terminal sequences and 
contain different C-terminal regions resulting from alternative splicing of a 
common pre-mRNA. Figure 1 shows the genome structure of SV-40. The 
late regions encode three capsid proteins VP1, VP2, and VP3. As with the 
early mRNAs, late mRNAs are generated from a common pre-mRNA by 
alternative splicing. SV-40 and the human polyomaviruses encode a fourth 
late protein, called the agnoprotein. 

Replication cycle 
Productive infection of cells by polyomaviruses can be divided into 

early and late stages. The early stage starts with attachment of  virus to  cells 
 
 

                
 
FIG.2. Replication cycle of polyomaviruses. Steps in the replication cycle are indicated by 
numbers as follows: 1, adsorption of virions to the cell surface; 2,entry by endocytosis; 3, 
transport to the cell nucleus; 4, uncoating; 5, transcription to produce early mRNAs; 6, 
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translation to produce early proteins (T-antigens); 7, viral DNA replication; 8, transcription to 
produce late mRNAs; 9, translation to produce late proteins (capsid proteins); 10, assembly of 
progeny virions in the nucleus; 11, entry of virions into cytoplasmic vesicles; 12, release of 
virions from the cell by fusion of membrane vesicles with the plasma membrane; 13, released 
virion. Virions are most likely also released from cell at cell death, when virions have an 
opportunity to leak out of the nucleus. In non-permissive cells the first six steps occur 
normally, but viral DNA replication cannot occur and subsequently events do not take place. 
(From ref. 60 &61)  
 
 
 and continues until the beginning of viral DNA replication. The late stage 
extends from the onset of viral DNA replication to the end of the infection 
cycle and involves the replication of viral DNA, expression of the viral late 
genes encoding the capsid proteins, the assembly of progeny virus particles 
in the nucleus of the infected cells, and the release of virus. Virions are most 
likely released from cells at cell death, when they have an opportunity to 
leak out of the nucleus. In non-permissive cells the first six steps occur 
normally, but viral DNA replication cannot occur and subsequent events do 
not take place. Figure 2 illustrates the steps in the infectious cycle of MPyV 
and SV-40. 

Depending upon the kind of cells infected, the response to infection by 
polyomaviruses can take either of two courses. Productive infection results 
in virus replication, production of infectious progeny virus particles and 
death of the host cell. Nonproductive infection results in interruption of the 
virus life cycle and failure to produce infectious progeny virus. MPyV 
causes a lytic infection of mouse cells and a nonproductive infection of 
hamster or rat cells. SV-40 causes a lytic infection of monkey cells but 
causes a nonproductive infection of mouse cells. 
  The time course of lytic infection by MPyV and SV-40 depends upon 
the multiplicity of infection and the growth state of host cells. A single cycle 
of infection by MPyV takes 24-48 hours and by SV-40 48-72 hours.  

Adsorption and receptors 
The initial step in the establishment of virus infection is the interactions 
between the virus and receptors present on the surface of cells and tissues. 
Virus-receptor interactions play a major role in determining virus tropism 
and tissue-specific pathology associated with virus infection (120). In some 
instances virus tropism is strictly determined by these interactions (9, 43, 86, 
203) and in other instances, successful entry into a cell is necessary but not 
sufficient for virus growth (7, 11, 134, 167). In these cases, additional 
permissive factors that interact with viral regulatory elements are required. 
In general, viruses that have a very narrow host range and tissue tropism, 
such as JC polyomavirus, are often shown to interact with high affinity with 
limited number of specific receptors present on susceptible cells (85, 128). 
For MPyV, the primary receptors or attachment proteins are a heterogeneous 
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class of sialoglycoproteins that are abundantly and broadly expressed on cell 
surface. The virus is thus able to establish a rapid and widely disseminated 
infection in the newborn mouse (12, 45). Competition experiments indicate 
that SV-40 and MPyV receptors are distinct (10). Uptake of SV-40 occurs 
specifically by the caveolar pathway (145, 152, 154). After binding to the 
plasma membrane via major histocompatibility (MHC) class I antigen (23, 
187), virus particles diffuse laterally along the membrane until trapped in 
caveolar (153). A secondary receptor may exist to mediate the tight binding 
of the virus to the caveolar membrane and trigger the signal needed to 
induce the endocytic process (152). The JCPyV does not share receptor 
specifically with SV-40 on human glial cells (119). Instead of the caveolar 
pathway, JCPyV enters human glial cells by clathrin-dependent receptor-
mediated endocytosis (155). The attachment to a cell surface is mediated by 
sialoglycoproteins, including alpha-acid glycoprotein, fetuin, and 
transferring receptor, and this attachment depends on alpha-2-3-linked sialic 
acids and N-linked sugar chains (108), whereas neoglycoprotein containing 
alpha-(2-6)-linked sialic acid has the highest affinity (108, 120). For MPyV 
and SV-40, it was suggested that VP2 also interacts with cellular membranes 
(41, 171, 188), whereas VP1, the outer capsid protein, binds to the specific 
receptors present in the cell surface to establish the infection (6, 12, 35, 187).  

Onset of early transcription 
Once virions have been uncoated, the viral mini-chromosome can be 

used as a template for transcription by RNA polymerase II to produce early 
viral mRNAs, derived from the early region of the viral genome. Viral early 
promoters and the enhancers govern the production of early mRNAs. Since 
they contain multiple sites to which transcription factors can bind 
productively, the enhancers play a pivotal role in regulating viral 
transcription and DNA replication, as well as in controlling the viral host 
range in tissue culture systems, in particular the ability to replicate in cells at 
different stages of differentiation (4, 5, 87). The early promoters of all 
polyomaviruses are autoregulated by their LTs (39, 103, 165). Early after 
infection, when LT levels are much lower, LT stimulates transcription from 
its own promoter by a mechanism that does not require direct binding of T-
antigen to viral DNA (205). However, when LT levels are relatively high, 
the activity of early promoter will be inhibited (39).  

DNA replication 
T-antigen stimulates resting cells to enter the cell cycle and replicate 

their DNA, thereby creating an environment optimal for viral DNA 
replication. Soon after T-antigen is detected within cells, the levels of many 
cellular enzymes increase, reflecting the ability of T-antigen to stimulate 
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expression from a variety of viral and cellular promoters (71, 81, 163). T-
antigen also stimulates the expression of ribosomal RNA synthesis (182).  
Replication of viral DNA within infected cells requires a functional origin of 
DNA replication, LT with its DNA-binding and helicase activities intact, and 
the set of cellular proteins involved in replicative DNA synthesis. Ori 
regions are an inverted repeat of 14 bp on the early gene side of ori, a GC-
rich palindrome of 23-34 bp in the center, and an AT sequence of 15-20 bp 
on the late side. These common structures participate in binding proteins and 
in initiation of viral DNA replication. In the presence of ATP, T-antigen 
assembles into a double hexamer by binding to the ori (18, 47, 50, 97, 132) 
and causes structural changes in the flanking DNA sequences. The DNA at 
the early palindrome becomes melted and the AT-rich region is untwisted 
(17, 18, 49, 176). Then T-antigen functions as a helicase to bidirectionally 
unwind the DNA in the presence of replication protein A (RPA), a single-
stranded DNA-binding protein, and topoisomerase I (48, 56, 206). Other 
cellular factors, including DNA polymerase α-primase, RFC, PCNA, and 
DNA polymerase δ, are also recruited to form the replication fork (3, 24, 
141, 142, 201, 208). The association of the viral ori, the T-antigen double 
hexamer and RPA is referred to as the preinitiation complex. This complex 
converts to an initiation complex by recruiting cellular DNA polymerase α-
primase. It is this step in viral DNA replication that defines the very limited 
host range for polyomaviruses (60).  

Onset of late transcription 
Following the onset of DNA replication, late transcripts are synthesized 

to a detectable level and increase rapidly until the end of the lytic infection 
(33), whereas the early transcription is repressed during the late phase (59, 
110). Two primary mechanisms involved in the production of high levels of 
the late transcripts are amplification of templates for late transcription by 
viral DNA replication and transactivation of transcription from the viral late 
promoter by LT. The structure of replicated minichromosomes probably also 
plays a key role in activation of late transcription (194). Besides, studies on 
MPyV implied a role for middle T and /or small t-antigen in the activation of 
the early-to-late transcriptional switch (34). 

Virus assembly 
Virion proteins VP1, VP2, and VP3 are synthesized in the cytoplasma of 

infected cells and transported to the nucleus for assembly into virions. Viral 
packaging is a complex biological process that involves interactions between 
proteins as well as between proteins and DNA, leading to a three-dimension 
structure. Packaging occurs by gradual addition and organization of capsid 
proteins around the viral chromatin (67). In SV-40, a specific DNA element, 
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the encapsidation signal (ses), is required for packaging (146). ses is present 
within SV-40 RR, in close proximity to the origin of replication, 
encompassing a 200 bp region containing the ori, six repeats of GGGCGC 
(GC boxes), 26-bp of the enhancer (44) and recognition signals for several 
cellular regulatory proteins, including Sp1, AP-2 and p53. The function of 
ses is suggested to be to act as a sensor for the level of the viral late proteins 
and to allow the SV40 minichromosome to form the correct higher order 
structure which is required for packaging (44). Co-expression of the three 
capsid proteins in insect cells led to spontaneous assembly of SV-40-like 
particles. This process, which utilizes naked DNA, is not dependent on the 
ses (173). However, with ses, the specific viral DNA packaging occurs with 
a far higher affinity than that for cellular DNA (74). Since there are several 
DNA elements in ses that may bind to Sp1, it is believed that Sp1 recruits 
the capsid proteins to ses, where they form the nucleation center for capsid 
assembly.   

Early proteins 
The functions of tumor antigens are illustrated below (12, 156, 164, 

191). The domain structures of SV-40 T-antigen are depicted in figure 3. 
 
 

 
 
 
FIG.3. The domain structure of SV-40 early proteins – T antigens. SV-40 large T-antigen is a 
large 708-amino-acid multidomain protein. It consists of an amino-terminal J domain (that 
directly contacts Hsc70), followed by an pRB family binding motif (LXCXE) which binds to 
all three pRB family members, pRB, p107, and p130; a nuclear localization signal (NLS); a 
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specific DNA binding domain (ori binding); a zinc finger motif (Zn); ATPase domain; a 
bipartite p53 binding domain that is also essential for mediating interaction with the 
transcriptional adapter protein p300; and an HR specificity region. 17kT antigen is comprised 
of the first 131 amino acids of large T antigen (including the J domain [J]) and a pRB-binding 
(LXCXE) motif, plus an additional four unique amino acids. The amino terminus of small t 
antigen is comprised of the J domain (amino acids 1 to 82), plus an additional carboxyl-
terminal domain that binds to the multimeric protein phosphatase 2A (pp2A) comprised of a 
catalytic and a regulatory peptide. (From ref. 191). 
 

Large T-antigen  
The LTs of the polyomaviruses are complex multifunctional proteins 

that have multiple enzymatic activities, interact with several cellular proteins 
and perform several different roles during infection. In addition to their roles 
in regulating viral transcription, DNA replication and viral assembly, they 
are also responsible for tumor induction by these viruses. The LTs of 
polyomaviruses are closely related and contain identical or similar sequences 
over most of their lengths (60). LTs encoded by MPyV, HaPV, LPV, MPtV, 
BPyV and BFPyV contains insertions within the amino-terminal domain 
relative to that of SV-40, BKPyV and JCPyV, whereas LTs encoded by 
these three polyomaviruses contain approximately 70 amino acids at their 
carboxyl-terminus that have been shown to encode an activity in viral 
assembly.  

LTs are modified posttranslationally in several ways. SV-40 LT contains 
two clusters of phosphorylation sites (174) and is modified by O-
glycosylation (175), acylation (107), adenylation (22), poly(ADP)-
ribosylation (73) and amino-terminal acetylation (135). Little is known about 
the functions of any of these modifications except for phosphorylation, 
which is known to play a major role in controlling the activities and 
functions of the protein. 

The N-terminal parts of LTs, except that of Bovine PyV, are 
homologous to the conserved domain of the DnaJ family of molecular 
chaperone (185) and function as a chaperone J protein. Chaperone proteins 
are a group of proteins that promote the folding of proteins and prevent 
protein aggregation during periods of cellular stress (84). DnaJ and its 
homologous proteins (J proteins) are co-chaperone regulators that stimulate 
the ATPase activity of Hsc70 and promote substrate interactions with 
Hsc70s (29, 32, 42). All J proteins contain a domain of approximately 70 
amino acids known as the J domain that binds directly  to Hsc70. Mutational 
analysis of SV-40 LT has demonstrated that the LT J domain is essential for 
multiple viral activities, including viral DNA replication, transformation, 
transcriptional activation and virion assembly (191). 
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FIG.4. The structure of the SV-40 and MPyV regulatory region. Shown are the core origin of 
viral DNA replication, enhancer region and large T-antigen binding region. Pentanucleotides 
involved directly in binding are indicated by arrowheads that point the directions of the 
pentanucleotides, 5’-GRGGC-3’. For SV-40 the locations that serve as enhancers and of the 
three nearly perfect 21-bp GC-rich repeats of the two 72-bp repeats are also shown. (Redrawn 
from ref 60 & 61) 
 
 
LTs are complex DNA-binding proteins that can bind double-, as well as 
single –stranded DNA (123, 207, 208). LTs interact specifically with several 
pentameric sequences (GRGGC) at the origin of DNA replication and in the 
early promoter, except in BFDV, where this motif is not found in the ori 
region (124). Several binding sites have been identified in SV-40 and MPyV 
(Fig.4). Binding to DNA permits LTs to autoregulate production of early 
mRNAs and to play a central role in initiation of viral DNA replication. The 
ability of LT to initiate DNA replication is regulated positively or negatively 
by its state of phosphorylation (202).  

Helicase activity of LTs (48) is crucial for viral DNA replication and 
requires the ability to bind to viral DNA and the functional ATPase activity 
(3). The ATPase activity domain is the most highly conserved domain 
among all polyomavirus LTs (156).     

LT binds to the active and hypophosphorylated pRb to release E2F, a 
transcription factor that activates the transcription of S-phase genes and, in 
some instances also induces immortalization of primary embryo fibroblasts 
(112, 113). It has been reported recently that LT induces apoptosis, an 
activity completely dependent on binding to pRb, but independent of the J-
domain (177). Like the E1A protein of adenovirus, SV-40 and MPyV LTs 
can bind to p300 (177). p300 and the related protein CBP (CREB-binding 
protein) are transcriptional adapter (or co-activator) proteins that coordinate 
the formation of specific transcription factor complexes (190) and enhance 
the transcriptional activity of many transactivators, including p53. 
Expression of LTs inactivates p300 transcriptional activation and changes 
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the phosphorylation state of p300, consequently inhibiting p53 
transactivation activity and fostering a cellular environment conducive to 
viral replication (89). Figure 5 depicts the inhibition of LT to both pRb and 
p53 pathways.  

Both genetic and biochemical data indicate that a wild-type LT is 
required for virion assembly for at least two independent steps of virion 
maturation. In SV-40, some LT mutants in either the extreme carboxyl-
terminal or the J domain replicated DNA and produced VP1-3, but failed to 
assemble mature virions (183, 184). The two mutants can complement each 
other to infect cells as well as wild-type virus, suggesting that they code for 
two separate functions (151). The virion assembly defect of these mutants 
may be indirect, for example, due to failed induction of a cellular peptide 
that is necessary for proper virion assembly. Alternatively, the defect may 
result from physical inability of LT to function directly in the assembly 
process. 
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FIG. 5. T antigen inhibits both the pRB and p53 tumor suppressor pathways. Mitogenic 
stimulation triggers phosphorylation of pRB by cyclin D/CDK4,6 complexes. This releases 
pRB-mediated repression of E2F transactivation, thus allowing the synthesis of the enzymes 
necessary for cell cycle progression and DNA replication. T antigen induces free E2F. p53, 
"the guardian of the genome," inhibits cell cycle progression; one way this is accomplished is 
via p21, which inhibits phosphorylation of pRB. Additionally, p53 induces apoptosis when 
activated by genotoxic stresses. T antigen inhibits multiple activities of p53. Hsc70 inhibits 
apoptosis and may play an additional role in regulating the activities of both pRB and p53. 
(From ref. 191). 
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Studies also revealed that mouse polyoma virus LT can mediate high-
frequency recombination and that this recombination-promoting activity that 
can be dissociated from its replicative function (186). Recombination 
mediated by LT requires the viral replication origin and some homology 
within the integrated sequences. Homology is usually provided by complete 
or partial tandem insertions of viral DNA (19, 40, 114, 137), and this 
homologous recombination promoted by LT does not require recombination 
hot spots in the viral genome other than the replication origin. This finding 
may explain why the expression of mouse polyoma virus LT in the presence 
of a functional viral origin can be toxic to some cells. The toxicity may due 
to its capability to promote high-frequency intra-chromosomal 
recombination in the vicinity of a functional replication origin. 

Middle T-antigen 
Middle T-antigen is the major transforming protein (36, 109, 111). It 

alone can transform some established fibroblasts (196). In SV-40 and human 
polyomaviruses, which do not encode middle T-antigen, the LT is the 
transforming protein. Middle T-antigen is not necessary for initiating viral 
DNA replication, but in resting cells middle T-antigen enhances viral DNA 
replication (129).  

Small t-antigen 
The polypeptide of small t-antigen is present both in the cytoplasm and 

in the nucleus. It is necessary for the formation of mature virions (68, 129). 
Although LT is sufficient for viral DNA replication, small t-antigen can 
enhance this process (129). The SV-40 small t-antigen has also been 
reported to play an essential role in the development of SV-40-induced 
mesotheliomas (38).  

Small t-antigen associates with one cellular protein, the regulatory A 
subunit of PP2A. Small t-antigen thereby displaces the regulatory B subunit 
and inhibits the phosphatase activity of the protein (210). 

Tiny t-antigen  
Tiny T-antigen is found to be located diffusely in the cytoplasma and 

functions as a DnaJ-domain (164) which stimulates the ATPase activity of 
the Hsc70 protein (193). The tiny T-antigen is expressed during infection in 
small amounts relative to other T antigens and has a very short lifetime (20 
minutes). It is also proposed that SV-40 tiny T-antigen may function in fine-
tuning SV-40-mediated cell cycle control (213). 
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Polyomavirus regulatory regions 

Structure  
The critical features of the mouse polyoma and SV-40 RR are shown in 

figure 5. In SV-40, three binding sites (I, II, and III) for SV-40 LT are 
located in this region. Upstream from the start sites for transcription is 
located an AT-rich region that contains a TATA-box-like element and 
functions to direct transcription initiation to a site approximately 30 
nucleotides downstream. Upstream from the AT-rich region is a GC-rich 
cluster that contains three 21-bp repeats which are important promoter 
elements, but are not absolutely essential for early transcription (13, 64). 
Lying further upstream are two copies of a 72-bp repeat elements that 
function as enhancers, which act to increase transcription initiation in an 
orientation-independent mechanism and show little dependence on distance 
for their enhancing effects (96). Besides the regulatory function in 
transcription, enhancers influence the activity of adjacent origins of DNA 
replication (52). The SV-40 enhancer is quite strong and functions well in 
cells of a variety of species and types. It has been widely used as an 
enhancer to drive expression of heterologous genes.  

The organization of MPyV RR is similar to that of SV-40, but has some 
important differences (Fig.5). The MPyV enhancer has been defined as a 
244-nucleotide fragment between the BclI and PvuII sites (nt 5023 to 5267) 
(46) and can be subdivided by using a convenient restriction endonuclease 
site into two major domains, A (nt 5023 to 5130) and B (nt 5131 to 5267) 
(4), which can function independently and confer different cell type 
specificities (87).   

Five independent DNA-binding sites for LT, designated 1-2 and A-C, 
have been identified in mouse polyoma virus DNA (54, 157). Strong binding 
region (Sites A-C) contains the early promoter. Binding of LT to one or 
more sites in this region inhibits the activity of the early promoter (15), 
whereas binding to site 1 and site A is essential for initiation of viral DNA 
replication. 

Rearrangements  
RR structural diversity has been found in many members of the 

polyomavirus family. In comparison to other parts of polyomavirus 
genomes, their RRs are extremely variable in structure. A large number of 
RR variants have been identified among various polyomaviruses [human 
polyomavirus BK (139, 143), JC (212), and SV-40 (116)]. Most of the 
variations occur in a short segment of the genome first identified in mouse 
polyoma virus DNA as an enhancer of early transcription (46). Natural SV-
40 isolates from simian brain or kidney tissues typically have an archetypal 
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RR arrangement with a single 72-bp enhancer element. The so-called 
protoarchetypal SV-40 lacks a duplicated sequence in the GC-rich region. 
Occasionally, SV-40 strain variants arise de novo with complex RRs, which 
typically contain sequence reiterations, rearrangements, and/or deletions 
(116).  

JCPyV DNAs recovered from different patients suffered from 
progressive multifocal leukoencephalopathy (PML), a fatal progressive 
demyelinating disease, show variations in their RRs (92) (Fig.6). PML 
isolates typically show a duplication of domain A and a deletion of domain 
B of the RR (211). A high frequency of rearrangement JCPyV RR has also 
been detected in brain tissues, cerebrospinal fluid, peripheral blood 
leukocytes from individuals with different clinical conditions (37). BKPyV 
RR, like those of SV-40 and JCPyV, contains a lot of rearrangements in its 
natural isolates. The rearrangements consist of duplications, deletions and, 
occasionally, point mutations. 
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FIG.6. Representation of the regulatory region rearrangements in the JCPyV isolates from the 
urine of normal individuals or from the brain tissue of patients with PML. The unrearranged 
archetypal regulatory region is found in most kidney or urine isolates from individuals 
without PML (examples shown in the top two lines). For the PML brain isolates, the lines 
represent sequences shared with the archetype, parallel lines represent duplications and gapes 
indicated deletions relative to the archetype. Rearrangements in the regulatory region are 
generally found in the viral DNA of isolates from the JCPyV infected brains with PML and 
from lymphocytes. These rearrangements involve duplications of the region corresponding to 
domain A and deletions involving the sequences in domain B. The regulatory regions 
schematically represented here have been redrawn from figures published in ref 60, 61 & 92.  

 
 
How these rearrangements are generated is not clear. It is unknown 

whether these rearrangements were selected from a natural virus mixture 
with different RRs or whether they are arose by an unknown mechanism 
from viruses with archetypal RRs during infection in individuals or during 
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viral passage in primary cells in culture (58, 116). The patterns of RR 
rearrangements display high correlation, suggesting that rearrangements are 
generated in the host from a basic archetypal sequence within which there 
are preferred targets for strand breaks, allowing deletion or duplication of 
sequence blocks (8). 
 Most of the polyomavirus rearrangements occur in the enhancer regions. 
The enhancer contains a number of transcription factor-binding sites (12), 
which are functional elements of a variety of viral and eukaryotic DNA 
replication systems (198). The number, type, and rearrangement of 
transcription factor-binding sites in the RR of variants help to determine 
their replication efficiency. The complexity of enhancers relates to the need 
of regulation and cell-type specificity of gene expression. Only limited 
information is available about the functional significance of the different RR 
rearrangements. Polyomavirus infections of immunocompetent hosts are 
inapparent, with the persistence of small amounts of slow-growing viruses. It 
is likely that in natural infections the faster-growing viruses are cleared 
quickly by the immune system, whereas some slower-growing viruses may 
escape immune elimination and persist. It is not surprising that wild isolates, 
having archetypal RRs, grow more slowly in tissue culture than do those 
with complex RRs (116). The RR rearrangements thus may be associated 
with the persistent state of viral infection (58). However, the activation of 
persistent virus is not likely to be dependent on the selection of cell specific 
promoter elements. Instead, it may be controlled by conditions closely 
related to the immunological competence of the viral host (58). The 
activation of viral replication may result in the JCPyV PML variants which 
probably grow better in brain tissue than the archetypal form (1). The RR 
rearrangements may alter the virus-cell interaction in the course of infection 
(122) and play a major role in cell-type-specific or organ-specific adaptation 
of the virus (122, 178). The rearranged variants and archetypal form may 
exhibit overlapping tissue-tropic properties that determine their abilities to 
establish infections at distinct secondary sites after their hematogenous 
spread from a primary site (31). 

Mouse pneumotropic virus 
  The mouse pneumotropic virus (MPtV), previously called Kilham strain 
of mouse polyomavirus (KV), is a second murine member of the 
polyomavirus family, first isolated by Kilham in 1953 (106). MPtV, in 
contrast to other mammalian polyomaviruses, is associated with severe 
disease. Infection of newborn mice causes interstitial pneumonia with a high 
fatality (75, 76), whereas exposure of fully immunocompetent mice to MPtV 
leads to a persistent and inapparent infection. In primary infections, MPtV 
replicates mostly in vascular endothelial cells of the lung, liver and spleen 
(75-77, 138). However, during the persistent phase, infected cells are mainly 
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found in renal tubules (80). Therefore, although MPtV and MPyV show 
differences in organ and cell tropism during primary infection, they appear 
to share specificity for tubular epithelium during persistent infection (78). A 
major difference between MPtV and MPyV is that inoculation of newborn 
mice with MPtV does not result in tumors (79, 150, 195). However, cells 
transformed with MPtV can form transplantable tumors (195). Both the 
virulence upon primary infection of suckling mice and the nontumorogenic 
phenotype separate MPtV from MPyV, justifying a comparative 
investigation of the two viruses.  
  The genome of MPtV is a circular, 4756 bp double-stranded DNA 
molecule (133, 215). As predicted from the nucleotide sequence, MPtV 
DNA encodes two early proteins (large and small T-antigen) and three late 
proteins (VP1, VP2 and VP3) (133). Although analysis of cloned DNA 
definitely established that MPtV belongs to the polyomaviruses (115), it is 
not closely related to the previously characterized MPyV (16, 133). Unlike 
MPyV and the hamster polyomavirus (HaPyV), MPtV does not encode any 
middle T-antigen. Besides, although the deduced amino acid sequences of 
MPtV LT and VP1 contain the most prominent clusters of homology in all 
polyomavirus strains (133), these two proteins are distantly related to the 
proteins encoded by other polyomaviruses. However, comparison of the 
functional domains shows that MPtV LT resembles SV-40 LT more than 
that of MPyV (216).     

MPtV exhibits a stringent host and cell specificity, and the absence of a 
permissive tissue culture system has hampered its study. A possible 
determinant of cell tropism is the enhancer segment of the RR of the 
genome. Numerous mutants of MPyV with altered host ranges have been 
described (65, 101, 126). Most of these have point mutations or 
rearrangements of the enhancer segment, and these mutations have been 
directly linked to the host range phenotype. Similar observations have been 
made with the primate polyomaviruses (199). Although the MPtV RR shares 
some general features with those of other polyomaviruses, it does not have 
an enhancer similar to other polyomavirus enhancers with long repeated 
elements. Besides, with its unique number and location of the 
pentanucleotide GRGGC consensus sequences, the number of DNA-binding 
sites would be unique within the polyomavirus family (133).  

Cellular mobile DNA elements 

Classification    
Cellular mobile genetic elements, or transposable elements (TEs), also 

called transposons, are distinguished by their ability to insert at new genomic 
locations. There are two major classes of transposons (62). Class I elements, 
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such as the Alu elements in primates (90) and B1 sequences in rodents (166), 
are retroelements that use reverse transcriptase to transpose by means of an 
RNA intermediate, a process called retrotransposition. In contrast, class II 
elements transpose directly from one location in the DNA to another. In 
mammalian genomes, two types of class I retroelements predominate: long 
and short interspersed nuclear elements (LINEs and SINEs) (214).  

Approximately one-quarter of the human genome is composed of SINEs 
and LINEs (83). SINEs are short (≤400 bp) genetic elements that have 
replicated to extremely high copy numbers in the genomes of many species 
(51). The predominant human SINE, the Alu repeat, comprises 
approximately 10% of the genome, occurring on average once every 3 to 6 
kb, although the distribution is non-uniform (136). It is not clear what 
fraction of Alu repeats are replication-competent, but most of them are 
probably permanently inactivated (83). LINE elements, L1 being the most 
prominent, comprise an even larger portion of the genome than SINEs (180). 
There are approximately half a million truncated and 3000 to 5000 full-
length L1 elements, approximately 6 to 7 kb, in the human genome (102, 
180).  

Besides the class I and II TEs, another type of TEs, called miniature 
inverted-repeat transposable elements (MITEs), has been found mainly in 
plant genomes (204). Although a family member typically present in 
thousands of copies in plant, MITEs are still too poorly understood to 
classify. They were first described in plants, but the growing numbers of 
new examples from other organisms, including fungi, xenopus, mosquitoes, 
and human (140), indicate that they are widespread, if not ubiquitous, 
components of the genomes of higher eukaryotes (93, 181). To date, no 
MITE family has been shown to be actively transposing (217), but a report 
showed that the plant MITE mPing becomes mobilized in another culture 
(105). The structures and sequences of MITEs are clearly distinct from those 
of LINEs and SINEs (204).  Various MITEs have common features, 
including short length (74–490 bp), terminal inverted repeats (10–15 bp), 
target site preference, low G+C content (average, 34%) and high copy 
number (204, 214). MITEs share some features with both DNA transposons 
and retroposons, indicating that these elements might share some aspects of 
their transpositional mechanisms (93). However, the high copy numbers and 
nonautonomous nature of MITEs suggest that, similarly to retroposons, they 
use a basic cellular mechanism for their amplification (93). It is proposed 
that the stable secondary structures of MITEs are crucial to their 
amplification, which occurs as an error of the DNA replication machinery, 
and MITEs appear to be genomic parasites that borrow all of the necessary 
factors for their amplification from products encoded in the genomes in 
which they reside.  
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Functions  
 The most obvious function performed by TEs is to cause mutations (62, 
104). Because of the mechanism of the insertion and excision, TEs cause a 
variety of short additions and deletions of nucleotide sequences as they 
move in or out of chromosomes (30). This function of TEs may not appear 
beneficial in the short term, but TEs cause some changes that are difficult to 
generate by other means and which might be advantageous in the long term 
(62). Approximately half of the human genome was recently shown to 
consist of TE sequences and a growing body of evidence indicates that TEs 
have been major players in the evolution of eukaryotic complexity by 
providing novel regulatory or coding sequences (20, 98, 127). TEs may have 
contributed substantially to the evolution of both gene-specific and global 
patterns of human gene regulation (98). 

Integration of TEs might alter both the level of expression and the 
spatial expression pattern of adjacent genes. TEs might also contain tissue-
specific enhancers. The TE insertion may lead to a new expression pattern: 
increasing levels in one organ, decreasing them in another, and having no 
effect on a third (72). Some MITE families contain cis-acting domains that 
regulate the expression of nearby genes (161) and may play varying roles in 
chromosome structure and regulation of gene expression (104).  

TEs and polyomaviruses 
In SV-40, a variant was found to have a 157 bp Alu-element-like 

insertion immediately upstream of the early coding sequences (53). The Alu-
family of interspersed repeated sequences belongs to the retrotransposons. 
There are additional reports of cellular DNA segments integrated into the 
RR of polyomavirus genomes (55, 147). However, in these cases, genomes 
with inserts of cellular DNA were either found as a small minority in a 
population of normal viral genomes, or in a larger proportion of defective 
viral genomes after repeated high multiplicity passage of virus in cell 
culture. In our present investigation, DNA segments (220 bp) apparently 
derived from repeated sequences in cellular DNA were found integrated in 
the enhancer of the MPtV genome. Moreover, these inserted genetic 
elements did change the viral potential of gene expression and DNA 
replication. In comparison to most transposons of mammalian cells these 
elements are short, have no coding potential and apparently have a high 
target site specificity. These features and their A-T content suggest a 
relationship with a recently discovered class of elements, (MITEs). Although 
most, but not all, MITEs contain inverted terminal repeats for their 
transposition (25-28, 197), the MPtV insert and the flanking virus sequence 
do not contain obvious terminal inverted repeats. Instead, the 220 bp insert 
has short direct repeats like a retrotransposon. There is an earlier observation 
(53) of a SV-40 mutant with a 175 bp segment related to the Alu-family of 
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interspersed repeated sequences in primate DNA. These elements belong to 
the retrotransposons. 

TEs and cancer 
 TEs have been shown to be involved in carcinogenesis and tumor 
progression (51, 83, 118, 121, 172, 209). A lot of evidence indicates that 
transcripts from TEs are much more abundant in cancer tissues than in 
normal tissues (91, 99). Effects of TE insertion on gene expression are 
common, partly because the movement of a TE will generally carry with it 
new sequences that act as a binding sites for sequence-specific DNA-binding 
proteins. These sequences can thereby act as regulatory sequences and 
enhancers to affect the transcription of nearby genes, effects that commonly 
contribute to the evolution of cancer cells, where oncogenes can be created 
by the transposition of such regulatory sequences into the neighborhood of a 
proto-oncogene (2).  
 Exposure of cells to a variety of DNA-damaging agents, including 
several common chemotherapeutic drugs and γ-radiation, is associated with 
dramatic induction of SINE transcription and activation of a cluster of 
retrotransposable elements in response to DNA damage, a process involving 
the formation of secondary malignancies in the cancer survivors (83).  
Although the mechanism regulating transcription of Alu element, a SINE in 
human, is not clear, it has been shown that Alu transcription increased 
following a number of cellular stresses, including heat shock and 
translational inhibition (118, 121), infection by herpes simplex virus (94, 
148) or adenovirus type II and V (149, 170).  
 The possible mechanism of the involvement of retrotransposable 
elements in the secondary malignancies might be: i) the DNA breaks 
resulting from DNA damage by genotoxic agents not only stimulate 
induction of apoptotic cell death pathways in the cells, but also serve as 
substrates for genomic recombination and transposition (82); ii) TEs serve as 
templates for homologous and non-homologous recombination events(189, 
192); iii) genotoxic exposure stimulates TEs mobility in the genome (168).  
 Besides cancer, mobile genetic elements have been associated with a 
variety of human diseases through multiple mechanisms. A number of 
genetic diseases have been attributed to recombination events between 
SINEs and LINEs. The recombination events result in deletions, duplications 
and rearrangements in the disease-related genes (51). Interestingly, human 
disease may, in some cases, be correlated with the absence of a mobile 
element (172). TEs may thus affect human health through a variety of 
proximal effects on disease-related genes.   
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Present investigation 
Impetus and projects 
 Studies on MPtV revealed that it can be considered as a model system 
for studying polyomavirus persistence and reactivation in vivo. 
Polyomaviruses are strictly host specific and produce lifelong persistence 
after acute infection in their natural hosts. Immunosupressive treatment of 
persistently infected hosts frequently results in reactivation of the virus, at 
least in the cases of human polyomaviruses (JCPyV and BKPyV) infection. 
The reactivation may cause severe disease. Data on the human 
polyomaviruses indicate that establishment and maintenance of persistence 
are probably influenced by the expression of viral genes. To get further 
insight into the mechanisms restricting viral gene expression of 
polyomavirus in vivo, a model system that allows persistent infection 
without being impaired by tumor induction is needed. Although this is the 
case with human polyomavirus infections and the natural infection of SV-40 
in macaques, the experimental approach is obviously highly restricted. 
Therefore, MPtV, as a non-oncogenic virus with a murine host, might serve 
as a model system for studies on the mechanisms of polyomavirus 
persistence and reactivation, including studies of pathogenesis by human 
polyomaviruses.  
 LTs of polyomavirus play a central role in the viral life cycle. For 
further study of MPtV, it seemed essential to reveal the characteristics of its 
LT, which had only been predicted by comparison of its deduced amino 
acids with those of other polyomaviruses. Therefore, we cloned and 
expressed MPtV LT in heterologous systems and characterized LT with 
regard to its metabolic stability, cell immortalizing activity and, after 
purification, to its specific DNA binding (paper I).  
 In contrast to other polyomaviruses, MPtV exhibits a stringent host and 
cell specificity, and the absence of a permissive tissue culture system has 
hampered its study. To investigate its biological properties, we tested a 
number of cell lines potentially permissive to MPtV infection and made 
attempts to widen its host range to non-permissive cell lines, such as mouse 
fibroblast cells, by genetic modification of the regulatory and late regions of 
its genome. The enhancer substitution mutant (KVm1), having a 
transcriptional enhancer substituted with a corresponding DNA segment 
from MPyV, was able to replicate in mouse 3T3 cells and  form virus 
particles (Paper II) that were infectious in mice. However, efficient 
infection of cells in vitro was not achieved with these virus mutants. 
 As we speculated on the basis of the stringency of the MPtV host range, 
the MPtV RR is not homogeneous. Our data confirmed that MPtV genomes 
extracted from virus in lung tissue – like genomes of JCPyV, BKPyV and 
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SV-40 isolated from infected individuals – contained a number of variations 
in the RR. Studies on the function and structure of the rearrangements led to 
the discovery of mobile DNA elements in MPtV RR (paper III). 
 A general illustration of the results from the present investigations 
described above is presented below.    

Characterization of MPtV large T-antigen 
 The intron-deleted MPtV LT gene was cloned and MPtV LT was 
expressed in heterologous systems –  baculovirus, Semliki Forest virus, and 
pcDNA3 expression system – due to different purposes of protein 
characterization. The protein expressed in insect cells by recombinant 
baculovirus was purified with immuno-affinity chromatography and the 
activity of the protein was verified by ATPase activity. The binding sites of 
this protein in viral DNA were first screened by DNA immunoprecipitation 
(McKay assay) and followed by a  more precise delineation using DNase I 
footprinting. The binding properties were similar to those of MPyV and SV-
40, although the arrangement of binding sites in MPtV DNA was unique. 
Two regions were identified for DNA binding with one site (probably for 
early promoter regulation) showing strong binding and another (for viral 
DNA replication) much weaker.  Since the DNA-binding of LT plays an 
essential role in DNA replication and an important role in transcription 
regulation, the difference of functional in the number and organization of 
LT-binding motifs in the RR of MPtV DNA, as compared to other 
polyomavirus genomes remains unclear.  
 
Table 2.Immortalization of secondary rat embryo fibroblasts (REF) cells. 
_________________________________________________ 
     No. of established linesb/ 
Plasmidsa   No. of isolated colonies 
_________________________________________________ 
pSV2NEO      1 / 24 
pSV2NEO/KV   23 / 24  
pSV2NEO/dl1061  24 / 24 
pcDNA3     1 / 24 
pcDNA3/KVLT   3 / 24 
_________________________________________________ 
a pSV2NEO, expression vector contains the neomycin phosphotransferase gene [Southern, 
1982 #187]; pSV2NEO/KV,contains whole MPtV genome with the large T-antigen and the 
neomycin phosphotransferase gene in opposite polarity; pSV2neo/dl1061, contains MPyV 
mutant dl1061 that only expresses MPyV large T-antigen [Nilsson, 1983 #24]; 
pcDNA3/KVLT, only expresses MPtV large T-antigen under CMV promoter. pSV2NEO and 
pcDNA3(InVitrogen) were used as negative control for immortalization activity, while 
pSV2NEO/dl1061 was employed as positive control.   
b Primary REF Cells were thawed and transfected with 4 µg of plasmid DNA per 60-mm dish 
following the LipofectAmine procedure. At 48 hr after transfection, the cells were detached 
and reseeded into two 100-mm dishes and medium with 0.5 mg/ml of G418 was added. After 
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2-3 weeks, a number of G418 resistant colonies were isolated by the cloning cylinder 
technique and transferred to multiwell dishes. Clones that could grow to confluence after one 
additional transfer were scored as established [Söderbärg, 1993 #10].    
 
 
 MPyV LT can confer on primary embryo fibroblasts the ability to grow 
in long-term culture without entering crisis (162). Interestingly, MPtV LT 
has a very weak immortalizing activity in comparison to SV-40 and MPyV 
LT, although MPtV LT showed a metabolic stability similar to that of mouse 
polyoma virus. MPtV small t-antigen can enhance the immortalization 
activity of MPtV LT to almost the same level as MPyV LT (Table 2), in 
agreement with the previous conclusion for SV-40 that small t antigen 
assists in transforming some cell type (159, 160, 169). This activity of LTs is 
associated with their binding abilities to pRb by a polypeptide segment 
within their N-terminal parts (LXCXE). The MPtV LT amino acid sequence 
appears to contain this motif, suggesting that it interacts with pRb, and 
raising the question concerning why MPtV LT functions so weakly in cell 
immortalization. The explanation might be that it could not inactivate pRb 
function properly or that it becomes too cytotoxic by interacting with other 
cellular proteins, such as p53. Experiments are in progress to clarify the 
interaction of MPtV LT with the cellular proteins. 

MPtV host range mutant- (KVm1) enhancer 
substitution 
 MPtV DNA replication in mouse fibroblast cells cannot be detected 
when only the viral genome is transfected. However, expression of MPtV 
LT in trans enables viral DNA replication at the detection level, but without 
successful virion assembly, suggesting that the weak early transcription is 
not the only checkpoint for MPtV cell specificity, and the weak late 
transcription might have blocked the virion formation.  

MPyV Enhancer domains have been shown to play pivotal roles in 
controlling the host range in tissue culture systems (4, 5, 87). MPyV, with a 
powerful enhancer and cell specificity towards mouse fibroblast cells, is 
supposed to be an functional donor of enhancer for MPtV. Accordingly, we 
constructed a MPtV substitution mutant (KVm1), having a part of the MPtV 
RR DNA substituted with a segment of the polyomavirus transcriptional 
enhancer. The substitution mutant was able to replicate in transfected 3T3 
cells, and the newly replicated viral DNA succeeded to associate with 
proteins to form viral particles. However, these particles were noninfectious 
when tested on 3T3 cells, probably owing to failure of absorption or uptake 
of virus by these cells. Analysis of early and late promoter activity by 
luciferase reporter gene expression showed that the enhancer substitution 
enables MPtV replication in mouse fibroblast cells by enhancing the 
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transcription, especially the late transcription for capsid proteins, in this cell 
line. A comparison of the MPtV and MPy V  LTs showed that they were not 
interchangeable in the initiation of MPtV, KVm 1 and MPyV  DNA 
synthesis. Furthermore, the standard-type MPtV origin of DNA replication 
was less active than the mutant structure in the presence of saturating 
amounts of MPtV LT. In conclusion, these data demonstrate several 
differences between the two types of LTs in their interactions with cellular 
proteins. Meanwhile, these data had confirmed the predicted location of the 
MPtV enhancer (133). Data from this study also suggested that MPtV RR 
harbors a negative element that weakens MPtV function in transcription in 
3T3 cells. 
 
 

FIG.7. Analy sis of MPtV virus 
distribution in infected mouse organs 
by Southern-blot DNA hybridization. 
Virus DNA (s tKV,  standard type 
MPtV; m 1KV, MPtV mutant no.1) 
was extracted from equal amount of 
mouse organs and samples were 
hybridized with 32P labeled MPtV 
specific fragment. Signals were 
quantified and relative intensity was 
calculated for comparison.    

 
  

 
 

To investigate the infectivity of the assembled virion, KV m1 transfected 
cell supernatant was inoculated into newborn mice. In contrast to the mice 
inoculated with standard-type MPtV suspension, mice inoculated with 
KVm 1 supernatant showed no mortality, possibly because of its much lower 
titre for inoculation or the lower pathological effect of KVm 1 infection. The 
existence of KVm 1 virion in i nfected mouse organ was confirmed by 
southern-blot (Fig.7) and PCR. Sequence analysis i ndicated that the RR of 
KVm 1 is quite stable, suggesting a sufficient RR function in this cell ty pe. 
Experiments concerning the genetic stability and pathological effect of 
KVm 1 are being performed by infecting cells or mice with controlled virus 
titre. 

MPtV host range mutant- late region substitution  
The failure of KVm 1 to infect 3T3 cells suggests the absence of virus- 

specific receptors on the cells. Therefore, we constructed capsid protein 
substitution mutants that have capsid protein genes of MPyV , that has 
receptors on a variety of cell types. The late coding region of MPtV and 
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KVm1 (in MPtV: nt 2805 SacI to nt 4754 XhoI) were substituted with the 
corresponding region of MPyV (nt 2885 NdeI to nt 5132 PvuII). The late 
substitution mutants were tested for DNA replication and virion assembly in 
mouse 3T3 cells. The substitution activated both MPtV and KVm1 DNA 
replication significantly, even in the absence of MPtV LT (Fig.8, lane 
PyV/stKV and PyV/KVm1), strongly suggesting that the late  coding  region     
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FIG.8. (A) Southern-blot analysis of viral 
DNA replication of MPtV late region 
substitution mutans (PyV/stKV, PyV/m1KV), 
stKV and m1KV in NIH 3T3 mouse 
fibroblasts. Transfected viral DNA and the 
amount of MPtV-LT expression plasmid were 
indicated at the top. Extraction and analysis of 
viral DNA were done as described previously 
[Zhang, 2001 #186].  (B) Fraction of DpnI-
resistant viral DNA normalized to the fraction 
of m1KV DNA synthesized in the absence of 
separate large T-antigen expression.  
 
 
 
 
 

 
 
may influence viral DNA replication significantly by an unclear mechanism. 
Primary experiments in virion assembly showed negative results, possibly 
resulting from the absence or impairment of the MPyV packaging signal in 
the MPtV mutants. The location of the MPyV virion packaging signal is 
unknown, but studies on SV-40 suggest a location close to the replication 
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origin. Therefore, another MPtV mutant was constructed by substituting the 
MPtV late region (nt 2805-nt 4754) by the late region of MPyV that contains 
sequence closer to its origin (nt 2885-nt 5269 PvuII) than the previous one. 
This mutant showed enhanced DNA replication compared to others and 
efficient virion assembly. Experiments are ongoing to test its infectivity in 
mouse 3T3 cells. 

Cellular transposable elements in MPtV genome 
 The stringency of the MPtV host range implies that it may contain a RR 
with narrow cell specificity that might show heterogeneities due to 
rearrangement followed by virus selection. Our data confirmed that MPtV 
genomes extracted from virus in lung tissue – like genomes of JCPyV, 
BKPyV and SV-40 isolated from infected individuals – contained a number 
of variations in the RR, whereas the protein-coding part of the genome had a 
uniform length. A majority of the MPtV RR rearranged DNA molecules had 
a structure differing from the standard-type. A 220 base-pair insertion at 
nucleotide position 142 with a concomitant deletion of nucleotides 143 to 
148 was a prominent variation. There were two variants of the 220 bp 
insertion differing at two nucleotide positions at one of the termini. Other 
DNA molecules showed complete or partial deletions of these structures and 
surrounding sequences in the viral enhancer. However, the end of the 
insertion at nucleotide 142 was frequently preserved. In relation to the 
standard-type, all variant genomes, including a G272T mutant which 
contains a point mutation in the LT binding region, showed differences in 
the activities of transcriptional promoters and the origin DNA replication. 
Analysis by DNA reassociation showed that a large number of nucleotide 
sequences related to the 220 base-pair insert in the MPtV genome were 
present in mouse and human DNA, but not in Escherichia coli DNA. 
Moreover, analysis by PCR indicated that there were multiple copies in the 
mouse genome of sequences that were identical or closely related to the 220 
bp viral DNA segment. Together, the data suggest that the 220 base-pair 
insertion is related to a TE of a novel type. 

 However, in a BLAST search of the mouse DNA database (18 
November 2002), only sixty-four entries with significant similarity were 
detected and the BLAST search did not reveal more than five sequences with 
short (20-23 bp), perfect or nearly perfect similarity in the entire nucleic acid 
database. Experiments are ongoing to locate the MPtV-insert-specific signal 
in the mouse genome. 

Besides the insertion-deletions, another frequently occurring variation in 
the RR of the MPtV genome was the G272T base substitution, which is 
located in the LT binding site and has a global positive effect on the activity 
of both viral transcriptions and DNA replication. Since both the base 
substitution and the insertion-deletions may occur together or alone and are 
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very close (130 bp), based on the assumption that the G↔C transversion 
occurred very rarely, the site-specific recombination of the insertion-deletion 
might occur at a high frequency (Figure 9). 
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Fig.9. Site-specific recombination at high frequency? Both insert A and B may occur with 
either 272G or T with a short distance as 130 bp between them. The standard type MPtV 
regulatory region is displayed at the top. 
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FAQs  
 
Is mouse the natural host of MPtV? 

MPtV was first identified by Kilham and Murphy in 1952 in laboratory 
mice (106). MPtV is clearly classified as a member of the polyomavirus 
genus on the basis of its physical structure and genomic structural similarity 
to other polyomaviruses, its stability towards ether, its nuclear location in 
host cells (150) and recognition by antibodies shared by all members of the 
polyomavirus group (16, 195). Serological study of epidemiology on MPtV 
among wild mice implies mouse the natural host of MPtV (88). Our findings 
that MPtV failed to infect all tested mouse cell lines, including two mouse 
endothelial cell lines, raised the question whether mouse is the natural host 
for MPtV. In fact, human JCPyV also displays very stringent host specificity 
and its propagation in cell culture has been limited to human glial cells (125, 
178). To investigate the natural host of MPtV, experiments are in progress to 
test viral infectivity and DNA replication in cell types derived from other 
species. Investigation of MPtV serological epidemiology in other species 
will be difficult to carry out without knowledge of its prevalence.    

 
Is the MPtV large T-antigen involved in the high-frequency 
recombination? 

Intramolecular homologus recombination of MPyV DNA is dependent 
upon promoter structure or function (69). MPyV LT has been shown to be 
able to mediate high-frequency recombination, and this recombination-
promoting activity can be dissociated from its replicative function (186). 
Accumulated evidence has revealed that LT can bind directly to 
topoisomerase I (66, 70, 130, 131, 158, et al, 179), which can introduce 
double-strand DNA breaks utilized in site-specific recombination. Our data 
demonstrate that the preferred target sequence of MPtV insertion is exactly 
the preference of topoisomerase I. Put together, it is quite possible that 
MPtV LT plays a role in the site-specific high-frequency recombination.  
 
What is the MPtV insert classification? 
 Although the direct repeat in the insert terminal implies its class as a 
retrotransposon, the cut-paste fashion (deletion-insertion) clearly suggests 
that it transposes in a way similar to DNA transposons. However, evidence 
has to be provided to prove the mobility of the insert. As indicated above, it 
probably belongs to a category  similar to MITEs. It has all of the 
characteristics shared by most MITEs, but a definite classification requires 
further investigation of its properties. Quite few MITEs have been identified 
in the mammalian genome. If MPtV inserts belong to MITEs, they would be 
the only MITEs found in mammalian genomes with obviously active 
transposition. The study of MITEs in gene regulation has been limited by the 
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complexity of the phenotype resulting from the diploid genotype. Therefore, 
MPtV, if identified as a MITE target, will be an excellent model system for 
the study of MITEs gene regulation and mechanism of transposition.  
 
How do the MPtV inserts exist in the cellular genome? 
 This is still a puzzling issue. No solid evidence can be obtained for the 
presence of MPtV insert identical sequences in cellular genome when we ran 
the search against the genome database. One possibility is that these 
sequences are so active that they exist in individuals and play a role in the 
individual diversity. If they are ubiquitous in all individual genomes, this 
explanation would be challenged by our difficulties to amplify the sequence 
by PCR from genome DNA extracted from tissue culture cells. Another 
possibility is that it transposes via RNA intermediates with complex 
secondary structure that generate a great diversity of the nucleotide 
sequences. Experiments are ongoing to locate the insert-specific DNA 
hybridized signals in mouse genome.  
 
Can MPtV without insertion gain one during infection, or vise versa?    

This is an issue we are planning to address. After the clones of the 
variants with and without the inserts are obtained by molecular cloning, they 
will be inoculated into newborn mice separately or in combination. 
Replicated virus will be analyzed with respect to rearrangements, the 
distribution and proportion of possible variations, the existence of MPtV 
inserts, etc. They may also be directly co-transfected into tissue culture cells 
with MPtV LT and the replicated DNA analyzed for occurrence of 
rearrangements or transposition. 
 
Is transposable element a unique phenomenon in MPtV or common in 
DNA viruses? 

Variation of the genome is a quite frequent phenomenon among DNA 
viruses. Since BKPyV and JCPyV showed similar RR rearrangements, it is 
possible that they also utilize similar mechanisms. Preliminary investigations 
did not reveal any possibility of the existence of TE in the genome or any 
evidence for the presence of JCPyV and BKPyV deletion segments in the 
cellular genome. 
 
What is the role of MPtV insert in virus persistence and reactivation? 
 Data from studies of BKPyV, JCPyV, and SV-40 demonstrated the role 
of variations in virus persistence and reactivation, although it is generally 
acknowledged that the immune system plays a major role. Our distribution 
study of MPtV variants in mouse organs implied that they had different 
organ specificities or proportions. We speculate that beside a direct role in 
gene expression and viral DNA replication regulation, the MPtV inserts may 
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also function to generate mutations by frequent transposition. Each of the 
mutants thus struggles by itself to modulate its infectivity for persistence and 
reactivation or cell specificity by the introduction of mutations. Another 
possibility, which is more likely, is that the variants orchestrate together for 
the pathogenesis of viral infection. Since the function of MPtV variations in 
viral transcription and DNA replication are complex, the variants may work 
both for themelves and for the others as help virus. For example, the virus 
with cell specific signals may need the help of MPtV LT expressed 
efficiently from another one which needs help to compete for cognate DNA-
binding proteins. Because a genome having superior fitness will suppress the 
activity of genomes with less fitness (144) leading to the rapid disappearance 
the inferior genome, the co-existence of the variants suggests that none of 
variants has inferior fitness. The different prevalence of variants in different 
organ that we found may indicate that MPtV modulates its cell specificity 
and infectivity either by modulation of the variants proportions or by 
creating new variations, or by both. It would be interesting to establish the 
prevalence of MPtV variants during acute infection, persistent infection and 
reactivation. 
 MPtV is recognized as non-tumorigenic virus in mice, although MPtV- 
transformed cells can cause tumors (described above). With very strict cell 
specificity, it is not advantageous for MPtV to eliminate its host cells by 
either lytic infection or tumorigenesis. Besides acting as modulators for viral 
infectivity, the MPtV insert may thus behave as anti-tumorigenic factors, a 
role similar to other mobile elements reported elsewhere (172). 
 
What is the significance of the identification these cellular mobile 
elements in MPtV? 

The significance is difficult to define in the absence of additional data. 
The present results suggest that MPtV might be an excellent, unique (in 
some cases) model system for studies on mammalian DNA transposition, 
gene regulation by MITEs, viral persistence and reactivation and 
tumorigenesis. We hope that future data will prove that this finding is not 
only interesting but also significant. 
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