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ABSTRACT

Human JC virus (JcV) is the etiologic agent of
progressive multifocal leukoencephalopathy (PML), a fatal
demyelinating disorder of the central nervous system. Although
JCV is a widely-distributed polyomavirus and is oncogenic in
animals, its strict dependence for viral growth and expression
of JCV on human fetal glial cells has hindered detailed
studies of the regulation of JCV early and late gene
expression. Previous reports have shown that gene expression
of JcV is regulated by viral T antigen and cellular
transactivating factors, such as NF1. To date, several
cellular factors regulating JCV early and late gene expression
have been identified and isolated, and their binding site
sequences or motifs in JCV DNA have been characterized.

The AGGGAAGGGA pentanucleotide (penta) repeat motif of
the JCV control region has been suggested to positively
(stimulate)and negatively (inhibit) regulate JCV early and
late gene expression. A similar sequence that negatively
requlates the expression of c-myc was also identified in the
upstream region of the c-myc gene. Several proteins ranging
from 25 to 80 kDa have been identified which specifically
interact with this penta repeat motif. Among them, a 56 kDa
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protein has been suggested to act as a repressor for the JCV
late gene expression and a 70 to 80 kDa protein has been shown
to be required for the early gene expression. Thus, there are
several proteins interacting with this penta repeat motif and
differentially regulating the JCV early and late gene
expression. Therefore, it would be very helpful to isolate
and characterize such penta repeat motif binding proteins.

To study the regulation by the penta repeat motif for Jcv

expression, I cloned JCV promoter - <

containing mutated penta repeat motif into a CAT reporter
plasmid and transfected the plasmid into P19 cells
differentiated by retinoic acid into glial cells and U87MG
human glicblastoma cells. CAT assays showed that the
pentanucleotide repeat motif within the JCV promoter-enhancer
region upregulated JCV late expression and downregulated JCV
early expression. Mobility shift assays revealed two protein
complexes specifically bound to the wild type penta repeat
motif in both glial and nonglial cell extracts. Two proteins
of approximately 60 and 45 kDa were detected by UV
crosslinking. The penta repeat motif was then used to isolate
a penta repeat motif binding factor by screening a cDNA
expression library from retinoic acid-differentiated P19 glial
cells. One positive cDNA clone (RP1l) was found to
specifically bind to the penta repeat motif. To characterize
RP1, Southwestern blots with a B-galactosidase (B-gal) fusion

ii



protein indicated that this RP1 cDNA encoded the protein that
specifically binds to the penta sequence. Consistent with my
mutation results, preliminary in vivo results showed that the
protein encoded by this cDNA could negatively regulate JCV
early gene expression. The sequence of RP1 cDNA was found to
centain sequences that were predicted to code for a protein
containing seven putative zinc finger motifs in the carboxyl
terminus two-thirds of the protein. Based on my data and the
results of others, I proposed a model for the interaction of
RP1 with JCV penta repeat motif as a complex in glial and
nonglial cells, suggesting that this interaction contributes
to the glial cell specificity of JcCv. This model would
involve RPl-penta acting in concert with other sites and
factors in the JCV promoter-enhancer to prevent JCV gene

expression in nonglial cells.
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CHAPTER 1

INTRODUCTION

JC virus (JCV), the etiologic agent of progressive
multifocal leukoencephalopathy (PML), is one of the human
viruses that can cause tumours in other animals. Recently,
PML has been frequently idertified as a complication of AIDS.
However, the studies of JCV have been hindered by the
difficulty of growing the wvirus in culture and in animals, due
to its strict restriction to glial cells of brain origin.
Studies by the research group of Khalili have shown that the
strict glial specificity of JcV is requlated at the
transcriptional level. Subsequent studies have focused mainly
on the transcriptional regulation of JCV that conferred the
cell specificity of Jcv.

1.1 hanisn of ption

Knovledge of protein-encoding gene transcription in
eukaryotes by RNA polynerase II (RNAPII) has been intensively
increased in the last decade, especially in the area of
transcription initiation. Transcription initiation is a
multi-step process involving several basal transcription
factors. These factors assemble to form a multi-protein

complex on the promoter-enhancer region, the central part of
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transcriptional regulation. Because its nature is complex,
the intricate protein-protein interactions of this machinery
provide a fine-tuning system such that gene expression can be
elaborately regulated. Through this machinery, sequence
specific transcription factors can select genes to turn on or
turn off at the start site of transcription. In the following

sections, I will briefly summarize this transcription system.

1.1.1 Promoters and enhancers

Promoters have been defined as DNA sequences about 15 to
35 bp up from the initiation site. These sequences function
as transcription signals to which basal transcription factors
and RNAPII can bind and initiate mRNA synthesis (Zawel and
Reinberg, 1993). Two kinds of promoters have been identified.
One has the TATA box with or without the initiator (Inr) and
the other has only the Inr. One or both elements are present
in all protein coding genes and form minimal promoters.
Either of them can form transcription initiation complexes
(basic transcription machinery) with RNAPII and the general
transcription factors (GIFs) to start basal transcription. 1In
contrast, enhancers are elements with different sequences at
variable distances from the initijation site and they are
recognized by sequence specific DNA binding proteins. It is
through interactions with these enhancer elements that

transcription activators or repressors regulate transcription
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activity. The ion of p and provides

the specific characteristics of gene expression control.

1.1.2 RNA polymerase II

RNAPII transcribes the class II genes of the eukaryotic
system and is 3 multi-subunit complex. In HeLa cells, RNAPII
contains 10 subunits with molecular weights ranging from 240
to 10 kDa. The largest subunit of eukaryotic RNAPII contains
a unique carboxyl terminal domain (CTD) that is not present in
prokaryotic RNAP and eukaryotic RNAPI and RNAPIII. This CTD
contains multiple consensus sequence repeats that are rich in
serine and threonine residues and can be  highly
phosphorylated. The CTD of RNAPII can bind to DNA by
intercalating into DNA nonspecifically to strengthen the
binding of RNAPII and the stability of the initiation complex.
CTD also has been suggested to mediate transcription
activation of the upstream regulators based on Gal4-deletion
mutants complementation experiments. The redundant
heptapeptide repeat motifs present in CTD may act by
‘interacting with the activation domains of some transcription
factors. In this way, RNAPII could be accurately positioned
in the promoter region and start transcription from a defined
site by interacting with other GTFs.

1.1.3 General transcription factors and transcription



initiation complex

For the transcription of eukaryotic protein coding genes,
about 20 proteins need to assemble at the promoter region to
start the transcription initiation in addition to RNAPII.
These proteins are GIFs, including TFIID, IIB, IIA, IIE, IIF,
IIH and their associated factors.

TFIID is the only GTF that can specifically bind to TATA
containing promoters of the class II genes. Recent studies
have shown that TFIID is composed of a TATA-binding protein
(TBP) and TBP-associated factors (TAFs) (Gill and Tjian,
1992) . TBP is a eukaryotic protein that is highly conserved,
especially in the carboxyl-terminal half of this protein that
binds to the minor groove of the TATA element (Klug et al.,
1993) . This binding is the first step in the formation of the
initiation complex. The anmino-terminal domain of TBP, on the
other hand, is highly divergent and forms the outer surface of
the protein that is accessible for interaction with other
transcription factors. In in vitro experiments, TBP can be
separated from TAFs and supports basal transcription, but not
activated transcription. However, the addition of purified
TAFs can fully restore the activation response, suggesting
that TAFs may act as coactivators or adaptors.

The human TFIIB is a 34.8 kDa protein. This protein can
directly bind to the TBP-DNA complex or DNA-TFIIA-TFIIB

complex (DAB complex). TFIIB is also required to recruit
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RNAPII and TFIIF and to form the DAB-RNAPII-TFIIF (DAB-
RNAPIIF) complex. TFIIB has two structural domains that
correspond to its function: An amino-terminal putative zinc-
finger domain with RNAPII recruiting activity and a carboxyl—
terminal domain that can bind to the TBP-DNA complex (Ha et
al., 1993; and Buratowski et al., 1994). 1In one case, TFIIB
and RNA polymerase II alone can direct basal transcription on
a supercoiled template DNA in the presence of Yin-Yang 1
transcription factor (Usheva and Shenk, 1994). Recent studies
have suggested that TFIIB may play an important role in the
interaction between the initiation complex and upstream
activators.

TFIIF contains two subunits with molecular weights of 30
and 74 kDa, also known as RAP30 and RAP74. This factor can
interact with RNAPII in the absence of other factors or DNA,
suggesting that TFIIF is critical in recruitment of RNAPII to
the assembling initiation complex. The recruitment is carried
out by its small subunit via an interaction with TFIIB (Flores
et al., 1991; and Ha et al., 1993). TFIIF also can affect
transcription elongation that requires both subunits of TFIIF.
Studies have showed that the activities of TFIID, TFIIB and
TFIIF are enough to recruit RNAPII to form a stable initiation
complex and to start transcription. This stable initiation
complex was called minimal initiation complex or preinitiation

complex. In the case of transcription of the immunoglobulin
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heavy chain (IgH) gene in vitro, Parvin and Sharp (1993) found
that TFIIF was not required for the IgH basal transcription,
providing that the DNA template was negatively supercoiled.

TFIIE is a tetramer of two subunits encoded by two genes.
It enters the initiation complex after the association of
RNAPII/TFIIF with the DAB complex. The entrance of TFIIE may
be mediated, in part, by directly interacting with RNAPIT,
TBP, TFIIF and TFIIH. The entrance of TFIIE is necessary for
the subsequent incorporation of TFIIH into the complex (Flores
et al., 1991).

TFIIH is the last basal transcription factor incorporated
into the preinitiation complex to form the complete initiation
complex. It is a multi-subunit protein and possesses
helicase, ATPase and CTD kinase activities. Therefore, the
binding of TFIIH to the initiation complex will probably
phosphorylate the carboxyl-terminal repetitive sequence of
RNAPII. However, TFIIH is not required in all reconstituted
basal transcription systems. Goodrich and Tjian (1994) used
an abortive initiation assay to separate early and late
initiation and showed that TFIIB, TFIIF and RNAPII can
initiate mRNA synthesis. TFIIE, TFIIH and ATP were required
to produce longer transcripts. This result suggested that
TFIIE and TFIIH may play a role in promoter clearance,
converting an initiation complex to an elongation complex.

Interestingly, TFIIH also has been shown to function in
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nucleotide excision repair of DNA and therefore, couples

transcription and replication (Drapkin et al., 1994).

1.1.4 Sequence specific transcription factors

In addition to basal transcription factors, there are
other transcription factors regulating transcription. These
additional transcription factors can be classified as
activators or repressors of transcription. By interacting
with DNA in a sequence-specific manner, those factorsregulate
gene expression, and thus cell differentiation andcell growth
(Pabo andSauer, 1992). To exert the above functions, a
transcription factor usually containsaspecific DNA binding
domain, a multimerization domain (either a homo- or hetero-
domain) and a transcription activation domain.

To regulate transcription, the first step is the binding
of an activator or repressor to DNA in a specific way through
its DNA binding domain.  Until now, six families of DNA-
binding proteins have been identified according to the
structure of their DNA binding domain. The first DNA binding

motif identified was o-helix-turn

~helix (HTH). In addition
to the multimerization and activation domains, the proteins of
this family usually contain an a-helix, a turn and a second a-
helix in the carboxyl-terminal, such as seen in E. coli CAP
protein and Cro protein. The homeodomain is another DNA

binding motif existing in a large family of eukaryotic
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regulatory proteins. This domain is usually a stretch of 60
amino acids that also contains an HTH motif. However, the
honeodomain can bind to DNA independently. Two examples are
Drosophila Antp and Oct-2 transcription factors (Scott et al.,
1989). The =zinc finger is a major structural motif for
protein—DNA interaction first identified in transcription
factor III A (TFIIIA) that participates in the transcription
initiation of class III genes. Later, it was found that the
zinc finger is widely distributed in transcription factors of
eukaryotic organisms. Zinc finger proteins, such as Gald,
TFIITA, YY1, usually contain sequence of Cys—X.,~Cys-X;-His-X,
s—His in 30 residue repeats in tandem. Later studies have
extended this Qefinition to any sequence motifs with a set of
cystelne or histidine residues clustered in a short
polypeptide chain. In this polypeptide chain, two cysteines
and two histidines or cysteines coordinate a central zinc ion
to form a zinc finger and bind the major groove of DNA (Pabo
and Sauer, 1993; Rhodes and Klug, 1993).

Leucine zipper proteins belony to another family of
transcription factors with the characteristic of forming
dimers, either homodimers or heterodimers. The DNA binding
domain is composed of two distinct subdomains in a short
peptide of 60-80 residues: a leucine zipper region for
dimerization and a basic region for DNA binding. The typical

exanmple of this family is APl proteins formed by a Jun and a
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Fos protein. Similar to leucine zipper proteins, the proteins
of the helix-loop-helix (HLH) family also have a DNA binding
basic region and a dimer formation region composed of an a-
helix, a loop and a second a-helix. An example is MyoD
(Benezra et al., 1990; Pabo, 1992). Both types of proteins
are playing important roles during differentiation and
development. Furthermore, both types can function through the
formation of heterodimers or homodimers.

The B-sheet or B-ribbon is another DNA binding motif that
exists in some prokaryotic proteins, such as MetJ, Arc and Mnt
repressors. Through the formation of two anti-parallel B-
sheets, these proteins can symmetrically match the double-
helical DNA and stably bind to a specific site (Kim, 1992).

There are other DNA binding motifs in other DNA binding
proteins, like the FOU domain and CCHC motif. However, their
structures are not as clear as the above domains and will not
be discussed here.

In contrast to the DNA binding domain, the structure of
the activation domain is poorly understood. Several types of
activation domains have been identified and are defined as
acidic, glutamine rich and proline rich domains. Different
classes of activation domain do not interact with the same
target. For example, glutamine-rich and acidic rich
activators are functionally distinct. By mutagenesis

experiments, Gill et al. (1994) found that the most important
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amino acid residue responsible for activation is not the
glutamine or the acidic amino acid in those motifs. In some
proteins, hydrophobic residues are important for activation,
suggesting that those transcription factors activate
transcription through hydrophobic forces. These kinds of weak
forces could allow activators to contact multiple targets and
form more stable complexes. Their activation domains showed
no secondary structure when isolated. Thus, when activators
interact specifically with other factors, they may undergo a
conformation change to form a specific three-dimensional
structure ("induced fit"), providing flexibility in the
protein-protein interaction.

To regulate transcription, a sequence-specific
transcription factor first binds to DNA and then regulates
transcription through protein-protein interactions. Some
auxiliary factors, also called accessory proteins, are
required in the function of the sequence specific
transcription factors. These auxiliary factors might act
positively or negatively in regulating basal transcription,
suggesting that these factors act in a multiple protein-
protein interaction manner. Such interactions would affect
the function of the sequence specific factor that binds the
DNA.

The most obvious targets of these sequence-specific

transcription factors are basal transcription factors. In
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1990, Stringer et al. first identified such an interaction
between the TBP and the acidic activation domain of VP16.
Since then, many other factors have been found to bind to TBP.
Subsequent studies found that other basal transcription
factors, such as TFIIA, TFIIB, TFIIE, TFIIF and TFIIH, also
could be the targets of activators. For example, Lin and

Green (1991) found that VP16 can bind to TFIIB.

1.1.5 Coactivators and other factors
In 1990, Pugh and Tjian found that only partially
purified TFIID, but not TBP, could support activated

iption, ing that the interaction between

activators and basal transcription factors is not sufficient.
Other factors present in the partially purified TFIID are also
required for the activation. The finding of that TFIID is
composed of TBP and TAFs indicates that the TAFs may act as
coactivators linking the activation domain of the sequence-
specific activator with the GTFs of the transcription
initiation complex. These TAFs may also function to stabilize
the binding of TBP to the TATA box (Lewin, 1990). Because
there are at least eight human TAFs (250, 150, 110, 80, 60,
40, 30x, 308), different TAFs may interact with different
transcription activators or repressors. Such interactions
have been shown by Hoey et al. (1993) and Gill et al. (1992).
They found that the glutamine-rich domain of TAF II110 and
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activation domain of SP1 could interact directly. This
interaction directly corresponds to the transcription .
activity. Moreover, the activation domain of VP16 was also
found to interact with TAFII40. Furthermore, the disruption
of this interaction abolished activated transcription but not
basal transcription (Goodrich et al., 1993). These studies
strongly demonstrated that TAFs are functioning as
coactivators in the regulation of transcription. By using a
temperature sensitive TAF mutant and activators SP1 and Gal4-
VP16 fusion protein, Wang and Tjian (1994) demonstrated that
while the basal transcription initiation complex can be stably
reconstituted and functioning without TAFs, TBP-TAFs complexes
are essential for activated transcription. They suggested
that these factors, GTFs, TAFs and activators, may function at
different times during the process of initiation and
transcription.

Other protein-protein interactions also play an important
role in regulation of transcription, such as the interactions
between different sequence-specific transcription factors.
One example is the interaction between the transcription
regulator YY1l and c-myc. YY1 has been demonstrated to be an
activator for transcription, a transcriptional repressor or a
transcriptional initiator, depending on the context in
different promoters. Using the yeast two-hybrid system,

Shrivastava et al. (1993) found that YY1l could interact
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directly with c-myc. The association of c-myc with YY1 could
inhibit both activation and repression functions of YYl. It
has been known that YY1l regulates many transcription factors,
including c-myc, and c-myc could negatively autoregulate c-myc
gene transcription. Therefore, c-myc may regulate its own
transcription by associating with YYl. 1In another example,
transcription factor E1A could relieve the repression of YY1
through direct interaction, mcdulating YY1l's activation (Shi
et al., 1991).

1.2 JCV human papovavirus
1.2.1 General features of JCV

JCV belongs to the polyomaviruses subfamily of the
papovaviridae family. The papovaviridae family is composed of
two subfamilies, the papillomaviruses and the polyomaviruses.
I will discuss only the polyomaviruses, to which JCV belongs.
The name of the polyomaviruses is derived from early studies
showing that these viruses can produce tumours at multiple
sites (Steward et al., 1957). Later, studies on this
subfamily and the isolation of different polyomaviruses were
well documented (Melnick et al., 1974). Polyomaviruses
include mouse polyoma virus, simian virus 40 (SV40) and human
BK and JC viruses (BKV and JCV). They do not cause tumours in
their original hosts. However, they can cause tumours in

experimental animals and induce transformation in cell
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culture. Among these viruses, SV40 is the most extensively
investigated virus. In 1960, it was discovered in polio
vaccines made from rhesus monkey kidney cell culture. After
infection, this virus can cause tumours in newborn hamsters.
BKV and JCV are human viruses which were isolated in 1971 and
were found to be related to SV40. Both viruses are widely
distributed in the population and infect humans in childhood.

Polyomaviruses have a double stranded, covalently closed
circular DNA genome of about 5,000 bp and an icosahedral
capsid. Due to the small size of their genomes, they rely
absolutely on cellular machinery for their replication and
transcription. Thus, polyomaviruses provide a powerful system
to study the cellular processes of DNA replication and RNA
transcription.

JcVv is one of the widely distributed polyomaviruses
prevalent in the human population (Padgett et al., 1973).
This virus is highly oncogenic and is one of the human viruses
causing solid tumours in animals (Padgett et al., 1977; London
et al., 1978). JCV was first isolated from the brain tissue
of a patient with progressive multifocal leukoencephalopathy
(PML), a rare fatal demyelinating brain disease usually linked
with immunodeficient individuals (Padgett et al., 1976). PML
is characterized by the presence of a large area of
demyelination in the brain induced by JCV infection, mostly in

an area of oligodendrocytes. Due to its consistent
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association with PML, JCV is believed to be the etiologic
agent of PML disease (Dorries, 1984). Recently, PML emerged
as a frequent complication in AIDS patients. The infection of
brain tissues by JCV and the ability of tat protein of HIV to
activate JCV expression may explain this high incidence (Tada,
et al., 1990). Recently, JC virus also has been detected in
many human brain tissues from patients without PML, in human
urine and kidney tissues (Arthur et al., 1989; Chesters et
al., 1983; White et al., 1992; and Kitamura et al., 1990).

JCcV is a strictly human virus. The host range
restriction of the polyomaviruses is exaggerated in JC virus.
Although it has been shown to be oncogenic in various animals,
no other animals have been shown to be a JCV reservoir
(Padgett et al., 1977). Primary human fetal glial (PHFG)
cells, which were used for the initial isolation of JC virus,
remain the major cell type used to grow this virus. However,
the difficulties of obtaining and cultivating these cells and

their mixed cell population of astrocytes and spongioblasts,

the pr or of oli ocytes, pr their general
use. Thus, the unavailability of a convenient cell system has
blocked the studies of JCV. Although JCV has been found to
productively infect the myelin producing Schwann cells of the
peripheral nervous system, the yields are very low and the
viruses produced are defective (Assouline et al., 1991). Good

yields of JC virus have also been obtained in human embryonic
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kidney (HEK) cells. However, the distinct viral plaques
contain only defective, complementing species of wviral DNA
(Yoshiike et al., 1982).

Considerable efforts have been directed towards finding
a more suitable cell system to overcome the disadvantages of
PHFG and other brain cells. Most approaches have followed the
method used to derive COS cells by transforming monkey kidney
cells with an orjgin defective mutant of SV40 (Gluzman, 1981).
To derive a permissive cell line for JCV propagation, PHFG
cells were transformed by origin defective mutants of SV40 or
JCV to establish SVG, cPOS and POJ cell lines (Lynch et al.,
1991; Major et al., 1985; and Mandl et al., 1987). These
three cell lines are permissive for nondefective JCV and
support DNA replication of JCV T antigen mutants and JCV
origin containing plasmids. POJ cells also had increases in
the duration of 1lytic cycle and time of the peak virus
production. Although several such drawbacks still existed,
including recombination between integrated genomes causing
complications and generating altered virus, these three lines
all have greatly facilitated the understanding of JCV and

offered an important alternative for the studies of JCV.

1.2.2 Genome of JCV
1.2.2.1 Early and late coding region of JcV

The genome of polyomaviruses contain DNA of approximately
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5,000 bp. This DNA is a double stranded, covalently linked
circular DNA molecule. Because the viral infection cycle is
divided into early and late stages corresponding to the

of gene on, the viral genome is also divided

into the early and late regions.

In the early stage of infection, polyomaviruses produce
proteins called tumour antigens. These proteins encoded in
the early region are different in size and are named large T,
middle T and small t antigens. Because their coding regions
are overlapping, these proteins are most probably produced by
alternate splicing. However, only large T and small t
antigens have been identified in Jcv.

In the late stage of infection, polyomaviruses produce
capsid proteins from the late region of the JCV genome named
VP1, VP2 and VP3. Because the coding sequences of VP2 and VP3
are overlapping, VP3 has been considered as a subset of VP2.
SV40 and the related viruses, BKV and JCV, encode another
protein in the leader region of late mRNA. Since the function
of this protein is still unknown, it has been named the
agnoprotein (Eckhart, 1990). JCV is one of the polyomaviruses
family members and its genome (Fig. 1) is very similar to

other members such as SV40 and BKV (Frisque et al., 1984).

1.2.2.2 Regulatory region for JCV gene expression

Between the early and late coding regions, there is an
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untranscribed 393 bp region spanning nucleotide positions (nt)
5112-276. This region contains the origin of replication
(core ori), replication control elements and two classes of
transcriptional elements: promoters and enhancers.
Transcription proceeds bidirectionally from sites near control
elements (Fig. 1). In contrast with papillomaviruses, which
transcribes from a single strand in one direction,
polyomaviruses transcribe from both strands of DNA in
different orientations: early mRNA from one strand and late

mMRNA from the other strand (Frisque et al., 1984).
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Fig. 1. Genome of JCV MadI strain

The top open boxes are the two 98 bp repeats of the Jcv
control region. Open boxes on the right side are open reading
frames (ORFs) encoding the late proteins: agnoptotein, VP1,
VP2, and VP3. On the left side, the open boxes show ORFs
encoding early proteins: large tumour and small tumour antigen
(T and t, respectively). The dashed lined represent the
remaining early and late transcripts. The numbers indicate
the nucleotide position. The drawing is modified from Frisque

et al., 1984.
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Comparing the sequences of JCV, BKV and SV40, it was
found that the replication origin (including T antigen binding
site) was the most conserved (82%) and the transcriptional
element sequences were the least conserved (52%). In SV40,
the noncoding region contains six copies of the GC rich
binding site for the transcription factor, SP1, and two 72 bp
tandem repeats. Unlike BKV and SV40, the JCV TATA box is
duplicated in the two 98 bp tandem repeats. These two 98 bp
repeats also contain multiple cellular transcription factor
binding sites. Moreover, the SP1 site of BKV and SV40 is not
presant in the JCV Madl strain regulatory region.
Furthermore, unlike for BKV and SV40, the propagation of JCV
is strictly restricted to glial cells. As the promoter-
enhancer region is the least conserved region among these
three viruses, it has been suggested that the regulatory
region of JCV is responsible for its cell and tissue
specificity (Kenney et al., 1984).

The initially isolated JCV containing duplicated TATA
sequences has been called the Madl prototype strain which was
first isolated in Madison, WI. (Martin et al., 1985). Later
studies had shown that many JCV variant strains exist
(Grinnell et al., 1983). Different variants were recovered
from the brain (GS/B) and kidney (GS/K) tissue of a single PML
patient by Dérries (Dérries, 1984). Results showed that

although the viral DNA isolated from one organ was the same in
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size, the viral DNA from the brain and kidney tissues differed
by about 120 nucleotides. Detailed examination of viral DNA
sequence revealed only one minor difference in their coding
region. All the other variations were in the regulatory
regions (Loeber and Dérries, 1988). The most significant
difference was that the GS/K genome contains only one tandem
repeat containing the TATA box and the GS/B genome contains
two tandem repeats. In another study, only one regulatory
region was found in the JCV DNA from urine of normal people.
This single regulatory region of JCV was identical to that of
GS/K (Yogo et al., 1990). Thus, it was suggested that the JCV
of GS/K strain represents the archetype strain of JCV and the
prototype strain from the brain, represented by Madl, might
have evolved through regulatory region recombination and
duplication of the GS/K strain. This additional promoter-
enhancer element could explain the higher propagation and
expression of JCV prototype strain Madl in brain cells
compared with the low propagation of the archetype strain of
JCV in kidney cells. However, it is also possible that GS/K
strains were derived from GS/B by the loss of one copy of
tandem repeat (Yoshiike et al., 1982). This discrepancy
awaits further investigation to determine whether these
changes are due to the adaption of JCV to propagate in brain

cells.
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1.2.3 JcV proteins
1.2.3.1 Early proteins

Polyomavirus early gene expression produces three T
antigens through splicing from a single early mRNA molecule.
After being synthesized in the cytoplasm, these antigens are
aistributed to different cellular positions. Among them,
large T antigen mainly functions in the nucleus to participate
in viral DNA replication and gene expression. Amino acid
sequence analysis has found that SV40 T antigen contains a
nuclear location signal. When attached to the other proteins,
this signal can direct those proteins to the nucleus.

Large T antigen of the polyomaviruses is a multi-function
protein. First, it can activate cellular gene expression by
binding to the promoter-enhancer region of cellular genes and
directly interacting with multiple factors in  the
transcription complex (Lane et al., 1985; and Gruda et al.,
1993) . These genes usually encode proteins regulating
cellular DNA replication and the cell cycle. Thus, their
expression could facilitate the replication of viruses and
viral gene expression. Second, T antigen can specifically
bind to viral DNA in the vicinity of replication origin and
initiate replication. A single amino acid change can disrupt
this function (Manos et al., 1965). Third, extensive studies
of large T antigens of polyoma viruses and SV40 have shown

that large T antigens have ATPase activity. Fourth, SV40
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large T antigen has helicase activity required for viral DNA
replication (Stahl et al., 1986). Fifth, studies also showed
that the amino-terminal region of T antigen can activate
cellular DNA and ribosomal RNA synthesis. This function is
separable from its function for viral DNA replication (Clark
et al., 1983). In addition, the large T antigen of SV40 and
polyoma virus can immortalize primary cells in tissue culture.
This is probably through T antigen's interaction with the
tumour suppressor gene protein, p53, and retinoklastoma
susceptibility gene (Rb) proteins (pRb), which are regulators
of cell growth (Colbey and Shenk, 1982; DeCaprio et al., 1988;
and Shohat et al., 1987).

Studies based on immunofluorescence, immunoprecipitated
tryptic peptides and sequence analysis have demonstrated that
the structure of large T antigen of JCV is close'y related to
the T antigen protein of SV40. Thus, the T antigen of JCV has
been predicted to have many properties similar to those
identified in SV40 T antigen ( Frisque et al., 1980; Frisque
et al., 1984; and Simmers et al., 1978). It has been
confirmed that JCV T antigen has transforming and
transregulating activities (Nakshatri et al., 1990). JcV T
antigen also stimulates JCV DNA replication. However, all the
activities demonstrated by JCV T antigen are not as effective
as those for the SV40 T antigen. Comparing JCV T antigen with

SV40 T antigen, Dyson et al. (1990) and Bollag et al. (1989)
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showed that JCV T antigen is less efficient. The binding of
JCV T antigen to DNA, p53 and pRb is not very stable and is
lower than that of SV40 T antigen. These differences may lead
to Jcv's low transforming activity and its strict cell
specificity comparing with those of other polyomaviruses.

Small t antigens of polyomaviruses are produced by
alternative splicing of early transcripts. Due to the absence

of good antisera to t antigen, small t antigen of JCV was

identified only recently by i ipitation. e,
the small t antigen of JCV has not been studied extensively.
It was found that the small t antigens of JCV and SV40 are
highly homologous in the region overlapping the large T
antigen coding region, but only have 53% homology in the
carboxyl-terminal region. By using a JCV/SV40 hybrid genome,
Haggerty et al. (1989) found that the small t antigen of JCV
is not as effective as the SV40 counterpart in enhancing
transformation, most probably due to the poor expression of
large T antigen of JCV. For SV40, its small t antigen can
bind specifically to several cellular proteins and play a role

in viral DNA accumulation.

1.2.3.2 Late proteins
The late regions of polyomaviruses encode the viral
proteins, VP1, VP2 and VP3 and agnoprotein. VP1, VP2 and VP3

can enter the nucleus through their nuclear localization



26
signals. VPl is encoded in the 3'-end of the late region in
a mRNA of 165. It is the major virus-encoded capsid protein
with both structural and biological functions in the virion
particle. After translation, polyoma and SV40 VP1 undergoes
posttranslational modification by the host cell machinery,
resulting in several VPl species with distinct isoelectric
points (pI). This has been suggested as a common feature of
the papovaviruses (Bolen et al., 1981). VPI1A, one of the VP1
species, is tightly associated with virion chromatin core.
Comparing with the results of SV40 (Brady et al., 1981), Bolen
et al., (1981) suggested that the function of VP1A is to
maintain the viral DNA in a proper conformation to increase
the potential accessibility to RNA polymerase. Other species
such as VP1D, VP1E and VPIF can be phosphorylated and act for
viral attachment during cell infections (Bolen et al., 1980).
Although there is a strong crossreaction between the VPl
proteins of JCV, BKV and SV40, modifications similar to those
in SV40 protein have not been identified in JCV VPl protein
(Shah et al., 1977).

VP2 and VP3 are minor capsid proteins that are encoded in
the 5'-end of the late region and are translated from the same
1858 to 19S mRNA. Thus, VP2 and VP3 have common C-terminal
amino acid sequences. The functions of VP2/VP3 are not very
clear. Studies have shown that the SV40 proteins do not

associate with viral DNA (Brady et al., 1980). One possible
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