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ABSTRACT

THE ROLE OF MIDDLE T ANTIGEN MEDIATED
ENHANCER ACTIVITY IN POLYOMA VIRAL

DNA REPLICATION AND NEOPLASTIC TRANSFORMATION

By

Ming Chu Chen

Effects of polyomavirus enhancer on viral DNA synthesis
and neoplastic transformation were investigated.
Competition assays indicate that NIH-3T3 mouse cells contain
limiting factors for polyoma viral DNA replication and that
target sequences for these factors are located within the A
enhancer element. In the absence of middle T antigen, virus
with a duplicated A enhancer element displayed growth
advantage over the wild-type A2 enhancer. Enhancer
competition was alleviated by middle T antigen, and
partially by serum growth factors and/or TPA. This suggests
that middle T antigen affect enhancer activity through a
signal transduction or a transformation pathway. Given that
all natural hr-t isolates have evolved with rearrangements

in the same region of the enhancer, we propose it as a



compensatory event for the loss of middle T and/or small T
antigens.

Enhancer mediated competition was also observed in
nonpermissive FR-3T3 cells, suggesting that rat cells
contain limiting enhancer factors. Wild-type virus induced
stable transformation was interfered more pronounced than
viral DNA replication and abortive transformation. Taken
with the observation of low probability for double
integration, we propose that integration is a rate limiting
step during the process of polyomavirus mediated neoplastic
transformation. It can be either due to the existence of
limiting amounts of one or several factors required for
integration step, or due to the limitation of integration
events in the host chromosome. Since both viruses produce
normal large T antigen, which is required for integration,
it is likely that integration of one viral genome prevents

secondary event.
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Chapter 1.

Literature Review

Introduction

The mouse polyomavirus is a member of the papovavirus
family (1). 1Its genome is a double-stranded, covalently-
closed circular DNA molecule consisting of 5297 base pairs
(2). Viral DNA exists in virion as a minichromosome
complexed with cellular histones surrounded by capsid
proteins. The structure and histone composition of the
viral nucleosomes are indistinguishable from those of the
host (3). The polyoma virion is approxihately 45 nM in
diameter and is composed of three virus-coded proteins, VP1,
VP2, and VP3, forming a icosahedral structure. VPl is the
major component of the viral capsid, making up about 75% of
the total virion protein (1).

Polyomavirus was first discovered in 1953, and was
later shown to cause a wide variety of solid tumors in mice
and other rodents (4,5). Although the virus is prevalent,
the incidence of tumors in the natural population is quite
low. This has been attributed to the immune protection of
the host"acquired during gestation, low doses of infecting
virus, and to the existence of an anti-tumor response. The
mechanism for such immunological resistance to tumor

formation provides an interesting field to be explored.
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In tissue culture systems, a productive infection, also
defined as lytic infection, takes place in mouse fibroblast
cells. The vast majority of these cells, designated as
permissive cells, support viral DNA replication, express all
viral gene products, and eventually are lysed and release
infectious progeny virus particles. To find a tumor
induction process in tissue culture equivalent to that in
mouse, other hosts were tested. Hamster and rat cells are
semi- and non-permissive, respectively, meaning that viral
infection produces much less or no viral particles. Such
permissivity seems to be determined by one or more trans-
dominant factors of the host, since hybrids from permissive
and nonpermissive cells are productively infected (6).
Infection of nonpermissive cells results in cellular
immortalization and/or neoplastic transformation.

On infection of permissive cells, the virion adsorbs to
the cell membrane, penetrates into the nucleus, and then is
uncoated (7). The interaction between the virion and its
membrane receptor induces the expression of two cellular
oncogenes, c-myc and c-fos, which are important for both
viral DNA synthesis and gene expression (8). Three early
genes coding for proteins referred to as T antigens are
expressed. These proteins are involved in stimulating
expression of cellular genes and synthesis of cellular DNA,

and in facilitating viral growth. The large T antigen is
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required for the initiation of viral DNA synthesis, and
regulates the expression of viral early and late genes.
Following the amplification of the viral genome, three late
genes encoding the capsid proteins are expressed. Virions
are then assembled in the nucleus and released after cell
lysis (9). An jin vitro system that replicates polyoma viral
DNA in cell-free condition has been established. It
requires extracts of mouse cells, circular DNA containing
the viral replication origin, and purified polyoma large T
antigen (10).

Growth of polyomavirus in nonpermissive cells has
provided a useful model system for studying virally induced
neoplastic transformation. Host cells respond to viral
infection by undergoing DNA synthesis and cell division. A
number of properties associated with transformed cells are
transiently expressed. However, most of the infected cells
soon lose the viral DNA, and revert to their uninfected
state. This process during which the viral early genes are
expressed is termed "abortive transformation" (11).
Eventually, a small portion (<1%) of the infected cells
become stably transformed. Integration of viral DNA into
the host chromosome and continuous expression of middle T
antigen are required for "stable transformation".
Transformed cells display reduced requirement for serunm,
altered morphology with a disrupted cytoskeletal array, loss
of contact inhibition, ability to grow in semisolid medium
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without surface attachment, and ability to form tumors in
syngeneic animals (1,12).

This thesis will address certain specific issues on
middle T antigen mediated polyoma enhancer activities, and
on stimulation of viral DNA replication and neoplastic
transformation by these activities. Therefore, I will
emphasize this literature review on the following topics:
structural organization of the viral genome, functional
analysis of the noncoding regulatory region, functions of
ﬁhe early viral proteins on viral DNA replication, and the

mechanisms of cell transformation by polyomavirus.

Structural organization of the Polyomavirus Genome

The polyomavirus genome, though having a small size, is
organized in a way to obtain maximum utility by overlapping
genes which are expressed through differential processing of
RNA transcripts (Fig.1l) (13,14). The viral genome is
divided into an early region and a late region, separated by
approximately 350 base pairs of a noncoding regulatory
region (15). The primary transcripts of early and late RNA
are synthesized in opposite direction using each own
initiation signals. The early promoter possesses several
canonical TATA and CAAT boxes, and the major start sites of
early transcripts are at nucleotides 147 and 152 as
determined by primer extension and S1 mapping (Fig.2)

(16,17), whereas, the late promoter lacks a TATA box, CAAT



Figure 1. Physical map of polyomavirus genome.

The inner circle represents the HpalIl/Mspl restriction
map of polyoma genome with the numbering system of Soceda et
al. (15) beginning at the junction of fragments 3 and 5.
The noncoding region flanks the origin of DNA replication.
The early and late precursor RNAs are spliced as indicated
(jJagged lines represent introns) to generate the mRNAs for
the T antigens or the capsid proteins, respectively. The
boxed regions represent the protein coding sequences. The
nucleotides of the splicing junctions and of the termini of

the coding regions are also shown. The figure is taken from

Soeda et al. (15).
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box, or G+C-rich region, which are sequences often
associated with the regulation of transcription initiation.
Several preferred sites for late transcription initiation
span more than 100 nucleotides which results in late RNA
with extremely heterogeneous sizes (Fig.2) (18).
Termination signals for transcription are located at the 3!
end near poly A residues. However, it has been suggested
that termination signals are inefficient since small amount
of "run through" transcripts larger than late RNA are
observed (19). Alternative splicing of the primary early
transcript generates three transcripts coding for the early
proteins: small, middle and large T antigens (16,20). The
late primary transcript is also differentially spliced to
generate three transcripts which code for the viral capsid
proteins: VP1, VP2 and VP3.

Studies of heteroduplex formation by electron
microscopy (21), DNA hybridization (22), and immunological
cross-reactivity (23,24) reveal extensive homology between
polyomavirus and simian virus 40 (SV40). The primary
homologous regions are the major viral capsid proteins, the
VP1l, and large T antigens. These data suggest that two
viruses may have evolved from a common ancestor (25).
However, three major regions of non-homology are present,
including the noncoding regulatory regions, the region
coding for the unique portion of middle T antigen in polyoma
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genome, and the region encompassing the C-termini of both
the large T antigen and the major viral capsid proteins.

All these regions are of unique importance, the first
with its obvious regulatory effect on gene expression and
replication, and two of the others in connection with
cellular transformation by the individual virus. Since the
two viruses interact with different permissive hosts, and
since the activities of the regulatory region are dependent
upon viral-cellular interactions, it is not surprising that
this region contains different primary sequences. The major
differences between polyomavirus and SV40 in the control
region are in sequences defined as "enhancer" which have
been demonstrated to be important for both viral DNA
replication and gene expression in a host-specific manner
(26,27). Distinct transformation mechanisms have been
invoked by polyomavirus and SV40. Middle T antigen is the
transforming protein of polyomavirus, which is located in
the cell membrane and interacts with cellular kinases
(28,29), and phosphatase 2A (30), leading to transformation
of the host. By contrast, the transformation by SV40 is
presumed to be due to the‘carboxy-terminus of its large T
antigen binding to a cellular protein p53 (31). It has been
suggested that both viruses may have diverged from a common
ancestor and have acquired distinct properties to

accommodate to their respective hosts during evolution (25).



Figure 2. Physical map of the noncoding region of the
polyomavirus.

The center of the major palindrome in the origin of
replication is (ori) defined as "0" and the nucleotide
numbers extending from the late-gene side on the left to the
early-gene side on the right are shown. The landmarks
include the enhancer region, a 15-bp A/T sequence (open
box), a 34-bp palindrome (pinwheel), a 17-bp inverted repeat
(#+), a TATA box (solid box) and early and late mRNA start
sites. DNA binding sites for large T antigen are shaded
according to binding affinity (B,C > A > 1,2,3). cis-Acting
sequences that function as the polyoma origin of replication
(x,8 and Core) are shown (shaded areas designate the minimum
required sequence for these elements). The transition
points from discontinuous to continuous DNA synthesis that
define the origin of bi-directional DNA synthesis (OBR) are
indicated by arrows protruding from ori-core. The four
replicational enhancer domains (A-D) are shown in boxes.

The DNase hypersensitive regions (DHSR) are shown in
ellipses. Thé figure is summarized from Veldman et al. (34)
and Hendrickson, et al. (91).
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Structure and Function of the Polyomavirus Enhancer

The noncoding region of the polyomavirus genome
contains regulatory elements, including promoters for early
and late gene transcription, origin sequences (ori) for
initiation of DNA replication, and enhancer region (Fig.2)
(2) . "Enhancer elements" have been found in a variety of
viral genomes and cellular genes (32). Generally, they act
by stimulating transcription from linked polymerase II
promoters in an orientation- and distance- independent
fashion (33). The polyomavirus enhancer is required for
both viral DNA replication, early and late gene
transcription (34).

The polyoma enhancer is composed of two distinct non-
overlapping enhancer elements, which are defined as the
restriction fragments BclI-PvuIl (A or a enhancer, from
nucleotides 5021 to 5132), and PvulI-Pvull (B or B enhancer,
from nucleotides 5133 to 5269) (35,36) (Fig.3). Although
lacking appreciable homology, these two elements can
substitute for each other in mouse fibroblasts to activate
both early transcription and DNA replication (34,35).
Extensive deletion mutagenesis and linker scanning analyses
have further dissected the entire enhancer region into
several structurally distinct domains that are functionally
redundant. A and D domains are located in the restriction
fragment BclI-Pvull, B and C domains are in the fragment

PvulI-Pvull (34). Each domain contains sequence motifs which
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<021 5132 5268
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Figure 3. Cellular factors which bind to the enhancer
region of polyomavirus.

The enhancer A (a) and B (B) elements, and the enhancer
subdomains A, B, C, and D are indicated according to the
restriction map of the polyoma enhancer. Regions of
homology to sequences found in bovine papilloﬁavirué (BPV),
'SV40, mouse immunoglobulin M (IgM), c-fos, adenovirus Ela
enhancers, and glucocorficoid response element (GRE) are
shown in boxes. Positions of cellular factor binding sites

are depicted by ovals.
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are homologous to several enhancer consensus sequences found

in numerous other unrelated enhancers (Fig.3) (34).

Factors Which Interact with the Polyoma Enhancer

Cellular proteins have been shown to bind to enhancers
in order to regqgulate transcription in a positive or a
negafive manner (37,38). Utilizing gel shift, DNase I
footprinting, and methylation interference-protection
assays, several of these transcription factors have been
shown to bind to the polyoma enhancer (Fig.3). The
interaction between the host protein and the enhancer
sequence is tissue- and growth-state specific.

PEAl, PEA2 and PEA3 are three proteins from mouse
nuclear extracts found to bind to the sequences within the A
domain (nucleotides 5110-5132) (Fig.3) (39). These three
nuclear factors recognize distinct neighboring sequences.
PEAl1l belongs to a closely-related family of transcription
factors which includes human AP1, the product of the avian
sarcoma virus v-jun oncogene and yeast GCN4 (40-42).
Recently, products of the proto-oncogenes ets-1 and -2 have
been shown to activate transcription through binding to the
PEA3 motif (43). Cooperation of three oncoproteins c-Jun,

!, therefore may activate from A domain of

c-Fos and p68°™***”
polyoma enhancer to the highest transcription efficiency.

Both PEAl1 and PEA3 but not PEA2 are able to mediate
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transcriptional activation by serum growth factors, tumor
promoter TPA (12-O-tetradecanoylphorbol-13-acetate) and
several transforming oncogenes (44-46). PEA2 has been shown
to act as a negative factor to repress the PEAl activity in
undifferentiated F9 EC cells, leading to a low activity of
the A domain in these cells (47). In fibroblast cells and
retinoic acid treated F9 cells, in contrast, a decrease in
repression by PEA2 as well as an increase in the activity of
a positive factor result in a large increase of A domain
activity (47). The complex interactions of three
transcription factors with the 23 nucleatides of the A
domain suggest that a comparable balance must be involved in
the cell response to growth stimuli.

The Pvull-Pvull fragment contains two functional
enhancer domains, B and C, which interact with numerous
cellular factors (Fig.3). PEBl1l is a nuclear protein from
murine cellular extracts interacting with the polyoma
enhancer B domain. Its major binding sequences map to
nucleotides 5184-5196, which encompass a region homologous
to the early proximal portion of the GC-rich palindrome and
the core sequences of SV40 enhancer (54-56). A nuclear
factor isolated from rat liver, EBP20, strongly interact
with sequences along nucleotides 5189-5199 qithin the B
domain (57). The binding motifs of EBP20 and PEBl overlap

the SV40 core enhancer homology sequences. A minor PEB1
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binding region (nucleotides 5146-5162) is located in the C
domain, which partially overlaps the enhancer consensus
sequences of c-fos. Nucleotides 5159-5175 within the C
enhancer domain interacts with a nuclear factor, EF-C. The
EF-C factor was initially identified in F9 cells but is also
present in various other differentiated cell lines (58,59).

D domain is less well defined than the other three
enhancer domains. Recently, a nuclear factor (NF-D) was
found to bind to the nucleotides 5038-5045 within the
polyoma enhancer D domain (Fig.3). A specific effect from
the sequences comprising the binding site for NF-D has yet
to be demonstrated, however, this factor is ubiquitous and
comparably abundant in several murine cell types (61). Both
the A and D domains have been shown to provide basal late
promoter activity, and alteration of the NF-D binding site
can decrease the late promoter activity (62).

Negatively acting transcription factors which interact
with the enhancer sequences have also been described
(47,54,56,65,66). The negative activity of the adenovirus 2
(Ad2) E1A proteins has been examined extensively. The ElA
proteins are able to repress the transcription of a reporter
gene which is linked to the polyoma enhancer (67,68). This
inhibitory effect of the E1A proteins is also observed with
AP1 factor-binding motifs from the SV40 and human

metallothionein enhancers, and the MHC class I gene H-2K°
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enhancer, which binds the KBF1/H2TF1/TC-IIB protein (66).
It is possible that the E1A proteins affect the activation
of polyoma enhancer by inhibiting the activity of PEAl.
Nuclear receptors (eg. the estrogen and glucocorticoid
receptors), yeast enhancer factor GAL4 expressed in Hela
cells and chimeric trans-activators (such as GAL-VP16) are
also similarly inhibited by the ElA gene products. It is
therefore conceivable that the E1A proteins play a crucial
role in repression by interfering in the transcriptional
activation process at a step common to all trans-acting
enhancer factors (69).

The polyoma enhancer is likely to have evolved in the
context of the intricate cellular control mechanisms
responsible for modulating gene expression. The presence of
negative enhancer sequences seems contradictory to the
presumed positive evolutionary selection. It could be
because that the same enhancer sequences interact with
either activators or repressors depending on different
stages of cell differentiation. Alternatively, enhancer
sequences may interact with a single cellular factor, whose
activity is determined by the stage of cell differentiation
(i.e., PEA2). Villarreal and colleagues have shown that
individual polyoma enhancer elements display their own
tissue specificity which is different from the wild-type

pattern (86). Therefore, coexistence of several motifs
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recognized by various cellular factors in the polyoma
enhancer may provide a survival advantage through stages of
cell differentiation and host development, and wide tropism

in the mouse.

Reiterations in the polyoma enhancer have been found

frequently among natural viral strains (TOR, P16, and CSP)
(71) . These sequence rearrangements appear to have a
selective advantage in replication, resulting in the
emergence of these viruses. Recently, much attention has
been focused on the enhancer region of polyoma mutants that
have a broader host range than do the wild-type strains.
Many host-range mutants have been isolated by selection
for their ability to grow in undifferentiated mouse
embryonal carcinoma (EC) cell lines. It appears that
enhancer sequences in the B element are critical for growth
of polyoma EC mutants in undifferentiated EC cell lines.
Point mutations and tandem duplications of sequences around
this region are always obser?ed in the mutants isolated from
F9 EC cells (48-51). By contrast, those isolated from
infection of PCC4 cells have deletions in the B element and
duplications in the A element (52,53). A variety of host-
range mutants capable of growth in normally nonpermissive
cell lines have been isolated. They include mutants which

grow in trophoblastic, neuroblastic, or Friend erythro-
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leukemic cell lines (63,64,72-74). Each type of mutant
carries a distinct rearranged enhancer structure responsible
for the respective host range. Rearranged enhancer elements
can also strongly affect the ability of polyoma to replicate
in mouse lymphoid cell lines (75). Therefore, the spectra
of rearrangements in the enhancer region coincide with
alterations of the host range.

Mutations within either the EBP20 or EF-C binding
motifs has been shown to be detrimental to polyomavirus
enhancer activity in F9 cells. In addition, a critical
point mutation for productive infection of F9 cells is an AT
to GC transition at nucleotide 5235 of the polyomavirus A2
genome. This mutation, located within the enhancer B
.element of the F9 EC mutant F441, creates a new positive
acting sequence that can interact with a cellular factor in
undifferentiated F9 cells (60). An endogenous "Ela like"
activity has been proposed to exist in the undifferentiated
EC cells. It is based upon the observation that the E1lA
products do not repress a point mutant (Py ECF9.1) of the
polyoma enhancer which is active in the undifferentiated F9
cells (67). Moreover, a labile protein has been reported to
prevent the replication of wild-type polyomavirus in
undifferentiated PCC4 cells (70). The properties of the EC
mutants implicate that alteration of the enhancer sequences
responds to the qualitative or quantitative spectra of
regulatory factors that exist within a particular cell type.
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PyNB11/1 is a polyoma mutant selected for its high
efficiency of growth in neuroblastoma cells (63). It has an
altered enhancer region which contains a 91-base-pair tandem
duplication spanning nucleotides 5047-5137 involving the A
domain and part of the D domain (64). A novel site at the
A/D junction of its enhancer region has been found to bind
to a nuclear factor that belongs to the NF-1 family of
transcription factors (61). It is thus suggested that new
protein recognition sites in the polyomavirus enhancer may
be generated by using modules which may pre-exist.
Consequently, the new protein binding sites allow the host
range flexibility in viral growth.

A cooperative action of enhancer components has also
been implicated in tissue-specific replication. Replacement
of the B domain with the Moloney murine leukemia virus
enhancer drastically alters jin vivo mouse organ infection
patterns. This mutation redirects virus replication to the
pancreas, which is normally nonpermissive to either of the
parental viruses (76). An F9 mutant strain fPyF9 acquires
three copies of cellular sequences (box DNA) which are
inserted into the enhancer B domain. Box DNA functions as a
negative transcriptional element in undifferentiated F9
cells but not in differentiated L cells, and allows the
. persistence of an episomal state of the viral genome in F9
EC cells (65,77). Comparing the enhancer sequences of these

mutants, it is obvious that changes in specific components
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of the enhancer region correlate with the ability of fPyF9
to propagate in specific cell lines.

In the development of this thesis, I will discuss novel
alterations of enhancer discovered in host range
transformation defective (hr-t) mutants of polyomavirus.
These mutants were first isolated by Benjamin in 1970 using
polyoma-transformed 3T3 cells as a permissive host and
normal 3T3 cells as a nonpermissive host (78). The host
range and nontransforming mutations coincide in these
mutants, and are located in a viral protein coding region
common for both small and middle T antigens (79,80). These
mutants also contain differences in the noncoding regions
comparing to the wild-types A2 and A3 (80,81). In the past,
this has been assumed to reflect the organization of the
wild-type from which they were derived. However, sequence
analyses of the enhancer region of 7 hr-t strains show that
each strain bears a unique alteration in this region (81,
this study), which does not correspond to the wild-type. It
is more likely that each sequence rearrangement in
individual mutant has been evolved independently. A common
feature to all the rearrangements involves the reiteration
(1-3 times) of the A enhancer domain which contains middle T
antigen responsive sequences, PEA1l and PEA3 (44,46). The
theme which will be developed here is that the pathway of
transformation or middle T antigen induced signal

transduction is exquisitely coupled to the pathway for



21
polyoma enhancer activation. Thus, the duplication of the
PEA1l/PEA3 binding sites may represent a compensatory
mutation for the absence of middle T and/or small T
antigens, and confer a cis-advantage for viral growth during
the isolation/selection.

Sequence rearrangements in the enhancer region which
alter the spectra of factor binding, gene expression and
viral replication also have been described in SV40, human
polyoma virus (BK, JV). It is therefore suggested that
papovaviruses may utilize this variability to adapt to

various host cells and tissue types.

cis-acting Sequences Which Control the Replication of
Polyomavirus DNA

cis-acting sequences that function as origins of DNA
replication in polyomavirus genome contain two primary
components: a core component (ori-core region), dedicated to
DNA replication, that is required for replication under all
conditions, and an auxiliary component, containing enhancer
elements, that is involved in transcription as well as
replication and is dispensable under some conditions.

The ori-core contains a 17-base-pair inverted repeat on
the early gene side, multiple T-antigen binding sites within
a GC-rich 32-base-pair sequence of dyad symmetry adjacent to

a region in which 15 residues form A-T pairs (Fig.2). These



22
features are similar améng polyomavirus, SV40 and BK virus,
suggesting that secondary structures or symmetric binding is
involved in the function of the origin (2). However, the
ori-cores of polyomavirus and SV40 differ in several
aspects. The major T-antigen binding sites in SV40 are
superimposed with the replication origin, while the major
polyoma T-antigen binding sites B and C lie outside of ori-
core. The TATA box and cap-sites for SV40 early mRNA
synthesis are superimposed on ori-core, while these elements
in polyomavirus are outside of ori-core (Fig.2) (2). The
fact that polyoma viral DNA replication requires a
transcriptional enhancer may be attributed to its different
genome structure from SV40's around the ori-core.

The enhancer region is required jin cis for efficient
synthesis of polyoma viral DNA (34,82). In mouse COP-5
cells, which constitutively express polyoma large T antigen,
SV40 or immunoglobulin enhancers can replacg polyoma
enhancer to restore replication of a plasmid containing
polyoma ori sequences (83). Further studies show that the
dimeric ordered combination of PEA3 and PEAl factor-binding
sites represents the minimum sequences that are able to
stimulate viral DNA replication to wild-type level (84,85).
The perfect correlation between stimulation of DNA
replication and those binding sites for transcription

factors suggests that the enhancer function per se is
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required for viral DNA replication and may not be specific
to the sequences utilized. Unlike the transcription
enhancement, the distance between the enhancer and the ori
core may be critical in some but not all cells for
replication activation (83,85,86). It is hypothesized that
the closeness of the enhancer to the AT-rich end of ori-core
might facilitate interaction between ori-core and proteins,
thereby unwinding DNA templates and initiating DNA
synthesis. These processes could be accomplished by either
direct interaction of the enhancer binding proteins with ori
binding proteins or modification of the chromatin structure
around the ori-core by enhancer binding proteins (87). It
has been shown that, in cell-free systems the polyoma ori-
core functions without an enhancer (88). Furthermore, the
polyoma ori-core sequence does not require an associated
enhancer component to initiate replication until formation
of two-cell mouse embryos (89). Perhaps some negative
regulatory factors that interfere DNA replication are
associated with the nuclear structure (i.e., chromatin
structure, matrix, scaffold). The enhancer elements, when
associated with its specific binding factors, release the
origin from the nuclear matrix.

Analyses of initiation of DNA sYnthesis using various
eukaryotic and prokaryotic model systems indicate that

similar strategies are shared, which involve complex
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formation of the ori-core sequence with initiation proteins
.(90). The initiation site of polyoma DNA synthesis has been
mapped to a 16-base-pair position of the inverted repeat
(91) . The first step is the ATP-dependent binding of large
T antigen to the specific sites, which leads to cascades of
DNA conformation change (untwisting, and unwinding)  (92-95).
Production of underwound DNA appears to be a prerequisite
for initiation of DNA synthesis. Two diverging replication
forks are generated by the initiation complex. Large T
antigen acts as a helicase translocating along the parental
DNA strand allowing the entrance of other proteins (94,
100) . DNA synthesis from the replication fork is semi-
discontinuous, using host enzymes for primer synthesis (96),
elongation (97,98), gap filling (99), ligation (2,9), etc.

The general features of polyoma viral DNA replication
resemble those observed for SV40 DNA replication. However,
it has been noticed that mouse cell lines support the
replication of polyomavirus but not of SV40, whereas monkey
and human cells replicate SV40 but not polyomavirus. The
established cell-free replication systems provide a way to
examine the cellular proteins involved in permissivity
(10,101,102). SV40 DNA is replicated in the presence of the
SV40 large T antigen and extracts from either human or
monkey cells (103). In contrast, polyoma viral DNA

replication requires the polyoma large T antigen and mouse
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cell extracts (10). Addition of purified mouse DNA
pol a/primase complex to Hela or monkey cell extracts allows
in vitro synthesis of polyoma viral DNA, suggesting that the
DNA pol a/primase is a major factor in permissivity for
papovaviruses. Monoclonal antibodies to SV40 large T
antigen have been shown to co-precipitate large T antigen
and DNA pol a from SV40 infected HelLa cell extracts,
indicating that these proteins interact directly (104).

It is likely that cellular proteins other than
pol a/primase are responsible for the permissivity of
polyoma DNA replication. 1In rat cell lines, viral DNA
synthesis is higher at 33°C than at 37°C, and only 1-2% of
the polyomavirus transformed cells replicate the integrated
viral genome to high level (105). Treatment of polyoma
transformed rat embryo muscle cells (LPT line) with physical
and chemical carcinogens or agents that inhibit protein
synthesis can increase the percentage (<0.2%-+90%) of cell
population producing large amounts of viral DNA (106). The
permissivity factors in those systems remain to be
determined. As discussed above, the varieties of enhancer
binding factors in different mouse cell types affect
permissivity of viral DNA replication; the hr-t mutants
replicate less efficiently in normal mouse cells than in
Py3T3 cells (78); wild-type polyoma strains fail to
replicate in undifferentiated EC cells (48-53).
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Large T antigens of polyoma and SV40 are the only
virus-encoded proteins that are involved in viral DNA
replication in cell-free systems (10,101,102). The
function(s) of large T antigen in initiation have in fact
shown considerable similarity to those of E. coli gene
products, dnaA, dnaB, and dnaC, in initiating replication at
ori C (90). Requirement of large T antigen for initiation
of DNA synthesis was first shown by utilizing a viral mutant
(ts-a). The thermolabile large T antigen of the ts-a strain
fails to initiate new rounds of viral DNA replication at the
nonpermissive temperature (106). Binding of large T antigen
to the ori also results in negative autoregulation of early
gene expression and induction of late gene expression (108~
111) . However, the overproduction of SV40 viral RNA in ts
mutant infections is temperature independent, suggesting
that the effects on RNA transcription and DNA replication
are not coordinate (112). Although large T antigen
stimulates transcription from cellular promoters (113,114),
the DNA binding domain of large T antigen is not required
for the activation (114).

Polyoma large T antigen is a nuclear phosphoprotein
that contains 785 amino acids (Fig.4) (1). At the
initiation step of polyoma viral DNA synthesis, large T
antigen functions as a sequence specific binding protein

(107-109), with ATPase (115), and helicase activities
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Figure 4. Schematic representation of phosphorylation sites
and functional domains in the polyomavirus large T antigen.
Two main regions of phosphorylation sites are depicted
by circles inside the large T antigen box. Below the T
antigen are the approximate positions of domains related to

its function.
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(94,100,117). The nucleotide binding domain of the large T
antigen has been mapped to a region between amino acids 290
and 310, whereas, the ATPase activity is located near the
carboxy-terminus between amino acids 565 and 675 (116,117)
(Fig.4). While acting as a DNA helicase, large T antigen
moves in the 3'-+5' direction on the DNA strand to which it
is bound.

The phosphorylation state of large T antigen may play a
critical role in its ability to perform multiple functions
within the infected cells. Since large T antigen encoded by
ts-a mutants is underphosphorylated (118) and is not able to
initiate new round of viral DNA synthesis (106), the
phosphorylation state may be crucial to viral DNA synthesis.
McVey et al. have shown that cdc2 protein kinase
phosphorylates the large T antigen of SV40, which results in
an efficient binding of the large T antigen to the SV40 ori
(119) . Another protein that regulates the phosphorylation
state of the SV40 large T antigen is protein phosphatase 2A
(PP2A). PP2A removes serine phosphates from large T
antigen, which reduces the lag time prior to new DNA chain
synthesis and stimulates the T antigen- and SSB-dependent
unwinding of DNA fragments containing the SV40 ori
(120,121). Since the activities of cdc2 protein kinase and
PP2A are both cell cycle regqulated, the cell cycle stage of
infected cells may affect the level of large T antigen



29

phosphorylation. It is consistent with the observation that
the large T antigen of polyomavirus is more phosphorylated
in the growing cells early in infection than in the
quiescent cells (118). The cdc2 kinase and PP2A studies
indicate that the replication-related phosphorylation of
large T antigen may vary at different stages of the cell
cycle. Therefore, it suggests that actively cycling cells
rather than resting cells provide the optimal state to
modify large T antigen to initiate viral DNA replication.

The other two early proteins, middle T and small T
antigens play a major role in cell transformation as will be
discussed below. Their potential roles in viral DNA
replication have not been examined in detail. However, most
studies using mutants with altered middle T and/or small T
antigens suggest that these proteins are not directly
required for viral DNA replication. Hr-t mutants, which are
both middle and small T antigen defective, have been shown
to display the following phenotypes: absence of secondary
induction of c-myc and c-fos expression in host cells
(8,125) ; decreased output of viral DNA (123,124);
underacetylation of histone H3 and H4 in the viral
minichromosome (122); underphosphorylation of VP1l; and
defects in the assembly of viral capsids into mature virions
(123). Hr-t mutants stimulate only one round of cellular

DNA synthesis in contrast to the wild-type strains which
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stimulate multiple rounds (126). As discussed further
below, middle T antigen has been well characterized for its
role in oncogenic transformation, correlated with its
interactions with cellular membrane proteins such as
pp60° ¢ and phosphatidylinositol (PI) kinase (28,29). 1In
the presence of small T antigen alone, NIH-3T3 cells reach a
higher saturation density than untreated monolayers (127).
These observations suggest that these two proteins act
pleiotropically to alter the physiological state of the host
in a manner which facilitates virus production in the 1lytic
infection. 1Interestingly, these two prateins have been
shown to associate with the regulatory subunits of PP2A

(30,128). How these interactions affect the activities of

large T antigen remains to be resolved.

The early viral gene products of polyomavirus, the so
called T antigens, were recognized originally by use of sera
from tumor-bearing animals (129). Each of the T antigen
species plays some role in the process of establishment or
maintaining cell transformation. Complementation studies
utilizing two groups of nontransforming mutants, hr-t and
ts-a strains, determine the viral proteins involved in
neoplastic transformation (12,130,131). As mentioned above,

the major mutation of the hr-t strains has been mapped to
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the intron of the large T antigen and affects both middle T
and small T antigens (79,80). The ts-a mutants carry
mutations at the carboxy-terminus of large T antigen
(79,132). Therefore, the stable transformation caused by
polyomavirus requires cooperative functions of large T
antigen and either middle T antigen, small T antigen, or
both middle T and small T antigens.

Genetic studies have shown that large T antigen is
essential for the initiation of transformation (11). At the
nonpermissive temperature, ts-a mutants are capable of
inducing a transformed cell phenotype which lasts a couple
of generations (abortive transformation), but are defective
in stable transformation. However, ts-a mutants can
transform cells at the permissive temperature, and a delayed
shift to the nonpermissive temperature past the first two
days does not affect transformation. The process of
initiation is defined as events requiring transient
expression of large T.antigen and leading to the integration
of viral genome into the cellular chromosome. Once the
viral genome is integrated, large T antigen is no longer
required.

Southern blot analyses of DNA from polyomavirus
transformed cell lines have provided extensive knowledge
regarding the arrangements of integrated viral genomes. The
viral genomes are usually integrated in a head-to-tail

tandem manner and inserted at multiple sites of the host
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chromosome (133-135). Recombination between the host and
viral DNA is non-homologous, with only 2-5 base pairs of
partial homology at the viral host junction (136-139).
Integration of polyomavirus can result in deletions,
duplications, and rearrangement of host DNA at the
integration site (139,140). There are no preferred
sequences in the host genome found for polyomavirus
integration (134,135,141). The variations in patterns among
transformants imply that multiple independent integration
sites are available in the host chromosome. In contrast,
the observation of the double integration events from mixed
infections