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The mRNAs present in bovine papillomavirus type 1 (BPV-1)-transformed C127 cells were studied by primer
extension. The results show that two internal promoters are present in the E region of BPV-1 in addition to the
previously identified promoter at coordinate 1 (H. Ahola, A. Stenlund, J. Moreno-L6pez, and U. Pettersson,
Nucleic Acids Res. 11:2639-2650, 1983). One, located at coordinate 31, generated a set of mRNAs with
heterogeneous 5' ends, which may encode the major transforming protein of BPV-1, the E5 protein. The second
promoter, which is located at coordinate 39, generates colinear mRNAs which encode either the E4 protein or
a truncated form of the E2 protein. Unlike the cottontail rabbit papillomavirus (0. Danos, E. Georges, G.
Orth, and M. Yaniv, J. Virol. 53:735-741, 1985), BPV-1 appears to lack a separate promoter for expression
of the E7 protein. The major splice sites in the transforming region (E region) of the BPV-1 genome were also
identified by nucleotide sequence analysis.

A large number of papillomaviruses have been isolated
from warts in humans and various other animal species,
which appear to have many properties in common, including
capsid morphology and genome organization (for a review,
see reference 12). Certain types of papillomaviruses trans-
form C127 and NIH 3T3 mouse cells in vitro (9, 16). Most of
our knowledge about papillomavirus replication and gene
expression stems from studies of bovine papillomavirus type
1 (BPV-1), a virus which has become the prototype for the
papillomavirus family. A subgenomic fragment constituting
69% of the BPV-1 genome, extending between coordinates
87 and 56, is sufficient for transformation of mouse C127
cells (9). An interesting feature of the BPV-1 genome is that
it replicates as a multicopy plasmid in transformed mouse
and hamster cells (8, 19). The molecular structure ofmRNAs
expressed in transformed cells has been studied by many
methods including cDNA cloning (20) and electron micros-
copy and Si nuclease mapping (17). These studies identified
several viral mRNA species, many of which were initiated at
a promoter located near coordinate 1 (The BPV-1 genome is
commonly subdivided into 100 map units; coordinate 0 is
located at the single cleavage site for endonuclease HpaI.)
This promoter, which includes TATA and CAAT boxes, is
followed by a cap site at nucleotide (nt) 89 (coordinate 1.1)
(1). 14owever, several other mRNA species were identified
which might be initiated internally in the transforming region
(17, 20). In the present study we used primer extension to
identify two additional promoters in the transforming region
(E region) of BPV-1. Our results also confirm previously
identified locations of several splice donor and acceptor sites
inside the E region.

MATERIALS AND METHODS
Cells and virus. BPV-1-transformed C127 cells (la, 17)

were propagated in Dulbecco modified medium with 10%
newborn calf serum. The cells were treated with 15 ,ug of
cycloheximide per ml 2 h before RNA extraction. Cytoplas-
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mic RNA was isolated by the method of Brawermann et al.
(3). All RNA preparations were fractionated by oligo(dT)-
cellulose chromatography.

Oligonucleotides. Oligonucleotides were kindly supplied
by H. Hultberg, KabiGen AB.
cDNA synthesis. Avian myeloblastosis virus polymerase,

purchased from Life Sciences, Inc., was used in all reac-
tions. The protocol of Virtanen and Pettersson (18) was
followed. The amount of RNA used in each reaction was 200
to 400 ,ug together with 10 pmol of primer.

Hybridization selection. The extension products were hy-
bridized to nitrocellulose filters containing 80 ,ug of cloned
immobilized BPV-1 DNA. Hybridization was done at 65°C
overnight in 6x SSC (lx SSC is 0.15 M NaCl plus 0.015 M
sodium citrate)-0.5% sodium dodecyl sulfate-6x Denhardt
solution. The filters were washed four times for 15 min each
at 50°C in 0.1 x SSC. The hybridized cDNA was eluted by
heating the filters to 100°C for 3 min in 1 ml of 10 mM Tris
hydrochloride (pH 7.5). Material from three consecutive
elutions was pooled for sequence analysis.
Sequence analysis. cDNA selected by hybridization to

BPV-1 DNA was fractionated in 6 or 10% polyacrylamide
gels. Bands identified by autoradiography were eluted by
isotachophoresis (11) and sequenced by the procedure of
Maxam and Gilbert (10).

RESULTS
Analysis of viral mRNAs by primer extension. Previous

studies have shown that several BPV-1-specific mRNAs
expressed in transformed C127 cells contain a common 3'
exon located between nt 3224 and 4203 (Fig. 1). To study the
exon structure of these mRNAs, primer extension experi-
ments were performed. A primer derived from the BPV-1
sequence between nt 3271 and 3290 was used in the first
experiment. Poly(A)-selected mRNA from BPV-1-trans-
formed cells treated with 15 ,ug of cycloheximide per ml
before extraction (7) was used as a template in the reverse
transcriptase reactions. The extension products were puri-
fied by hybridization to filters containing cloned BPV-1
DNA, and the eluted cDNA was fractionated on a 6%
polyacrylamide gel together with size markers. A large
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sequence all the way to the 5' end. However, judged from its
size and the identified splice junction, it corresponds to type
4 mRNA (Fig. 1).
Most of the other extension products which are visible in

Fig. 2, lane A, were also subjected to sequence analysis.
However, the amount of labeled cDNA recovered was
insufficient for sequence determinations to be made.

Identification of a cap site at coordinate 31. Previous
studies have identified a prominent mRNA species in BPV-
1-transformed C127 cells, designated type 1A by Stenlund et
al. (17). This mRNA consists of two exons, one of which is
located between nt 3224 and 4203 (Fig. 1). The second exon
is only about 60 nt long and maps around nt 2500 (17, 20).
Based on previous studies, it was impossible to conclude
whether the short 5' exon contained the capped 5' end or
was linked to another exon. To address this question, an
oligonucleotide derived from the sequence between nt 2484
and 2503 was used for primer extension. Extension products
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FIG. 1. Schematic drawing of mRNAs expressed in BPV-1-
transformed C127 cells (17, 20). ORFs present in the transforming
region of BPV-1 are also shown.

number of bands were observed, and those designated a, b,
c, and d in Fig. 2, lane A, were eluted and sequenced. The
extension product designated a had an approximate size of
130 nt, although it was very heterogeneous. Sequence anal-
ysis showed that these cDNAs contained a short 5' exon
whose 5' end mapped around nt 2440. The sequence also
revealed a splice junction which joined nt 3225 and 2505.
Because extension product a contained several cDNA spe-
cies (Fig. 2, lane A), it was subdivided into three portions
which were eluted and sequenced separately. The results
show that the cDNA species had identical exon structures
and only differed in length at the 5' end (see below). The
results suggest that extension product a corresponds to
mRNA species 1A (Fig. 1). The 5' end of this mRNA is
apparently heterogeneous, mapping in a region centered
around nt 2440.
The nt sequence of extension product b, which was

approximately 210 nt long, showed that it corresponds to a
colinear mRNA whose structure is described below.
The nt sequence of extension product c, which was

approximately 280 nt long, showed that it contained a 5'
leader transcribed from the promoter region at coordinate 1.
A splice junction which joined nt 304 and 3225 was also
identified in the sequence. No further splices were identified,
and based on the size of product c, it was estimated that its
5' end coincides with the previously identified cap site at nt
89. Judged from the structure and size of extension product
c, it corresponds to mRNA 2A (Fig. 1). The nt sequence of
extension product d, which was approximately 600 nt long,
revealed a splice junction between nt 864 and 3225. Because
of the length of the cDNA, it was impossible to read the
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FIG. 2. Analysis by polyacrylamide gel electrophoresis of
cDNAs obtained by primer extension. cDNAs were obtained after
extension of the nt 3271 to 3290 primer (lane A), the nt 2484 to 2503
primer (lane B), and the nt 563 to 582 primer (lane C). Lane M,
32P-labeled marker fragments. The cDNAs which were subjected to
sequence analysis are indicated by arrowheads. The numbers in the
margin indicate lengths in nucleotides.
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FIG. 3. 5' end sequences from cDNAs obtained by extension of
the nt 2484 to 2503 primer. The cDNAs were fractionated on a 10%
polyacrylamide gel (Fig. 2, lane B). Two bands from the cluster (a
and b in Fig. 2, lane B) were sequenced separately (lanes A and B,
respectively). An additional cDNA approximately 90 nt long (c in
Fig. 2, lane B) was also sequenced (lane C). The numbers in the
margins indicate nt positions, with the intervening nt sequences
shown.

obtained with this oligonucleotide were purified by hybrid-
ization selection and separated by 10% polyacrylamide gel
electrophoresis. A prominent cluster of cDNAs which were
55 to 65 nt long was observed (Fig. 2, lane B). Sequence
analysis of the bands labeled a and b in Fig. 2, lane B,
revealed a sequence which matched the BPV-1 sequence
around coordinate 31 perfectly. Based on their sizes, it was
calculated that the 5' ends were located in the region
between nt 2436 and 2447 (Fig. 3).
The extension products contained yet another component,

consisting of two bands corresponding to estimated lengths
of 92 and 93 nt (Fig. 2, lane B). Sequence analysis of the
most prominent of these bands showed that its 5' end
mapped around nt 2410 (Fig. 3). No additional splices were

detected in the sequence.
Taken together the results show that the type 1 mRNAs

consist of several mRNA species whose 5' ends are located
between nt 2410 and 2447, suggesting that a promoter is
located in this part of the BPV-1 genome.

Identification of a cap site at coordinate 38. Sequence

analysis of extension product b in Fig. 2, lane A, showed that
it represents a colinear RNA species whose 5' end mapped
around nt 3080 (data not shown). The structure of this
mRNA species was also studied by the nuclease S2 protec-
tion technique with a PstI-Hinfl fragment (5' end at nt 3239)
as a probe. A major protected fragment with the 5' end
located in the region between nt 3078 and 3080 was identi-
fied. A second protected fragment was also observed, whose
5' end mapped between nt 3070 and 3072. The latter frag-
ment presumably corresponds to an extension product in
Fig. 2, lane A, which migrated at a slightly slower rate than
did extension product b. It is noteworthy that no putative
splice acceptor sites are present in BPV-1 sequence at the
positions where the 5' ends were mapped. We therefore
conclude that extension product b (Fig. 2, lane A) is a cDNA
copy of a colinear mRNA whose promoter is located around
coordinate 39. Moreover, the results show that two cap sites
exist.

Further analysis of mRNAs transcribed from the promoter
at coordinate 1. A primer matching the BPV-1 sequence
between nt 563 and 582 was used for further analysis of
mRNAs transcribed from the promoter at coordinate 1. The
reason for performing this analysis was that studies of
mRNAs in cottontail rabbit papillomavirus-transformed cells
have identified a separate promoter located before the E7
open reading frame (ORF) (5). Moreover, Yang et al. (20)
have identified cDNA clones whose 5' ends map near the
beginning of the E7 ORF (mRNA type 4B [Fig. 1]). A
prominent 270-nt cDNA was identified among the extension
products after hybridization selection (Fig. 2, lane C) whose
sequence revealed a splice junction joining nt 304 and 528.
The structure of this cDNA together with its size suggested
that it corresponds to type 4 mRNA (Fig. 1).

If a separate promoter is used for transcription of the E7
ORF in BPV-1, cDNAs that are 140 to 170 nt long would be
expected to exist. A few minor cDNAs in this size range
were observed after fractionation (Fig. 2, lane C). However,
sequence analysis showed that they represented prematurely
terminated extension products of type 4 mRNA (data not
shown).

DISCUSSION

Previous studies of BPV-1 gene expression in transformed
C127 cells have revealed a complex pattern of viral mRNAs
which apparently are generated through differential splicing
(17, 20). A major cap site was identified at nt 89 by Ahola et
al. (1). This cap site, which is preceded by TATA and CAAT
motifs, is used by at least four differentially spliced mRNAs
(Fig. 1). The results of the present study (Fig. 4) show that at
least two internal promoters are utilized for transcription of
viral mRNA in BPV-1-transformed C127 cells. Previous
studies (17, 20) have identified an abundant mRNA approx-
imately 1 kilobase long in BPV-1-transformed C127 cells
(type 1 mRNA [Fig. 1]). However, these studies failed to
determine the precise structure of the leader, and the possi-
bility remained that the 5' exon might be connected to yet
another leader sequence, derived from the cap site at coor-
dinate 1. Our present results show that the type 1 mRNAs
have heterogeneous 5' ends mapping between nt 2410 and
2447, suggesting that these ends represent cap sites. Based
on our results, it can be concluded that a promoter region
should be located around nt 2410. We have previously
reported that a TATA-like sequence, TAATATT, is located
between nt 2414 and 2420 in BPV-1 (17). Hence, this
sequence motif is likely to serve as a TATA box for
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FIG. 4. Summary of results obtained from primer extension
experiments. The closed boxes indicate sequences obtained by
extension of the different primers. The locations of splice donor and
acceptor sites and 5' ends (nt 2410, 2440, and 3080) are indicated.

transcription of the type 1A mRNAs. The heterogeneous cap

sites might be related to the aberrant sequence of this TATA
box. It is noteworthy that this region is extremely well
conserved between BPV-1, European elk papillomavirus,
and deer papillomavirus (1), further supporting the notion
that it contains a promoter. Using electron microscopic
heteroduplex mapping, Stenlund et al. (17) observed two
classes of type 1 mRNAs, one of which contained signifi-
cantly longer 5' leaders. In the present study we identified
two minor cDNAs which contained leaders that were 30 to
40 nt longer than those of the major type 1 mRNAs. Their
transcription is apparently not dependent on the TATA box
at nt 2414 to 2420 since their cap sites are located upstream
of this position.
The function of the type 1 mRNAs is difficult to predict.

The leader sequence contains a putative initiation codon.
However, if translation initiates at this AUG, a product 16
amino acids long would be translated, terminating soon after
the splice junction. The 3' exon covers approximately half of
the E2 ORF, a major fraction of the E4 ORF, and the entire
E3 ORF. However, no AUGs are present in these ORFs
after the splice acceptor site at nt 3225. The 3' exon also
includes the E5 ORF, which contains an internal AUG. This
ORF was recently shown to encode an important transform-
ing protein (6, 14, 15, 21). Consequently, an interesting
possibility is that the type 1 mRNAs encode the E5 protein.
If this is true, the mRNA contains an unusually long 5'
noncoding region. It is interesting that no equivalent to the
type 1 mRNA has been detected in tumors induced by
cottontail rabbit papillomavirus, a papillomavirus which
seems to lack an ORF that is equivalent to E5 (5).
Another interesting finding was that a set of colinear

RNAs appear to exist which are initiated around nt 3080.
Judging from the extension products, these mRNAs are

fairly abundant. Stenlund et al. (17) have previously mapped
colinear mRNAs to this region by Si nuclease analysis, and
Yang et al. (20) identified a class of colinear cDNA clones
which also started near this position. However, based on the
previous studies, the possibility that these RNAs were

connected to an additional short leader sequence could not
be excluded. Our present results demonstrate that a cap site
is indeed located around nt 3080, suggesting that a promoter
region is located immediately upstream of this position.
However, although a search for promoterlike sequence

motifs did not reveal any such elements, it is known that
certain promoters of animal viruses, such as the late simian
virus 40 promoter (4) and the promoter for the IVa2 mRNA
of adenovirus (2), lack these elements. The colinear mRNAs
with cap sites at nt 3080 may encode the E4 protein. The E4
ORF starts at nt 3173 and contains an ATG between nt 3191
and 3193. An alternative possibility is that they encode a
truncated E2 protein. The E2 ORF, which starts at nt 2581,
contains an internal ATG between nt 3091 and 3093. An
additional question to be addressed is whether a separate
promoter controls transcription of mRNAs encoding the E7
protein. Danos et al. (5) have previously shown that several
TATA motifs are located near the 5' end of the E7 ORF in
the cottontail rabbit papillomavirus genome and at least
some of these motifs appear to function as promoters.
Moreover, Yang et al. (20) have identified BPV-1 cDNAs
which start close to the 5' end of the E7 ORF. However, our
results suggest that BPV-1 transcription differs from cotton-
tail rabbit papillomavirus transcription in this respect, since
no major cap sites were identified in this region. This was not
unexpected since no TATA-like motifs are present in this
region of the BPV-1 genome. Based on the structure of the
type 4 mRNA (Fig. 1), it can be predicted that the E7 ORF
is translated into an E6-E7 fusion protein in BPV-1-
transformed cells. Thus, there may be no need for a separate
promoter for expression of the E7 protein in BPV-1.

Rosl et al. (13) have studied DNase-hypersensitive regions
in the BPV-1 genome. Major hypersensitive regions were
identified in the noncoding region and close to coordinates
30, 39, and 49. Since hypersensitive sites often reflect
transcriptional control regions, it is interesting that two of
these sites are located very close to the internal promoters
that were identified in the present study.
Our study shows that major splice donor sites are located

at nt 304, 864, and 2505 and that major splice acceptor sites
are located at nt 527 and 3224, confirming previous results
obtained by S1 nuclease mapping and by cDNA cloning (17,
20).
Taken together our results demonstrate that BPV-1 gene

expression is very complex. At least three different promot-
ers control BPV-1 gene expression in transformed cells.
Recent results obtained in the laboratories of P. Howley and
M. Botchan (P. Howley and A. Stenlund, personal commu-
nications) suggest that additional promoters are located in
the noncoding region. It thus seems likely that further
studies of BPV-1 gene expression will unravel additional
complexities. It is already clear based on available data that
the BPV-1 genome is considerably more complex than the
genomes of the other.members of the papovavirus family.
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