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INTRODUCTION
The development and use of eukaryotic expression

systems has become widespread in recent years. The
limited capacity ofmicrobial systems to express authentic
and functional eukaryotic proteins is one factor which
fuels these developments [1,2]. Another is the desire of
numerous investigators to be able to study diverse
aspects ofgene expression with highly manipulatable and
yet physiological model systems. The characteristics of
the bovine papillomavirus make it an attractive choice
for such a system. These include the episomal nature of
the genome in transformed cells and the fact that these
cells remain viable over many generations. The question
of which type of eukaryotic vector system should be used
for a particular study or project can provoke arguments.
In this Review we do not intend to pursue such
comparisons as ends in their own right, but rather accept
the view that all the current systems are appropriate for
some uses and inappropriate for others. We will confine
ourselves to the development of the bovine papilloma-
virus genome (specifically BPV1) as a eukaryotic
vector and to the increasingly detailed understanding of
its molecular genetics which has paralleled this develop-
ment.
The biology and biochemistry of papillomaviruses

have been reviewed recently [3-5] and will not be
discussed here. Nor will the evidence that viruses can
play a promoting role in a number of specific neoplasia
[5].

FUNCTIONAL ELEMENTS OF THE BPV
GENOME

Papillomaviruses were once classified along with
polyomaviruses in the family Papovaviridae. However,
sequence and functional analysis now indicates that these
two classes of virus are not related. The polyomaviruses
are much smaller and RNAs are transcribed from both
DNA strands in a bidirectional fashion. Papillomaviruses
will transform fibroblasts in culture and in vivo. However,
viable viruses are only produced in terminally differ-
entiated papillomas and cannot be cultured in vitro.
A diagrammatic representation of the BPV1 genome is

shown in Fig. 1 and indicates the positions of the viral
open reading frames (ORFs), the sizes and locations of
the viral transcripts and some of the relevant regulatory
functions. The BPV1 genome is a double-stranded DNA
molecule of 7945 nucleotides whose sequence was first
determined by Chen et al. [6] and by Stenlund et al. [7].
It is conventionally shown as a linear map opened at the

unique Hpal site with numbering starting at the G of this
recognition site. The sequence analysis confirmed pre-
vious observations that all of the open reading frames are
on the same strand [8,9]. The sequences of several animal
papillomaviruses have been elucidated. They show
significant homologies, allowing the classification of the
virus into subtypes and the delineation of gene functions
[3].
Lowy et al. [10] showed that a 69% BamHI-HindIII

fragment is capable of inducing cellular transformation.
Coding information required for transformation must
therefore be contained in this region and ORFs from this
region are referred to as early (E) ORFs [11]. Five RNA
species all mapping to this region were found in
transformed mouse cells in culture [12]. RNA transcripts
which hybridized with the non-transforming 31 % region
were only found in tumours and fibropapillomas [8,13].
These transcripts coincide with the late region ORFs LI
and L2. A 900 bp region with no significant ORFs exists
between the late and early ORFs (co-ordinates 7093 to
48). This region is now known to contain several
regulatory sequences required for transcription and
replication (see below).

The viral open reading frames
Ten viral ORFs have been identified, eight early ORFs

which are required for early viral functions, replication
and transformation, and two late ORFs LI and L2.
Functions have been ascribed to seven of the ten ORFs;
these are summarized in Table 1. The relative positions
of the ORFs are shown in Fig. 1.

Li and L2 open reading frames. The LI and L2
proteins are encoded by two ORFs in the same phase
which span the 31 % non-transforming region (co-
ordinates 4171-7095) with a termination codon at co-
ordinate 5593 [6]. The ORFs code for the major and
minor viral capsid proteins [14] and mRNAs correspond-
ing to these ORFs are consequently only detected in
terminally differentiated papillomas [13]. Clear evidence
that LI is a major viral capsid protein comes from the
fact that an LI fusion protein produced in Escherichia coli
is capable of producing a neutralizing antiserum which
prevents BPV transformation in C127 cells [14]. In
addition, mRNA isolated from a BPV-infected wart can
direct the synthesis in vitro of a corresponding 55 kDa
major capsid protein [13].

El open reading frame. The El ORF (co-ordinates
813-2663) has the largest coding capacity of all the BVP
ORFs with the potential of producing a protein approx.
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Fig. 1. Diagrammatic representation of the BPV1 genome
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The BPV genome is shown as a linear map opened at the unique HpaI site. The map is divided into map units 0-10 below the
line and nucleotides 1-7945 above the line [6]. The position of several potential regulatory elements are shown: TATAAA and
TATATA promoter elements, T; polyadenylation recognition sequences (AATAAA), A; enhancer elements, E. The location
of the origin of replication (ori), the DNAase I hypersensitive site (DNAse) and two plasmid maintenance sequences (PMSI
and 2) are also indicated. The positions of the ten ORFs (El-E8, LI and L2) are indicated; the vertical bar between LI and
L2 indicates the position of the termination codon. The BPV-specific polyadenylated RNA transcripts and their sizes as found
in transformed cells in culture [35] or in papillomas [13] are shown as arrowed lines below the map.

Table 1. Viral open reading frames

Coding capacity
ORF (amino acid residues) Function and characteristics

600

400
44

140

100

500
500

Control of plasmid replication. An E1-
mutant has a REP- phenotype, i.e. the virus
integrates into the host genome. The 3' end
has homology with SV40 large T.

Transactivator of viral enhancer.
Transforming hydrophobic peptide
associated with cellular membranes.

Transforming protein in C127 but
not NIH 3T3 cells. Possible
nucleic acid binding function.
Found in association with cell
membranes and the nucleus.

Control of copy number. E7- mutant
has copy number of 1-5 (COP-
phenotype).
Major capsid protein.
Minor capsid protein.

600 amino acids long. The El ORF overlaps with E2, E7
and E8 ORFs, a feature typical of all the early region
ORFs [6]. There is considerable evidence implicating El
in the control of viral replication [15-20, and see below].
Thus, mutations in El lead to a phenotype in which the
BPV fails to replicate and becomes integrated into the
genome, the REP- phenotype. Interestingly, there exists
sequence homology between the C-terminal halves of the
El gene product and the large T antigen from simian

virus 40 (SV40) [21,22]. This region corresponds to the
ATPase and nucleotide-binding functions of the T
antigen, possibly indicating that these activities may be
associated with El.

E2 open reading frame. The E2 ORF maps to the 3' end
of the transforming region of the genome (co-ordinates
2581-3837) and overlaps with the E3 and E4 ORFs [6].
Sequence information from a separate BPV isolate
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indicates the presence of an extra guanosine residue at
position 3444, thus extending the E2 ORF to co-ordinate
3864 [7]. The E2 gene product was initially implicated as
a transforming protein, based on mutational analysis
[20]. This view appeared to be supported by studies based
on the expression of subgenomic fragments or cDNAs
from the 3' end of the transforming region [19,23].
However, more detailed analysis, either by the introduc-
tion of nonsense mutants specifically into the E2 ORF
[24] or insertional mutagenesis of the corresponding
cDNA clone [25], leads to the conclusion that the E2
product is not a transforming protein but a transactivator
of the BPV regulatory unit [26]. Thus some of the effects
reportedly caused by mutations in the E2 gene, such as
decreased efficiency of transformation, may now be
accounted for by a lack of transactivation of the real
transforming genes. More recently the E2 gene has been
expressed in E. coli with the view to raising antibodies
[27]. These should help to elucidate further the mode of
action of the E2 product.

E5 open reading frame. The E5 ORF maps to the
extreme 3' end of the 69% region (co-ordinates
3714-4010) and overlaps the 3' end of the E2 ORF [6].
Mutational analysis indicated that this region of the
genome has a transforming function [20]. Furthermore,
expression of the E5 ORF alone, from heterologous viral
promoters, is sufficient to cause transformation of C127
and NIH 3T3 cells, which strongly suggests that E5 is
indeed a transforming protein [25,28,29]. Interestingly,
the E5 gene product is small, hydrophobic and only 44
amino acids long (15 of which are leucine residues) [30].
The peptide is encoded by the 3' half of the open reading
frame, in agreement with data from earlier mutational
analysis [28]. Antibodies raised to a synthetic 20-amino-
acid peptide corresponding to its C-terminus localize the
E5 protein predominantly to cellular membranes [30].

E6 open reading frame. The E6 ORF maps at the far 5'
end of the 69 % transforming region (co-ordinates
49-501) and overlaps with the E7 ORF [6]. Sarver et al.
have localized a transforming function to this region by
deletion mutagenesis [20]. Further studies, using either
cDNAs resulting from mRNAs comprised of splicing
fusions of the E6/E7 ORFs, or subgenomic fragments
expressed from viral promoters in conjunction with site-
directed mutagenesis, confirmed that E6 is indeed
involved in transformation [23,31]. Surprisingly, there
appears to be some cell type specificity in that E6, unlike
E5, is only capable of transforming C127 cells and not
NIH 3T3 cells [23,31]. The E6 gene has been expressed as
a fusion protein in E. coli and antibodies have been
raised to this protein [32]. The antibodies immuno-
precipitated an appropriately sized protein present in
C127 cells transformed either by a subgenomic fragment
containing the E6 ORF or by the whole virus. The
protein is located both in the nucleus and in association
with cellular membranes [32]. The E6 gene product is a
15.5 kDa cysteine-rich (10.9% of the residues are
cysteine), basic (17 % of the residues are lysine or
arginine) peptide. The cysteines are arranged in repeats of
Cys-Xaa-Xaa-Cys, a sequence proposed to be charac-
teristic of nucleic acid binding proteins [33].

E7 open reading frame. The E7 ORF overlaps both the
E6 and El ORFs (co-ordinates 449-859) [6]. Neither a

protein nor a specific transcript has been mapped to this
gene. Mutations in the E7 ORF maintain the BPV
genome as an extrachromosomal element in transformed
cells but at a greatly reduced copy number (one to five
copies per cell), the COP- phenotype [18]. Berg and co-
workers suggest that there exists a temporal need for the
expression of E7 for the initial establishment phase of
BPV replication. The transformation defects due to
mutations in E7 may thus be an indirect consequence of
a low gene dosage in the transforming genes [34].

E3, E4 and E8 open reading frames. The E3 and E4
ORFs overlap with each other and with E2; the E8 ORF
overlaps with El. No clear functions have been assigned
to these ORFs to date. Moreover, the E3 ORF does not
possess an in-phase methionine codon, implying that it
may not even code for a polypeptide.

Transcriptional control elements
The five early transcripts are present in only very low

abundance in transformed cells, due presumably to the
weakness of the BPV promoters [35]. In order to assist
analysis of the transcripts Yang et al. produced a cDNA
bank of BPV-specific mRNAs [23]. From a bank of
100000 colonies they isolated 200 BPV-specific clones
which were arranged into several classes. These classes
represent a number of different splicing arrangements of
the ORFs. Some consist of individual ORFs and others
of fusions between different ORFs. The fused ORFs may
either be derived from contiguous or disperse parts of the
early region of the genome. All of the early region
transcripts however share a common 3' end. Sequence
analysis of several cDNA clones confirmed that this was
due to the polyadenylation recognition site at base 4179
[23].
Two TATAAA sequences are found at co-ordinates

7108 and 58 located upstream of the early ORFs. The
latter may constitute the principle gene promoter,
directing the transcription ofmRNA species with 5' ends
at co-ordinate 89 [23]. Functional analysis using a
promoter-less TK plasmid has confirmed the presence of
two corresponding promoter elements in the non-coding
region [36]. A third promoter fragment, defined by this
assay, is located in the coding sequence of the E2 ORF
(co-ordinates 3095-3355). However, this analysis failed
to detect a promoter function which could direct the
synthesis of mRNA species which have 5' starts further
downstream, possibly implying that these were derived
from either truncated or spliced mRNAs [23].
The late LI and L2 ORFs are not expressed in

transformed C127 cells [13,35]. A TATATA sequence 5'
to the late ORFs can be found at co-ordinates 4072-4077.
Whether this sequence forms part of the functional
promoter for the late genes or whether the late gene
mRNAs are a result of splicing transcripts expressed
from the early region promoter is not clear. Engel and
co-workers identified both large and small transcripts
which mapped to the late region in a BPV-infected
fibropapilloma, thus leaving the question of the late
region promoter unresolved [13].

Transcriptional activity of the BPV promoters is
modulated by three enhancer elements. Their positions,
indicated in Fig. 1, map to: the 3' end of the early viral
gene transcripts [36]; the 900 bp non-coding region [26];
and the 31 % non-transforming region [37 and see
below]. The 3' enhancer was identified initially by its
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ability to enhance tk expression in mouse L TK- cells.
The sequence responsible was further delineated to a 59-
bp region 3' to the early poly(A) addition sequence [38].
This enhancer is host specific as illustrated by the fact
that it increased the level of tk gene expression to a
greater extent in bovine cells than in murine or human
cells [39]. The 5' enhancer element located in the non-
coding region acts as a typical viral transcriptional
enhancer. It is located in the vicinity of the viral
promoter, possesses sequence homology to the core
enhancer consensus sequence and can be transactivated
by the viral protein E2 [26].
Control of replication and episomality
BPV1 DNA, whether in fibropapillomas, tumours, or

in transformed mouse cells, was originally reported to
exist exclusively as extrachromosomal plasmids replicat-
ing autonomously at a level of 10-200 copies per cell
[9,10,40,41]. However, more recent studies with some
BPV-based vectors indicate that integration or com-
plexing into multimers also occurs [42-44, and see
below].

Studies by Waldeck et al. [45] have mapped the origin
ofreplication to the 648 bp ClaI C fragment, co-ordinates
6834-7481. Replication intermediates (RI) were treated
with single-cut restriction enzymes to determine the
origin of the extending replication eyes by using electron
microscopy. 'Cairns '-type RI molecules were seen which
mapped the origin to co-ordinate 6940+ 400 bp. A
transient replication assay was then used to map
accurately the origin in the ClaI C fragment. This region
also corresponds closely to the DNAase I hypersensitive
site between map units 0.88 and 0.92 detected previously
in the non-coding region [46], and to a sequence mapped
by Lusky & Botchan which is required for plasmid
maintenance, PMS1 [15]. In fact, Lusky & Botchan
found two such plasmid maintenance sequences, PMS1
and PMS2, which if deleted led to integration into the
host genome. Moreover, plasmids containing either of
these sequences alone (and no other viral genes) remain
episomal if viral functions are supplied in trans. Whether
PMS2 represents a normal origin ofreplication is unclear.
It is located in the El ORF and has not been found to
generate a 'Cairns' structure in a replication assay. A
third element which has a proposed role in the replication
of the BPV genome has been mapped in the 31 % non-
transforming region [37, and see below].

Recent studies have indicated that there are two
phases of BPV replication in transformed cells, an initial
amplification phase followed by a maintenance phase
[17,34]. Lusky & Botchan described two trans-acting
functions, rep and cop, encoded by the El and E7 ORFs
respectively [18]. Mutations in El lead to integration of
the plasmid, whereas those in E7 lead to episomal
maintenance but at only one to five copies per cell. Co-
transfections with a plasmid containing the E6/E7 fusion
cDNA driven by a viral long terminal repeat (LTR) and
a plasmid with a mutation in E7 allowed complementa-
tion of the copy number defect. However, subsequent
superinfection with the cDNA clone does not lead to
complementation of the E7 mutation [34]. This observa-
tion, and data derived using SV40-BPV chimaeras, has
led to the postulation that BPV replication is controlled
in part by a trans-acting repressor [16]. A recent model
for the replication of BPV thus suggests that it initially
replicates to a high copy number due to the expression of

a positive replication factor (R) and then the amplifica-
tion phase is ended by expression of a repressor factor or
modulator protein (M) [18]. These two factors are
encoded by the El ORF; the repressor factor maps to the
5' end and the positive factor to the 3' end [17]. In the
maintenance stage of replication the modulator and
replication factors act in concert to produce a stable
once-per-cycle replication. Mutations in the E7 ORF
appear to reduce the expression of El, resulting in a low
level of both R and M and a consequent low copy
number [17].
Control of transformation

Bovine papillomaviruses are capable of inducing
transformation in bovine cell cultures derived from
foetal meninges, conjunctiva and palate [47,48]. Unlike
many other animal papillomaviruses, BPV appears to be
only partially species specific and can induce benign
tumours in horse, mice and hamsters [49]. However, BPV
does appear to be cell type specific, and produces
tumours only in dermal fibroblasts and transforms only
fibroblasts in culture [47,49]. The most extensively used
host cells for BPV are either mouse C127 or NIH 3T3
fibroblasts, C127 cells are a non-transformed clonal line
derived from a mammary tumour of an RIII mouse
[50].
Transformed C127, and less noticably NIH 3T3 cells,

produce a focus of heaped-up, criss-crossed, spindle-like
cells against the normal flat fibroblastic contact-inhibited
monolayer [49]. These transformed cells are capable of
growth in low serum concentrations, can grow in soft
agar, have lost contact inhibition, grow to a high cell
density and cause tumours in nude mice [10,47,49].
As mentioned previously, the factors necessary for

cellular transformation are located on a 5.4 kb HindIlI-
BamHI fragment, the 69% transforming fragment
[10]. More detailed analysis indicated two transforming
functions within this region, one at the 3' end and one at
the 5' end, which when linked to a LTR were individually
capable of transforming C127 cells [19,31]. Mutational
analysis defined these transforming regions as the E5 (3'
segment) and E6 (5' segment) ORFs [25,28,29]. The
protein products of these genes have now been identified
and their cellular localization indicated by the use of
specific antisera [30,32, and see above]. The expression of
E5 and E6 are controlled by a promoter and enhancer in
the 5' non-coding region. It is not clear whether both
genes are required. However, when both genes are
expressed there is a synergistic effect [23,31]. Both are
apparently transcribed in fibropapillomas and trans-
formed mouse cells [8,13,35].

Interestingly, transformation efficiency of the 69%
BamHI-HindIII is slightly less than that obtained when
the full genome is used. If bacterial sequences are linked
to the 69% fragment then transformation efficiency falls
substantially [37,43]. Transformation efficiency is how-
ever restored by the addition of certain eukaryotic genes
which have 'stimulatory properties' (e.g. ,6-globin [51],
rat pre-proinsulin [52], and rat growth hormone [53]).
These initially puzzling observations are now best
explained by the work of Lusky & Botchan who mapped
a BPV enhancer in the 31 % non-transforming region
[37]. This enhancer is implicated in the replication of the
virus. It is presumed to activate transcription at the
origin of replication. Removal of the enhancer leads to
reduced replication of the genome and a consequent

1987

4



Bovine papillomavirus as a eukaryotic vector

decrease in transformation efficiency. This defect can
apparently be overcome by alternative enhancers in the
genome. However, if there are intervening bacterial
sequences present this compensatory activity is lost,
leading to decreased transformation efficiency [37,54].
Genes like fl-globin and pre-proinsulin must therefore
possess some sort ofenhancer function which can replace
the enhancer function in the 31 % non-transforming
region. The transformed phenotype is controlled by the
level of expression of the E5 and E6 transforming genes.
Mutations in these genes, or mutations which lead to a
reduced replication of the BPV genome, and a con-
sequent reduction in dosage of these genes, therefore
both lead to a reduced transformation efficiency.

BPV AS A VECTOR
The development of the vector-system

In the previous sections we have indicated the
complexities encountered when recombinants were first
made linking bacterial sequences to BPV sequences.
Early BPV shuttle vectors often used the 69% trans-
forming region linked to pBR322 sequences, resulting in
a decrease in the transformation efficiency [43,51]. This
decrease in efficiency was the same whether the complete
pBR322 plasmid or a 'poison minus' derivative, pML,
was used (in contrast to analogous experiments with
SV40 [55]). An interesting observation in this context was
reported by Campo et al. [56]. They linked plasmid
pAT153, a derivative of pBR322 containing a deletion
which is not as extensive as pML [57], to the 69%
transforming region and achieved normal levels of
transformation. The block in BPV function could be
relieved by the presence of' stimulatory elements' present
in some foreign genes such as fl-globin and pre-proinsulin
[51-53,58]. If however the whole BPV genome is used
different results are obtained. Thus when bacterial
sequences such as pML or pAT153 are linked to the
whole BPV genome normal transformation efficiencies
are obtained, but linkage of the complete pBR322 moiety
resulted in a 200-fold decrease in transformation effi-
ciency [43,56,59]. These results exemplify three basic
types ofBPV plasmid vectors, the essential characteristics
of which are illustrated in Fig. 2. The first type consists
of the BPV sequence, usually the 69% transforming
segments, no bacterial sequences and a eukaryotic
expression cassette. This type of construction has several
disadvantages: the complexity of the constructions is
limited by the requirement for specific restriction enzyme
sites which allow the removal of the bacterial sequences
prior to transfection; transfections were often performed
using linear DNA fragments which frequently resulted in
complicated rearrangements [12,52,60]; and vectors
cannot be shuttled back into bacterial cells. The second
type of vector overcomes some of these disadvantages.
They consist of: the 69 % transforming region of BPV;
bacterial sequences, including an origin of replication
and a selectable marker; a 'stimulatory segment'
containing a foreign gene, which could overcome the
inhibitory effect of the bacterial sequences; and the gene
of interest [51,53,61-65]. The third type of vector uses the
whole BPV genome, bacterial sequence and the gene of
interest [66-68]. All three types of vector have in fact
been used successfully for the expression of foreign genes
with little or no difference in the levels of expression (see
Table 2).
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Fig. 2. Illustration of the three basic BPV vectors

The characteristics ofthe three basic BPV vectors described
in the text are shown. Number 1 is the basic 69%
transforming fragment plus the gene of interest. Number 2
consists of the 69 % fragment, a stimulating gene sequence,
bacterial sequences and the gene of interest. Number 3
contains the complete BPV genome, bacterial sequences
and the gene of interest. The position of relevant restriction
enzyme site are indicated. The arrow -. indicates the
direction of BPV transcription.

In addition to focus formation four different types of
selection for transformants have been exploited, namely:
thymidine kinase, tk [69]; xanthine-guanine phospho-
ribosyltransferase, gpt [44,70]; aminoglycoside phospho-
transferase, neo [41,71,72]; and metallothionein, MT
[58,63,73,74]. These selective markers were used in an
attempt to increase the host range ofBPV beyond that of
the normally transformed host. However, these experi-
ments have by and large been unsuccessful.
The insertion of the tk gene into the BPV genome did

allow the selection of a TK+ phenotype in TK- mouse L
and Syrian hamster BHK21 cell lines. However, trans-
formation frequencies to the TK+ phenotype were no
greater than that achieved by non-BPV-containing
plasmids and the plasmid copy number in the TK+ cells
was also very low [69]. For reasons which are unclear gpt
selection leads to unusually high levels of genomic
rearrangements, concatermerization and possible in-
tegration of the BPV DNA in C127 cells [44]. Con-
sequently this selective marker is now rarely used in this
system. Resistance to the drug G418 imparted by the neo
gene has proved more successful, and several groups
have been able to isolate G418-resistant colonies without
evidence of plasmid rearrangement [44,71,72]. However,
these results were only obtained in cell lines which would
normally be transformed by BPV, thus not allowing an
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extension of the host range. Similarly, resistance to
heavy metals encoded by the metallothionein genes has
routinely allowed the selection of cadmium-resistant
C127 colonies [58,63,73,74]. Karin et al. have also
successfully used Cd2" selection in Rat 2 and F9 mouse
teratocarcinoma cells to isolate stable cell lines. However,
these contain only 10-15 copies of the BPV vector per
cell [63]. In both of these cases (i.e. G418 or heavy metal
resistance) selection for the dominant marker results in
at least a 10-fold increase in the number of selectable
colonies over what would be expected from a focus-
forming assay [58,71]. The resistant colonies initially
appear to be flat and untransformed. However, with time
they do adopt a transformed morphology [44]. The
reason for the reduced numbers of foci compared with
resistant colonies and the delay in appearance of the
transformed phenotype is assumed to be due to a
requirement for a threshold level of expression of
transformation functions [44]. The selection of cadmium-
resistant foci has been used to isolate transformed C127
cell lines producing a number of foreign gene products,
including tissue plasminogen activator (tPA) and tissue
inhibitor of metalloproteinase (TIMP) [73-75].

The use of BPV vectors in the study of cellular
regulation
The normally episomal nature of the BPV vector

system makes it a useful tool for looking at a whole range
of biological phenomena relating to gene replication and
regulation, without the interference of the host chromo-
somes (i.e. position effects). These have included: the
induction of metallothionein gene expression by heavy
metals and glucocorticoids; the regulation of human ,-
interferon; the cell cycle dependent expression of histone
genes; and the mutation frequency of transfected
DNA.

Pavlakis & Hamer have used the mouse metallo-
thionein I (mMTI) gene promoter to express various
foreign genes in the BPV system [76]. They noted that the
level of expression of the foreign gene was inducible by
the heavy metal cadmium but not by zinc or by the
glucocorticoid dexamethasone. The level of induction
was low, only 2-10-fold, whereas the endogenous mMTI
gene was induced 10-20-fold [76]. A similar relatively
low level ofinduction has also been seen in our laboratory
and by other groups [P. E. Stephens & G. C. G.
Hentschel, unpublished work; 66,67]. The reason for the
difference in the level of induction is unclear but could be
due to altered chromatin structure of the cloned gene in
BPV, insufficient quantities of regulatory factors or
differences in mRNA stability. Karin and co-workers
have studied the human metallothionein (hMT) gene
family and most specifically the hMTIa and hMTIIa
genes [58,63]. In gene fusion experiments using the tk
gene, they also found that the hMTIa promoter was only
responsive to Cd2", whereas the hMTIIa promoter could
be induced by Cd2+, Zn2+ and glucocorticoids. The loss
of glucocorticoid induction of the metallothionein I
promoter has also been seen with other eukaryotic
expression systems [77,78]. It is possible that this loss of
regulation results from a changed chromosome environ-
ment around the metallothionein.gene [77-79]. However,
in two other examples in which giucocorticoid-responsive
promoters were used with BPV vectors, induction by
dexamethasone was retained [80,81].

Studies using the human fl-interferon gene indicated

that when linked to its own promoter on an extra-
chromasomally replicating BPV plasmid the gene is
under normal regulatory control. Expression can be
induced both by double-stranded RNA and inactivated
Newcastle disease virus [60,82,83]. The constitutive levels
of expression are somewhat higher than seen in human
cells, possibly due to additional upstream start sites for
the transcripts [60,83]. In initial experiments Zinn et al.
[60] transformed host cells with a linear BPV plasmid
from which the bacterial sequences had been removed.
The resultant cell lines showed a large variability in the
level of fl-interferon expression and the extent of
induction. This coincided with the fact that the BPV
DNA in these cell lines appeared to be rearranged and in
some cases complexed into high-Mr forms [60]. A second
generation of BPV vectors incorporating the f,-globin
gene and bacterial sequences which did not require
cleavage gave much more consistent values for fi-
interferon expression [62]. Using this vector Zinn et al.
mapped two sequences in the 5' flanking region of the f,-
interferon gene which regulated its constitutive and
inducible expression. Not all aspects of the control of ,-
interferon expression appear to be the same, when linked
to BPV, compared with its normal expression in human
cells. With endogenous expression cycloheximide has the
effect ofsuperinducing the levels offl-interferon produced
after stimulation by double-stranded RNA. However, in
the BPV system it appears that cycloheximide can have
its effect in the absence of double-stranded RNA [82].
The use of the BPV system was extended by Green

et al. to the study of the regulation of the human histone
gene H4 during the cell cycle [84]. The histone gene,
containing 650 nucleotides of 5' and 900 nucleotides of 3'
flanking sequences, when linked to the 69% transforming
segment of BPV was maintained as an episome at 20
copies per cell. When the cells were synchronized, by two
cycles of thymidine block, the human histone gene was
regulated co-ordinately with DNA replication. There
was a clear preferential expression during the S phase of
the cell cycle followed by selective turnover after the end
of S phase. Thus, the episomal maintenance of the
histone gene by the BPV genome allows the study of cell-
cycle-regulated gene expression without the influence of
the site of chromosomal integration.

In addition to the study of gene regulation the BPV
system has been used to analyse the mutation frequency
in transfected genes [85]. Ashman & Davidson con-
structed a BPV vector containing the entire BPV genome,
pML, and the gpt gene. They rescued the episomal
plasmid back into E. coli and measured the mutation
frequency in the gpt gene by differential selection. This
indicated a high mutation frequency of (3-16) x 10-3 and
restriction enzyme analysis of the rescued plasmids
confirmed the frequent presence of gross DNA re-
arrangements. To what extent this high rate was a
consequence of gpt's intrinsic instability in the BPV
system [44] is not clear. It certainly does not appear to be
a general property of BPV vector systems since some cell
lines exist with apparently unmutated BPV vectors even
after hundreds of generations of continuous culture.

The use of the BPV vector system for high-level
expression of foreign genes
To date, BPV-based vectors have been used to create

stable cell lines producing at least 26 different proteins.
These range from the bacterial proteins for chlor-

1987

6



Bovine papillomavirus as a eukaryotic vector

amphenicol acetyltransferase [80] and aminoglycoside
phosphotransferase [44,71,72] to the human proteins
growth hormone [76], tissue plasminogen activator [86]
and a, /3 and y interferon [60,65,82]. They also include
the viral glycoproteins hepatitis B surface antigen,
HBSag [12,66,87,88], influenza virus haemagglutinin and
cap-recognizing proteins [61,68] and type 1 human T-cell
leukaemia virus small envelope protein [89]. The system
has in addition been used to express normal cell surface
markers such as the heavy chain of an HLA human
histocompatability antigen [64] and the human inter-
leukin 2 receptor [90]. Table 2 gives a list of proteins for
which information on specific production rates is
available when produced in the BPV system.

Several examples in Table 2 illustrate the ability of the
BPV-C127 system to process foreign proteins correctly,
allowing normal post-translational modification and
secretion. A good example of this is the production of
hepatitis surface antigen (HBSag) [12,66,87,88]. The
HBSag is secreted into the medium as a 22 nm particle
with a buoyant density of 1.2 g/ml. These particles have
the same lipoprotein and polypeptide composition and
the same electron microscopic appearance as 22 nm
particles purified from the serum of chronic hepatitis
carriers. Similarly, the expression of tPA in C127 cells is
another example of the ability of the system to produce
large complex molecules in an active form. tPA is 563
amino acids long with a hydrophobic 'pro' sequence of
12-15 amino acids. Mature tPA has a molecular mass of
58 kDa, has 32 cysteine residues capable of forming
disulphide bonds and four potential glycosylation sites
[91]. tPA produced in the BPV system appears to be
correctly processed and glycosylated and is active as
measured in fibrinolysis assays [74].

In addition to the production of f8-interferon, both a5
and y interferon have been expressed in a BPV system
from the SV40 early promoter. All three interferons were
correctly processed and secreted; interferon y was also
glycosylated. All the interferons had antiviral activity
and a5 and y were neutralized by antibodies raised to
natural human interferons [65].
The system is not only capable of secreting correctly

processed proteins but can also be used to analyse factors
anchoring proteins to the cell surface. For example,
5 x 106 molecules of native influenza virus haemag-
glutinin accumulate in the cell membrane, but if the
anchorage sequences are removed it is secreted [61]. A
similar pattern of cell surface expression has been seen
for the vesicular stomatitis virus glycoprotein [92,93].
Other cell surface markers include the human heavy
chain of an HLA human histocompatibility antigen [64],
the transmembrane envelope protein p2le of type 1
human T-cell leukaemia virus [89] and the interleukin 2
receptor [90]. While such studies indicate the utility of
BPV expression vector in studying membrane events, the
host cell range may limit the potential in this area. For
example, only a low-affinity interleukin 2 receptor was
seen to be expressed in C127 cells in contrast with the T-
cell lymphoma HUT-102 cell line, from which the gene
was cloned, which has both high and low affinity
receptors [90].

There appears to be little intrinsic difference in the
levels of expression in the differing vectors shown in Fig.
2; all are capable of producing up to 108 molecules per
cell per day [61,66,76]. The principal factor determining
the level of expression appears to be the choice of
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promoter. Apart from homologous promoters the mouse
metallothionein (mMTI) or the SV40 early promoters
have been most widely used. The mMTI promoter is
reported to be considerably stronger than the SV40 early
promoter [62]. Observations from this laboratory also
suggest that the metallothionein promoter is better than
viral LTRs from Rous sarcoma virus or Moloney murine
leukaemia virus [86]. Admittedly the choice of promoter
has been somewhat limited so far and it is possible that
higher levels of expression could be achieved with
stronger promoters.

It is clear from the data presented in Table 2 and from
other reports describing the use of BPV as a vector that
the episomal nature of the viral genome in transformed
cells is not as universal as first thought. The viral DNA
can exist in the host in one of several forms; episomal
monomers, episomal concatomers, concatenates, in-
tegrated concatomers or multiple integrated monomers
[52,60,61,63,64,40,80]. What determines the form of the
vector DNA is not clear, but probably reflects the
complex interaction of the viral genes and the inserted
genes. Lusky & Botchan have recently reported the
presence of an enhancer element in the 31 % non-
transforming region which is believed to play a role in the
episomality and replication of the viral genome [37, and
see the previous section]. Vectors which have this
enhancer removed (i.e. vectors using just the 69% region)
appear to be much more prone to integration and
rearrangement [60,83,88]. Furthermore, if bacterial
sequences are linked to the 69 % region then this outcome
is even more likely [61,84]. Removal of these bacterial
sequences prior to transfection tends to restore the
episomality of the vector and leads to less rearrangement
provided that the linear plasmid is recircularized before
transfection [76,80,81]. The lost enhancer function could
to a certain extent, be restored by 'stimulatory segments'
[51,53,63] and vectors containing these sequences tended
to remain episomal [62,63,65]. There are however
instances where this is not the case [64]. Linkage of
bacterial.sequences to the whole genome appears to have
a less profound effect on the vector DNA in the
transformed cell lines, and vectors using the whole
genome have been used with some success [44,66,89].
However, this is not always the case and some integration
and rearrangements have been reported [71,94]. The
replication of the viral genome is controlled by the El
and E7 gene products in conjunction with an enhancer in
the 31 % region (see the previous section). Presumably
any factor affecting these functions, for example the
insertion of a foreign transcription unit, affects viral
replication. This is most clearly illustrated by Matthias
et al. and Schenborn et al. [71,94]. They found that the
insertion of transcription units in different positions and
orientations in their vectors resulted in radically different
fates of their plasmid DNA.

Gething et al. [61] have used fluorescence-activated cell
sorting to analyse the variation in the levels ofproduction
of influenza virus haemagglutinin in cloned cell lines. The
surface fluorescence varied by 30-fold in a unimodal
fashion. They proposed that this variation could be due
to the state of growth of the cells or to a variation in
expression as the cell passes through different phases in
the cell cycle [61]. Cosman et al. [90] have also used an
activated cell sorter to fractionate cells on the basis of
expression of a cell surface marker, the interleukin 2
receptor. Using this method cell lines highly enriched for
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Table 2. Specific production rates of heterologous proteins produced using BPV vectors

The specific production rates are calculated by using the following assumptions. Interferon y, Mr 19.5 kDa and specific activity
1 x 108 units/mg [99]; HBSag, Mr 22 kDa; rat proinsulin, Mr 8.4 kDa; bovine growth hormone, Mr 22 kDa [91]; interferon fi,
Mr 22 kDa and specific activity 1 x 108 units/mg [100]; interferon a5, Mr 19.5 kDa and specific activity = 2 x 108 units/mg [99];
TIMP, Mr 28 kDa and 106 cells/ml; tPA, Mr 68 kDa and 10 cells/ml. Specific production rates are expressed as the number
of protein molecules produced/cell per day. Vector category refers to the three vectors shown in Fig. 2. Abbreviations used:
HBSag, hepatitis B surface antigen; MMT, mouse metallothionein-I; SV40E, early promoter from simian virus 40; HHSP70,
human heat shock protein 70; NA, not available.

Specific pro-
duction rate

Pro- Copy (molecules/ Vector
Gene moter number cell per day) category Characteristics Notes Reference

Interferon ,
(human)

Interferon fi
(human)

Interferon f
(human)

Interferon f
(human)

HBSag

HBSag

HBSag

HBSag

Proinsulin

Growth hormone
(human)

Growth hormone
(bovine)

Influenza
virus
haemagglutinin

Interferon y
(human)

Interferon a5
(human)

Chorionic
gonadotrophin
a subunit
(human)

Tissue inhibi-
tor of metallo-
proteinase
(TIMP) (human)

Own 30-50 2.5 x 105 1 69% no bacterial
sequence

Own 30-50

Own 30-60

1.9x 106

1.0x 105

1 69 % no bacterial
sequence

1 69 % no bacterial
sequence

Own 20-30 6.3 x 105 2 69%+pBRD+f,-
globin

Own 50-100 1.6x 107 1+2 69%+pBR322; no
fl-globin sequences

Own 20-200 5.5 x 106

Own 50-100 2.4 x 106

mMT

Own

mMT

mMT

SV40E
or
mMT

5-180

60-80

5.5 x 107

1.4x 103

10-100 6x 108

NA

30-200

1.4x 106

106_107

1 100% BPV; no bac-
terial sequence

1 69 % BPV; no bac-
terial sequence

3 100% BPV+pML/
MMT sandwich

1 69 % of BPV; no
bacterial sequence

1 69% of BPV; no
bacterial sequence

1 69% of BPV; no
bacterial sequence

2 69% of BPV+,l-
globin+ pBR322

SV40E 30-50 13.6x 106 2+1 69% BPV+fl-globin;
no pBR322

SV40E 30-50 13.6x 106 2+1 69% BPV+,8-globin;
no pBR322

mMT NA 8.2x106 3 100% BPV+pML+
mMT sandwich

mMT NA 1.1 X 107 3 100% BPV+pAT153
+ functional
mMT gene

Some rearrangement; up-
stream start of mRNA;
130-fold induction

Cycloheximide induction
8-fold
Extrachromosomal
multimers; 16-fold
induction
Extrachromosomal
DNA;
little cell-to-cell
variability; deletion
analysis of promoter
High-M,; DNA not
integrated; NIH 3T3
host cells
Rearranged but remains
extrachromosomal

Expression appears
to be orientation-
dependent

Stable for 85 days;
no induction
The majority of DNA is
unintegrated; some
evidence for high-M,
DNA and
rearrangements
Extrachromosomal
DNA;
cell line stable for
10 months; induced
2-5-fold by Cd2+

1.5-fold induction by
Cd2+
mMT promoter 10-fold
better than SV40
early promoter; no
induction by heavy
metals
Normal glycosylation;
unrearranged extra
chromosomal DNA; loss
of initial cleavage
site on recircularization
Extrachromosomal
DNA; glycosylation
pattern similar to that
seen in ectopically
produced protein; 2-5-
fold induction
Normal glycosylation
pattern; initial
selection for heavy-
metal-resistant foci

83

82

60

62

87

12

88

66

52

76

95

61

65

67

75
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Table 2. (cont.)

Specific pro-
duction rate

Pro- Copy (molecules/ Vector
Gene moter number cell per day) category Characteristics Notes Reference

Tissue plasmino- HHSP70 30-90 1.1 x 107 3 100% BPV+ High-M, unrearranged; 74
gen activator pAT153 + functional up to 40-fold induct-
(tPA) (human) MMT gene ion after heat shock;

initial selection for
heavy-metal-resistant
foci

Tissue plasmino- MMT 10-150 2.7 x 107 3 100% BPV+ High-MrDNA unrear- 86
gen activator pAT153 + functional ranged; TPA correctly
(tPA) (human) MMT gene processed; initial

selection of heavy-
metal-resistant foci

interleukin 2 receptors could be isolated [90]. The reason
for the clonal variation is not always clear but probably
reflects position effects due to integration of the BPV
vectors. It is also true that establishment of cell lines with
a linear transforming molecule leads to a greater
variability in expression levels due to rearrangements
[60,65,83,95]. From the point of view of producing large
amounts of a desired protein this clonal variability is not
a problem but a benefit since it allows selection for rare
high-producing cell lines. Moreover, in these cases
integration may also be beneficial in producing more
stable cell lines.
Few definitive examples exist which allow the direct

comparison of the efficiency of gene expression in
different systems. Those which do exist have been
reviewed recently by Bebbington & Hentschel [96]. When
compared with two commonly used expression systems,
namely the Chinese hamster ovary (CHO) cell and co-
amplification system or the COS cell transient expression
system, the BPV system does not always appear
particularly productive. The CHO and COS cell systems
are, for example, capable of producing (1-3.3) x 108
molecules per cell per day of hepatitis B surface antigen
from its own promoter, whereas the BPV system gives
only (3-24) x 106 molecules per cell day. However, the
CHO and COS cell systems do have major drawbacks
which do not occur in the BPV system. The high levels of
expression seen in CHO cells are only apparent after
extensive periods of gene amplification, whereas the COS
cell system is transient with the transformed cells only
remaining viable for 2-6 days before they are killed.

FUTURE PROSPECTS AND CONCLUSIONS
As the molecular biology of the virus becomes better

understood BPV vectors can be designed to achieve a
number of desirable characteristics. It is, for example,
clear that the transforming genes and the genes which
regulate replication can be separated and this might
allow the establishment of high copy number BPV
vectors expressing foreign protein in a non-transformed
host. Furthermore, as our understanding of the mechan-
isms of control of replication increase two other
possibilities arise. Firstly, putting these functions under
different control sequences might allow their expression

in so far untested novel cell lines, thus extending the host
range. Secondly, placing key regulatory genes under a
controllable promoter should allow the copy number
and consequently the level of expression to be controlled.
Examples of this approach already exist for both
polyomavirus and SV40 vectors [97,98]. The construction
of streamlined vectors with minimal viral DNA is also
possible. It has already been demonstrated that the
possession of a plasmid maintenance sequence (PMS) on
a vector is all that is required to get extrachromosomal
maintenance of the vector in a host which has already
been transformed with wild-type BPV [15]. If stable cell
lines are produced which possess all of the necessary
trans-acting factors stably integrated into the genome
they should be able to maintain episomal replication of
streamlined BPV plasmids, possessing only the cis
required sequences. This sort of system would clearly
facilitate the construction of vectors.

It seems probable that the true versatility of the BPV
system as a shuttle vector has not been fully utilized as
yet. Only one example of shuttling between animal and
bacterial cells to examine a biological phenomenon has
been reported to date [85]. The ability of the BPV system
to allow plasmids to be shuttled between bacteria and
animal cells could be further utilized in two ways. Firstly,
genes which affect cellular phenotypes can be analysed
by passaging mutants between animal and bacterial cells.
Secondly, gene libraries made in BPV expression vectors
could be introduced into animal cells and cloned cell
lines could be isolated which produce the desired
phenotype or biological activity. The plasmid DNA
could then be rescued from these cells and the desired
gene isolated.
The versatility of the BPV as a vector system has been

clearly demonstrated in this Review. It has been used to
analyse several questions concerning biological pheno-
mena, and as our understanding of the virus increases it
is clear that its use here will be extended. It is also evident
that the BPV system is capable of producing large
amounts of protein per cell. Unfortunately, all of the
host cells used to date are attachment cells. This potential
drawback for large scale culture could possibly be
overcome in the future by the development of suspension
variants of C127 cells or conversely by expanding the
host range to a genuine suspension cell.
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