JOURNAL OF VIROLOGY, July 1987, p. 2128-2137
0022-538X/87/072128-10$02.00/0
Copyright © 1987, American Society for Microbiology

Vol. 61, No. 7

Bovine Papillomavirus Transcriptional Regulation: Localization of
the E2-Responsive Elements of the Long Control Region

BARBARA A. SPALHOLZ,* PAUL F. LAMBERT, CAROLE L. YEE, anp PETER M. HOWLEY
Laboratory of Tumor Virus Biology, National Cancer Institute, Bethesda, Maryland 20892

Received 14 January 1987/Accepted 14 March 1987

The long control region (LCR) of the bovine papillomavirus type 1 genome can function as a conditional
transcriptional enhancer which can be specifically trans-activated by the viral E2 gene product. To precisely
map the target(s) of this trans-activation, BAL 31 exonuclease was used to generate two overlapping series of
deleted DNA segments through the LCR. These fragments were assayed for their ability to activate
transcription from the enhancer-deleted simian virus 40 early promoter of pA;(CAT in the presence or absence
of the viral E2 gene product. Two different E2-responsive elements were localized within the LCR. The major
target for E2 trans-activation (E2-responsive element 1) was mapped to a 196-base-pair fragment between
nucleotides 7611 and 7806, just upstream from promoters P94 and Pgy. Further deletions which destroyed or
impaired enhancer function revealed that the ACCN¢GGT sequence motifs at each end of E2-responsive
element 1 are critical components of this element. Primer extension analysis of RNA extracted from acute
transfections with plasmids containing the bovine papillomavirus type 1 LCR driving the CAT gene revealed
that each of the P;94 and Pgy promoters is responsive to E2 trans-activation.

Papillomaviruses are a group of small DNA viruses which
cause benign epithelial tumors, or warts, in a variety of
animal hosts. Some of these viruses are also associated with
lesions which can progress to malignant carcinomas, al-
though the mechanistic role of the papillomaviruses in such
a progression to malignancy has not yet been determined.
This group of viruses has been difficult to study because of
the lack of a suitable tissue culture system capable of
supporting viral replication. Bovine papillomavirus type 1
(BPV-1) causes cutaneous fibropapillomas in cattle and
induces fibroblastic tumors in a variety of other hosts.
BPV-1 readily transforms certain rodent cells in culture (14),
a property which has facilitated the study of the papil-
lomavriuses and which may provide some insight into the
role of these viruses in cancer.

Transcriptional analysis of BPV-1-transformed mouse
C127 cells (ID13) and of bovine fibropapilloma tissue has led
to the characterization and mapping of the major viral RNA
species present in these two types of BPV-1-infected cells (2,
6, 12, 28, 30). These studies established that the viral
promoters utilized in transformed cells are a subset of those
present in a productively infected fibropapilloma, that there
are at least five BPV-1 transcriptional promoters active in
transformed cells, and that various RNA species are gener-
ated by differential splicing. Electron microscopic examina-
tion and cDNA analysis located promoters which directed
the synthesis of RNAs with 5’ ends mapping at nucleotides
89, 2443, and 3080 (28, 30). Analyses by primer extension
and S1 exonuclease protection of RNA extracted from ID13
cells confirmed the presence of the Pgy, Py, and Pigg
promoters and established the existence of two new promot-
ers, P71g5 and Prgq9, in the long control region (LCR) (2). The
LCR (also referred to as the URR by some groups, for
upstream regulatory region) maps just upstream of the eight
designated open reading frames (ORFs) of the transforming
region of the viral genome and contains important regulatory
elements for viral transcription and replication (18, 24, 26,
27, 29). It is believed that the three promoters located in the
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LCR (P15, P7os49, and Pgo) give rise to the transcripts
encoding the gene products of the 5’ ORFs, including E6,
E7, and El. In addition, a wart-specific promoter, P;, has
been mapped from RNA extracted from fibropapilloma
tissue which generates RNA species with heterogeneous 5’
ends in the vicinity of nucleotide 7240 (2). The P,443 pro-
moter directs the synthesis of an RNA which could encode
the full-length E2 gene product and a spliced mRNA which
might represent the ES transcript (30). The P3g9 promoter
can be predicted to direct the synthesis of an unspliced
mRNA which would encode a carboxy-terminal domain of
E2; a methionine codon (AUG) which could serve to initiate
translation is present in the E2 translational reading frame at
nucleotide 3091.

Clues to the complex regulation of these various promot-
ers and their gene products come from several sources. We
have previously reported the existence of a transcriptional
enhancer in the LCR which is specifically trans-activated by
the full-length E2 gene product, indicating positive regula-
tion of viral transcription by a viral gene product (27, 31).
Since the LCR is immediately upstream of the ORFs of the
transforming region and contains at least four different
transcriptional promoters, we postulated that E2 was in-
volved in the regulation of the expression of other viral genes
in vivo (27). Indeed the pleiotropic effects of mutations in the
E2 gene on transformation and on plasmid maintenance (5,
11, 19, 23, 26) are most probably a consequence of the
decreased transcriptional activity of the S’ ORFs. The pres-
ence of the E2 gene is a feature of each of the papil-
lomaviruses sequenced, and E2 trans-activation of an LCR
enhancer is not a peculiarity of BPV-1 since this phenome-
non has been demonstrated for human papillomavirus type
16 (22). This suggests that E2-mediated transcriptional reg-
ulation is a general property of papillomaviruses.

In addition to positive factors controlling transcription, it
is also likely that there are cellular or viral factors which
have a negative effect on transcription. Cycloheximide treat-
ment of BPV-1-transformed cells increases the level of
transcripts from the LCR promoters, P35, P7949, and Pgg, 10-
to 100-fold (2, 15). This increase in transcription could
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FIG. 1. (a) pA;oCAT-based vectors. A polylinker containing the
recognition sites for BamHI, Sall, and Bglll was inserted into the
Bglll site of pAoCAT to form pA;(CATgs and pA;(CATsg. These
vectors contain the CAT gene directed by the SV40 enhancer-
deleted early promoter. (b) The generation of BAL 31 deletions
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indicate that a labile factor with the ability to negatively
regulate the LCR promoters is not produced in the presence
of cycloheximide. In addition, recent studies have indicated
that BPV-1 encodes a negative transcriptional regulatory
factor (P. F. Lambert, B. A. Spalholz, and P. M. Howley,
Cell, in press). The regulation of papillomavirus transcrip-
tion thus is apparently quite complex and appears to involve
the interaction of both positive and negative factors.

In this study we extend our previous observations of the
E2 trans-activation of the LCR enhancer function of BPV-1.
We have localized two independent regions of the LCR
which are responsive to E2. One of these is located in the
vicinity of P71g5 and P, . The other region, which is the major
responsive element (E2RE),), is located between nucleotides
7611 and 7806. We also demonstrate that both P49 and Pgo
are activated by E2 when linked to this responsive element.

MATERIALS AND METHODS

Construction of modified pAqCAT vectors. Bacterial trans-
formations, recombinant screening, and nucleic acid manip-
ulations were all performed by standard methods (20). Each
strand of the partially double-stranded DNA linker depicted
in Fig. 1a was separately synthesized. This linker contains a
Sall restriction enzyme site flanked by the complementary
single-stranded sequences for a BamHI site on one side and
for a BgllIl site on the other. Ligation of this linker into a
BgllI or a BamHI site regenerates the homologous site but
not the heterologous site. This polylinker was ligated into the
Bglll site of pA;oCAT (17) in either orientation to generate
two plasmids, pA;(CATsg and pA,(CATgs (Fig. 1a). An-
other modified pA;(CAT vector, p796, was generated by
inserting a Clal linker into the BglII site of pA,(CAT.

Generation of BAL 31 deletions within LCR. Figure 1b
shows the scheme used to generate BAL 31 deletions in the
LCR. Plasmid p823.1 contains the full-length BPV-1 genome
cloned into the BamHI site of pML2d, with each of the
BamHI sites having been destroyed. This plasmid contains a
unique HindlII site and a unique Hpal site in BPV-1 defining
the ends of the LCR. A BamHI linker was ligated into each
of these sites independently to form p824.1 and p825.1,
respectively. Plasmid p824.1 was linearized by Hpal diges-
tion, and p825.1 was linearized by HindIlI digestion. Each
linearized plasmid was separately digested with the
exonuclease BAL 31 (Bethesda Research Laboratories,
Inc.) at 30°C for 0.5 to 40 min. After digestion, the DNAs
were incubated with DNA polymerase I, Klenow fragment,
and deoxynucleoside triphosphates to generate flush ends
before a Sall linker was added to the ends by ligation with T4
DNA ligase. The array of deletion fragments for each
plasmid was released by complete digestion with BamHI and
Sall. The DNA fragments were separated by agarose gel
electrophoresis, and those in the size range of 100 to 900
base pairs (bp) were isolated and purified from the agarose
by electroelution. For ease in sequence analysis, the deletion
fragments were initially cloned into the polylinker of
M13mp18. The determination of the deletion endpoints was
performed by the dideoxynucleotide chain termination
method (25). The sequenced BamHI-to-Sall fragments were
then cloned separately into both pA;(CATspg and

through the LCR. BAL 31 exonuclease was used to generate deletion
fragments of the LCR by digestion from either the HindIII site of
p825.1 or the Hpal site of p824.1. A Sall linker was added to each
digested endpoint, which allowed release of the fragments by
digestion with BamHI and Sall.
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pA1(CATgs to examine both orientations of each LCR
fragment. In addition to the BAL 31-generated fragments,
three subgenomic restriction fragments were individually
cloned into the Clal site of p796, a pA;(CAT derivative
vector with the same requirements for CAT expression as
pA10CAT. These fragments were the 375-bp Clal (nucleotide
6834)-to-Hpall (nucleotide 7209) fragment (p797 and p801),
the 156-bp Hpall (nucleotides 7209 to 7365) fragment (p802),
and the 123-bp Hpall (nucleotides 7902 to 80) fragment
(p1083).

Further fine mapping of the E2RE; was accomplished by
BAL 31 digestion from the BamHI site of the deletion
fragment (nucleotides 7611 to 7946) derived from p825.1.
The new ends were modified by the addition of a BglIl
linker; these new fragments were sequenced and inserted
into pA;(CATsg and pA;¢CATgs as described above.

Construction of BPV-1 LCR promoter CAT plasmids. Sev-
eral approaches were used to generate CAT expression
vectors directed by the BPV-1 LCR promoters. Bg/II linkers
were inserted independently into each of the Avall sites of
the BPV-1 LCR in p824.1 after partial digestion with Avall.
Digestion of the resulting recombinant plasmids with BamHI
and BgllI then generated fragments from the BamHI at
nucleotide 6958 to each of the former Avall sites at nucleo-
tides 7456, 7819, and 93. These three BPV-1 LCR fragments
were cloned into the BglIl site 5' of the CAT gene of
pCAT3M in the transcriptional sense orientation to generate
pl066, pl067, and pl068, respectively. The plasmid
pCAT3M is an enhancer- and promoter-deficient CAT vec-
tor (16).

To investigate the transcriptional activity of the Psgq
promoter independently of the Pgy promoter, a fragment
containing the LCR from the HindIII site (nucleotide 6958)
to the Hpal site (nucleotide 7946/1), which was modified
with BamHI linkers at each end, was inserted in the sense
orientation into the BglII site of pPCAT3M, generating p1069.

Additional LCR-and-CAT fusion plasmids were generated
from the series of BAL 31 deletion fragments from p824.1
cloned into pA;(CATgs. These plasmids contain the BPV-1
LCR from the HindIII site at nucleotide 6958 to various
downstream endpoints cloned in the transcriptional sense
orientation relative to the CAT gene. Digestion of these
plasmids with HindIII (a unique HindIII site lies just 5’ to the
CAT AUG) and Sall removed the simian virus 40 (SV40)
promoter sequence upstream of the CAT gene. These plas-
mids were religated into closed circles after filling in the ends
with DNA polymerase to regenerate the HindlIII site. These
plasmids, designated p1074, p1073, p1072, p1071, p1070, and
pl075, have BPV-1 3’ LCR endpoints at nucleotides 7865,
7680, 7655, 7507, 7444, and 7385, respectively. An additional
LCR-CAT plasmid (p1076) was generated by deleting the
HindIll-to-Mlul fragment of p407-1, which contains the
entire BPV-1 LCR cloned in the transcriptional sense orien-
tation 5’ to the SV40 promoter in pA;(CAT (27). This
deletion removes the SV40 promoter and sequences 3’ to
nucleotide 7351 of the BPV-1 LCR. LCR upstream deletions
in pl066 were constructed by deleting from the Clal site of
the vector polylinker to the Narl site (nucleotide 7274), the
Clal site (nucleotide 7476), and the Styl site (nucleotide
7656) of the LCR to generate pl078, pl077, and p1079,
respectively.

Transient expression assays. African green monkey kidney
CV-1 cells were maintained in Dulbecco modified Eagle
medium supplemented with 10% fetal calf serum, penicillin
(100 U/ml), and streptomycin (100 pg/ml). CV-1 cotrans-
fections for CAT expression analysis were performed as
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previously described (27). Briefly, S pg of the CAT-
containing plasmid and 10 pg of either high-molecular-
weight salmon sperm (ss) DNA or the E2-expressing plas-
mid, C59 (30), were coprecipitated with calcium phosphate
by the method of Graham and van der Eb (10). The cells
were incubated for 4 h before a 1-min 15% glycerol shock (7).
The cells were incubated in media containing 5 mM sodium
butyrate (8) until harvested 48 h posttransfection. Prepara-
tion of cellular extracts by freeze-thawing and CAT assays
were performed as described previously (9, 27).

RNA extraction. RNA analysis was carried out on cells
similarly cotransfected, except that for each sample, a 150-
cm? flask of CV-1 cells received 60 pg of CAT plasmid and
120 pg of either ss DNA or C59 DNA. Cotransfected CV-1
cells were harvested 48 h posttransfection. A portion (1/20)
of the cell pellet was removed and assayed for CAT expres-
sion. The remainder of the cell pellet was lysed in 4 M
guanidine isothiocyanate-0.5% sodium N-lauroylsar-
cosine-25 mM sodium citrate (pH 7.0)-0.1 M 2-mercaptoeth-
anol. The high-molecular-weight DNA was sheared by sev-
eral passages through an 18-gauge needle. Total RNA was
purified by pelleting through a cushion of 5.7 M cesium
chloride and 0.1 M EDTA, pH 7.0, by centrifugation at
30,000 rpm in an SW41 rotor for 20 h (4). The pelleted RNA
was suspended in distilled water and ethanol precipitated
twice in the presence of 0.3 M sodium acetate before primer
extension analysis.

Primer extension analysis. A 20-base oligonucleotide
primer, ' TTGGGATATATCAACGGTGG 3', complemen-
tary to CAT mRNA 25 nucleotides 3’ to the first AUG of the
CAT message, was synthesized. The primer was 5’ end
labeled by using T4 polynucleotide kinase and [y-*?P]JATP
(5,000 Ci/mmol) at a 2:1 molar ratio with the DNA. Approx-
imately 4 ng of the labeled primer was annealed with 15 pg of
total RNA in the presence of 100 mM NaCl-20 mM Tris
hydrochloride (pH 7.0)-0.1 mM EDTA by denaturing the
mixture at 90°C for 3 min, followed by a 10-min incubation at
55°C and gradual cooling to room temperature over a period
of approximately 30 min. Under these conditions, there was
a substantial molar excess of oligonucleotide to specific CAT
mRNA, to ensure a quantitative analysis. The oligonucleo-
tide primer annealed to the RNA was then extended with
reverse transcriptase (cloned Moloney murine leukemia vi-
rus [Bethesda Research Laboratories]) in the presence of 50
mM Tris hydrochloride (pH 7.5)-100 pg of bovine serum
albumin per ml-3 mM MgCl,, 75 mM KCI-50 pg of actino-
mycin D per ml-0.5 mM dNTPs-10 mM dithiothreitol-4,000
U of reverse transcriptase per ml for 1 h at 37°C. The
reaction was stopped by the addition of EDTA (final con-
centration, 25 mM) followed by extraction with phenol-
chloroform. The primer extension products were precip-
itated with ethanol, electrophoresed on an 8% polyacryl-
amide-7 M urea gel and analyzed by autoradiography.

RESULTS

E2 trans-activation mediated at RNA level. In the initial
studies describing trans-activation mediated by the E2-
conditional enhancer within the BPV-1 LCR, the activation
was stated to be transcriptional on the basis of the steady-
state levels of CAT RNA measured by dot-blot analysis.
Confirmation that the mechanism of E2 trans-activation is
transcriptional was carried out by primer extension analysis
using a 5’ end-labeled synthetic oligonucleotide complemen-
tary to a segment of the CAT-coding sequences. Since the
analysis is done in vast primer excess, the quantity of primer
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FIG. 2. Primer extension analysis from CV-1 cotransfections of
(A) pA1oCAT plus ss DNA, (B) pA;(CAT plus C59 DNA, (C) p407-1
plus ss DNA, (D) p407-1 plus C59, and (E) pSV2CAT. Lane M
contains labeled marker fragments. The diagram of the SV40 pro-
moter linked to the CAT gene depicts the expected primer extension
products for the SV40 E. promoter start sites. The CAT activities
(percent chloramphenicol acetylated in a 30-min assay) measured in
parallel from cellular extracts from these transfections were 0.2, 0.8,
0.5, 62.6, and 98.7% for lanes A, B, C, D, and E, respectively. n and
nt, Nucleotides.

extension products generated is directly related to the abun-
dance of the steady-state CAT RNA present in the cell.
Additionally, size analysis of the products by polyacryl-
amide gel electrophoresis permits one to determine whether
the authentic SV40 early promoter start sites are faithfully
used. RNAs generated from the SV40 early promoter by
using the early early (E.) start sites will generate primed
cDNA products 135 and 140 bases long. Transfections of the
enhancer-deleted plasmid pA;oCAT (Fig. 2, lanes A and B)
failed to generate any detectable CAT RNA in the presence
of ssDNA or a plasmid (C59) expressing the BPV-1 E2 gene
product. Lanes C and D show the primer extension products
of p407-1 cotransfections in the presence of ss or C59 DNA,
respectively. The plasmid, p407-1, contains the entire BPV-1
LCR upstream of the SV40 enhancer-deleted early promoter
and has been shown to express CAT when transfected with
the BPV-1 E2 gene product (27). Lane E shows the products
of a transfection with pSV2CAT, which contains the SV40
early promoter and enhancer directing synthesis of CAT (9,
16). No CAT-specific primer extension products were seen
with p407-1 in the presence of the ss DNA; however, in the
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presence of E2 expressed from the C59 DNA, the two major
primer extension products, 135 and 140 nucleotides in
length, were generated (lane D). Primer extension products
shorter in length than the expected products from the major
E. start sites were seen in both p407-1 and pSV2CAT
transfections and may represent additional minor RNA start
sites. These data confirm that the mechanism of E2 trans-
activation is transcriptional and manifest at the steady-state
levels of RNA.

Localization of the E2-responsive elements. To localize the
region(s) of the LCR which contains the E2-responsive
element(s), a series of deletion mutations of the LCR was
generated by digestion with BAL 31 exonuclease from either
end of the LCR. The resulting fragments were cloned in
either orientation 5’ to the CAT gene in the pA,;(CAT-based
vectors, pA;gCATsg and pA;¢CATgs depicted in Fig. la.
Each of the resulting plasmids was transfected into CV-1
cells with either ss DNA alone or with C59 DNA. In each
case, the cellular extracts from these transfections were
assayed for CAT expression 48 h posttransfection. The data
are presented in Fig. 3. Normalized amounts of each extract
were incubated for 30 min with chloramphenicol and acetyl
coenzyme A. Although these conditions were not always in
the linear range for the CAT assay, they provided the
conditions to identify E2-responsive elements. In all but two
cases, the LCR inserts were assayed in the antisense orien-
tation, as well as the sense orientation. Progressive deletion
of the LCR from the HindIII site at nucleotide 6958 down to
nucleotide 7634 did not eliminate E2-dependent enhancer
activity. The fragment from nucleotide 7611 to the Hpal site
(nucleotide 7946) had enhancer activity equivalent to that of
the entire LCR, and its activity was independent of orienta-
tion. Deletion to nucleotide 7634 (p973) from nucleotide 7611
(p977) resulted in a significant decrease in E2-conditional
enhancer activity. A 124-bp Hpall fragment containing only
the downstream region from nucleotides 7903 to 80 cloned
into the pA;gCAT-modified vector p796 (p1083) had no
enhancer activity in response to E2. The series of deletion
fragments generated from the Hpal site at nucleotide 7946
shows that the sequences between nucleotide 7865 and the
Hpal site can be eliminated without decreasing enhancer
activity (Fig. 3). Further deletion of sequences to nucleotide
7680 (p1000 and p1009) did reduce the activity of the LCR
enhancer (Fig. 3). Deletion to nucleotide 7386 decreased, but
did not eliminate, the E2-dependent enhancer activity of the
fragment. Since two nonoverlapping LCR fragments contain
E2-conditional enhancer activity, it is clear that there must
be at least two E2-responsive elements (E2REs) located in
the LCR. From the overlapping sets of fragments which
contain full E2-dependent enhancer activity, the major E2-
responsive element (E2RE,) could be preliminarily mapped
between nucleotides 7611 and 7865.

As noted above, a second E2-responsive element (E2RE;)
is present further upstream in the LCR. The activity of this
element can be seen in the deletions from the Hpal site
which eliminate the enhancer between nucleotides 7611 and
7865. Some plasmids which were deleted of E2RE, (Fig. 3)
still retained substantial E2-dependent activity and ex-
pressed approximately 20-fold-higher levels of CAT in the
presence of E2 than in the absence of E2. Comparison of the
activities obtained from p1005 and p797 transfections (Fig. 3)
suggests that the sequences sufficient for partial activity are
located between nucleotides 7209 and 7386, although the
upstream endpoint needs to be further defined. An Hpall
fragment from nucleotides 7209 to 7365 was therefore cloned
into p796 and found to activate CAT expression fivefold in
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FIG. 3. Localization of the E2-responsive elements. A diagram of the LCR with the known BPV-1 promoters indicated is shown at the
top for reference. Each of the fragments depicted was cloned into both pA;(CATgs and pA;CATsg. Each of these plasmids was transfected
into CV-1 cells with either ss DNA or C59 DNA. A normalized amount of cellular extract from each transfection was then assayed for CAT
activity (percent chloramphenicol acetylated in a 30-min assay). The data represent the average of three experiments. The sequenced endpoint

for each BAL 31 deletion fragment is indicated.

the presence of E2 (p802; data not shown). In contrast to
E2RE,, E2RE, had significant E2-dependent activity only in
the transcriptional sense orientation (Fig. 3, plasmids p1002,
pl1011, p1004, p1030, p100S, and p1031).

To further define the minimal sequences comprising
E2RE,, the deletion fragment from nucleotides 7611 to 7945
was digested with BAL 31 exonuclease from the right-hand
side (nucleotide 7945) to generate the fragments depicted in
Fig. 4. Each of these fragments was cloned into pA;(CATsp

and into pA;gCATgs, and the resulting recombinants were
assayed for CAT expression in cotransfections of CV-1 cells
as above. The plasmids p964 and p968 had full activity in the
presence of E2, mapping E2RE;, to between nucleotides 7611
and 7806 (Fig. 4). Further deletion to nucleotide 7769 re-
duced enhancer activity by at least 50%; deletion to nucle-
otide 7762 virtually eliminated the ability of this fragment to
respond to E2. We therefore localized E2RE,, as assayed by
its ability to activate the SV40 enhancer-deleted early pro-

P'!l. pl PM P.
Cr - r
i B -7 - % Chloramphenicol Acetylated
Plasmids el i .

. o H sense antisense
sense antisense e : + ss + C59 + ss + C59
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p965 p969 —— 0.7 48.6 0.2 63.8
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p966 p970 — 0.5 27 0.2 27
pA10CAT 0.5 11

FIG. 4. Fine mapping of E2RE,. The BPV-1 LCR fragment from nucleotides 7611 to 7946 was progressively digested with BAL 31
exonuclease from nucleotide 7946 to generate the indicated fragments. A diagram of the LCR is shown above as a reference. Each of the new
endpoints was determined by sequencing, and the fragments were cloned into the pA,(CAT-based vectors. Each of these plasmids was
transfected into CV-1 cells in the presence of ss DNA or C59 DNA and was then assayed for CAT expression (percent chloramphenicol
acetylated in a 30-min assay).
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GCTCCCCAAGGGACTGCTGGGATGACAGCTTCATATTATATTGAATGGGC
7651 7661 7671 7681 7691
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GCATAATCAGCTTAATTGGTGAGGACAAGCTACAAGTTGTAACCTGATCT
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FIG. 5. The sequence of the BPV-1 E2RE;,. The locations of the
endpoints of BAL 31 deletion fragments for some of the plasmids are
indicated by vertical arrows. The sequences shown in shading
represent the ACCNGGT motif conserved among the papil-
lomavirus genomes. An additional C at nucleotide 7761 was con-
firmed during sequence analysis and is included in this figure. The
horizontal arrows indicate an inverted repeat in BPV-1 E2RE,
which is very similar to an inverted repeat in the polyomavirus alpha
enhancer. The sequence of this region in the polyomavirus genome
is shown below for comparison.

moter between nucleotides 7611 and 7806. To assess
whether the mechanism of activation of E2RE; was identical
to that of the full LCR fragment, we analyzed the RNA from
cotransfections of CV-1 cells with pA,;(CAT-based plasmids
containing only E2RE; as an enhancer by primer extension
analysis with the CAT oligonucleotide primer described
above. Cotransfections of p977, p963, and p964 with C59
expressing E2 resulted in a marked increase in the levels of
CAT mRNA identical to that shown for p407-1 in Fig. 2 (data
not shown); the increase in steady-state levels of CAT
mRNA was therefore due to the activation of the SV40 early
promoter utilizing the E,. start sites.

The sequence of the E2RE; (nucleotides 7611 to 7806) is
shown in Fig. 5. An additional C in the BPV-1 LCR at
nucleotide 7761 was noted during sequencing of the deletion
fragments which contain this region. This correction of the
published sequence (3) adds an additional base to the se-
quence of the BPV-1 genome. The location of various BAL
31 deletion endpoints are marked in this figure. Comparison
of the location of each of the deletion fragment endpoints
with the CAT expression levels obtained with each deletion
fragment (Fig. 3 and 4) suggests that the ACCN¢GGT
sequence motifs are a critical component of this conditional
enhancer. In each of the LCR fragments in p965 and p969,
one complete motif, as well as some flanking sequences, has
been removed, resulting in a significant reduction in en-
hancer activity. A deletion which extended an additional
seven nucleotides into the second motif (p966 and p970)
effectively eliminated the E2-dependent enhancer function.
Thus the presence of the ACCNgGGT motifs alone in the
LCR fragment was not sufficient for E2-dependent enhancer
activity, since p966 and p970 still contained the two up-
stream motifs, yet were unresponsive to E2-mediated trans-
activation. Deletion of the first of the upstream motifs (p973)
as shown in Fig. 3 also reduced the E2-dependent enhancer
activity of the LCR. As noted below, in experiments assess-
ing the BPV-1 promoter response to E2 trans-activation, a
deletion in E2RE; to nucleotide 7656 which deleted both
upstream ACCN¢GGT motifs virtually eliminated the activ-
ity of the fragment. Thus, the paired motifs at each end of
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E2RE, appear to be required for the full E2-dependent
enhancer activity. Deletion of one motif at either end results
in a significant decrease in activity. Deletion of both motifs
at either end eliminates the activity.

In addition to these motifs, this sequence also contains an
inverted sequence repeat which is very homologous to an
inverted repeat in the alpha enhancer of polyomavirus (13).
The sequence of this region in polyomavirus is shown at the
bottom of Fig. 5 for comparison. The presence of this
sequence in the BPV-1 E2RE,; suggests that factors other
than E2, presumably cellular factors, are likely to be in-
volved in its activity.

Analysis of BPV-1 promeoters responsive to E2. To deter-
mine whether the BPV-1 promoters downstream of E2RE,
(i.e., Pyg40 and Pgo) are regulated by the trans-activation of
the E2-responsive elements mapped above, the LCR was
tested for its ability to directly promote CAT expression,
independent of the SV40 promoter. For these experiments,
the series of plasmids containing the BPV-1 LCR driving the
CAT gene shown in Fig. 6 was constructed. To generate
each of these plasmids, either the SV40 promoter was
removed from the original plasmid or an LCR fragment was
inserted into a promoter-deleted CAT vector as described in
Materials and Methods. In the schematic diagram at the top
of Fig. 6, the positions of the LCR promoters (2) and the
E2-responsive elements are noted. None of the plasmids
expressed levels of CAT substantially above the background
(pCAT3M) in CV-1 cells in the absence of E2. However,
plasmids containing the downstream sequences of the LCR,
including E2RE, expressed measurable levels of CAT in the
presence of E2. Although the levels of CAT expression from
plasmids with different BPV-1 sequences 5’ to the CAT gene
do not necessarily reflect an accurate measure of promoter
strength, expression of CAT per se is reflective of an active
promoter. Plasmids pl066 and pl069, which contained
E2RE; and at least one of the downstream LCR promoters,
expressed CAT at a level 20- to 100-fold above the back-
ground in the presence of E2. The plasmid p1069 contains
only the Pjo promoter, suggesting that this promoter is
responsive to E2. Both the Pgy and P94y promoters are
present in p1066 so analysis of the 5’ ends of the CAT mRNA
from this plasmid was necessary to determine whether Pgo
was independently responsive to E2 (see below).

The upstream region of the LCR contains E2RE,, the P55
promoter, which is active at low levels in BPV-1 transformed
cells, and the late promoter, Py, which is wart specific and
directs the synthesis of RNAs with 5’ ends mapping hetero-
geneously between nucleotides 7210 and 7250 (2). Thus, as
assayed by CAT expression in CV-1 cells, no evidence of E2
stimulation of these two promoters was noted (Fig. 6). To
determine whether E2RE, is sufficient for E2 activation of
the downstream promoters, Pjo40 and Pgy, deletions of se-
quences upstream of the Narl site at nucleotide 7274
(p1078), the Clal site at nucleotide 7476 (pl1077), and the
Fokl site at nucleotide 7610 (p1080) were made. Each of
these plasmids was still able to express CAT in the presence
of E2, indicating that E2RE, is not required for activation of
the downstream promoters. The level of expression was
slightly lower for p1078 than for the parent plasmid, p1066,
suggesting that E2RE, might be important for full expression
of the downstream promoters in the context of the entire
LCR. An additional 5' LCR deletion to the Sryl site at
nucleotide 7656 (p1079) differs from p1080 by a deletion of 35
nucleotides, which includes the two upstream ACCN¢GGT
motifs of E2RE,;. This deletion reduced CAT expression to
near background levels indicating that the sequences be-
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FIG. 6. The BPV-1 LCR or fragments of the LCR were assayed for their ability to promote the expression of CAT directly. Portions of
the BPV-1 LCR (O) were cloned, as described in Materials and Methods, 5’ to the CAT gene (a linker indicated by M), and these plasmids
were then assayed for CAT expression with or without C59 DNA. CAT activity is expressed as the percent chloramphenicol acetylated in
a 30-min assay. The plasmid pCAT3M is an enhancer- and promoter-deleted CAT vector, and pSV2CAT is a CAT expression vector
containing both the SV40 enhancer and promoter (indicated by ). The locations of the LCR promoters and the E2-responsive elements

are shown above for reference.

tween nucleotides 7611 and 7656 containing two AC
CN¢GGT motifs are involved in the E2RE;-mediated activa-
tion of the P;949 and Pgy promoters (see below).

BPV-1 promoters P49 and Pgy activated in response to E2.
To determine whether the increased CAT expression in
p1066 in the presence of E2 was due to an increase in CAT
RNA and to determine the 5’ ends of the RNAs, primer
extension of the RNAs was done with the CAT oligonucle-
otide described above. RNA from CV-1 cells transfected
with the promoter-deficient CAT vector, pCAT3M, in the
absence or presence of C59 DNA, respectively, expressed
no detectable CAT RNA (Fig. 7, lanes A and B). RNA from
cells transfected with pl066 in the absence or presence of
C59 was also analyzed, and the oligonucleotide-primed
cDNAs are presented in lanes C and D. A diagram of the
LCR is shown below the autoradiograph indicating the
predicted sizes of the primed cDNAs for each of the two
viral promoters mapped to this region of the LCR. No CAT
RNA was found in the cells transfected with pl1066 alone
(lane C). In the presence of the expressed E2, however, both
P.940 and Pgy were active in pl066. The prominent band at
185 nucleotides corresponds to P94, and the band at 88
nucleotides corresponds to a start site for the CAT RNA at
the Pgy promoter. Thus, both downstream promoters are
responsive to E2 trans-activation mediated by E2RE;. A
third prominent primer extension product was also noted at
approximately 155 nucleotides and, if unspliced, would
correspond to a start site at nucleotide 25 within BPV-1.

Analysis of RNAs from transformed cells and from produc-
tively infected cells has not identified a transcriptional start
site at nucleotide 25; thus, the physiologic significance of this
RNA species is unclear.

Additional analysis was also performed on RNA extracted
from CV-1 cells transfected with pl069 which contain the
Ps949 promoter, but not the Pgy promoter. A prominent
primer extension product corresponding to a start site at
P.o40 Was present in the analysis of RNAs in cells cotrans-
fected with C59 expressing E2, but not in cells cotransfected
with ss DNA (data not shown). Primer extension analysis of
RNA extracted from pl077 transfections in the presence or
absence of C59 DNA showed no appreciable difference in
comparison with the p1066 cotransfections (data not shown).
Thus sequences upstream of the Clal site at nucleotide 7476
are not strictly required for the E2-mediated trans-activation
of the two downstream promoters through E2RE;.

DISCUSSION

The studies described in this paper were undertaken to
further an understanding of the regulation of papillomavirus
gene expression. We have previously shown that the E2
gene product of BPV-1 is a transcriptional trans-activator
and that the target of this trans-activation mapped within the
1-kilobase HindIlI-to-Hpal LCR fragment (27). This LCR
element has properties of a classical enhancer, in that it
activates gene expression from the enhancer-deleted SV40
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promoter in an orientation- and position-independent man-
ner. In this paper we have confirmed that the trans-
activation is mediated at the level of transcription by direct
measurement of the levels of CAT RNA by quantitative
primer extension analysis. The increased gene expression of
plasmids containing the LCR in the presence of the E2 gene
product is due to an increase in the steady-state level of
mRNA. Since the target for this trans-activation is not
represented in the RNA transcript, and since the activation
is independent of the orientation and position of the element,
we interpret the data to indicate that the mechanism of E2
trans-activation is through an increase in the rate of tran-
scription, rather than through message stability. The gener-
ality of E2 trans-activation among the papillomaviruses has
recently become apparent. Several other papillomaviruses
have now been shown to contain enhancers in presumed
control regions corresponding to the BPV-1 LCR (22; H.
Hirochika, T. Broker, and L. Chow, personal communica-
tion). These elements are conditional enhancers, in that they
can be specifically trans-activated by either their homolo-
gous E2 gene product or the BPV-1 E2 gene product. In our
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FIG. 7. Primer extension analysis of the CAT RNA extracted
from CV-1 cells after cotransfection: (A) pPCAT3M plus ss DNA, (B)
pCAT3M plus C59 DNA, (C) p1066 plus ss DNA, and (D) p1066 plus
C59 DNA. The positions of marker band lengths are shown at the
left, and the calculated lengths of prominent cDNAs generated by
this primer extension analysis are shown at the right of the autoradi-
ograph. A diagram of pl066 is shown below which locates the
positions of the primer extension products relative to the known
BPV-1 promoters. The 88-nucleotide (88n.) and 185-nucleotide
(185n.) products correspond to the major 5’ ends for Pgy and Pio4,
respectively. The 155-nucleotide (155n.) product does not corre-
spond with the 5’ end of any BPV-1 promoter yet described.
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laboratory, the human papillomavirus type 16 LCR enhancer
has been analyzed and shown to respond to either the human
papillomavirus type 16 or BPV-1 E2 gene product (22). The
fact that different papillomaviruses contain this similar viral
control mechanism suggests that it must play a critical role in
transcriptional regulation during the life cycle of the virus.

The data presented in Fig. 3 and 4 clearly show the
existence of a strong conditional enhancer near the 3’ end of
the LCR. We have localized this enhancer to between
nucleotides 7611 and 7806 and have designated this region
E2RE,. The deletion analysis also revealed the presence of a
second E2-responsive region in the vicinity of the late
promoter and the P;;g35 promoter. This activity maps be-
tween nucleotides 7200 and 7386 and is designated E2RE,.
The activity of this element differs from that of E2RE,, in
that it is stronger in one orientation than the other, and it is
severalfold lower in activity. We have not studied this
element in great detail, but it is possible that it plays some
role in the regulation of the Py or of the P;35 promoter.
Additional variability was noted for the basal and the E2-
trans-activated enhancer levels of the different LCR frag-
ments analyzed, suggesting that cis elements are located
within this region which are also involved in the transcrip-
tional regulation.

The anatomy of E2RE; reveals several features which
may be critical to its function in transcriptional activation.
At each end of this element are two repeated motifs,
ACCNGGT. Their presence correlated well with the ability
of the fragment to function as an E2-dependent enhancer.
Deletion of one complete copy on either side (p965, p969, or
p973) reduced the enhancer activity of this element at least
50%. Deletion of both copies on the downstream side of the
enhancer (p966 and p970) correlated with the inability of this
fragment to activate transcription even though the two
upstream motifs were still present. Similarly, deletion of
both of the upstream motifs in p1079 eliminated the ability of
E2RE; to activate the authentic BPV-1 promoters, P49 and
Py, in the presence of E2 (Fig. 6). The observation that the
E2-dependent activation of transcription from E2RE,; ap-
peared to require at least one (but preferably two) motifs at
each end of the element suggests that some cooperativity
between the two ends of the element is involved in the
activation mechanism. One obvious possibility is that these
motifs are the binding site for a multimeric protein which
binds both ends of this element at the same time.

Recently several groups have expressed the E2 gene
product in bacteria (1, 21) and in mammalian cell extracts (A.
McBride and P. M. Howley, manuscript in preparation). In
vitro studies have shown these E2 proteins can bind DNA
and can specifically bind to fragments of the BPV-1 genome
containing E2RE;. The fragment with the highest affinity for
E2 is that which contains E2RE; (1, 21). Most recently it has
been shown that synthetic oligonucleotides containing the
ACCN(GGT motif can specifically compete for the E2
binding of the BPV-1 E2RE, sequences (1; McBride and
Howley, in preparation). Given that the presence and spe-
cific location of the ACCN¢GGT motifs in E2RE, correlate
with the E2-dependent activation of transcription and that
E2 has been shown to bind these sequences directly in vitro,
we postulate that direct E2 binding to the ACCN¢GGT
motifs in E2RE; is critical for the transcriptional activation
of the BPV-1 P94 and Pgy promoters. On the basis of the
twofold symmetry of the double-stranded ACCN¢GGT mo-
tif, it is possible that E2 exists in a multimeric form when
binding to the motif. We can also hypothesize that there is
interaction between complexes of the E2 multimeric protein
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binding at the different ACCNgGGT motifs. This interaction
could involve direct binding through domains of the E2
protein other than the DNA-binding domain or could be
indirect through association with cellular factors. Through
such interactions, the E2 protein binding to the motifs at
each end of E2RE; might alter the tertiary structure of this
regulatory element into a configuration which may then
allow the interaction of other transcription factors.

The possibility of an interaction of E2RE; with cellular
transcription factors, in addition to the viral E2 protein, is
supported by the presence of inverted sequence repeats in
the middle of E2RE; which are quite similar to repeats in the
alpha enhancer of polyomavirus. These sequences might
serve as binding sites for other viral or cellular transcription
factors. Mutational analysis of E2RE; will be necessary to
identify other critical cis elements. It will be of interest to
determine whether E2 binding to sequences in E2RE; may
play a role in determining the availability of such sites for
interaction with cellular factors.

We have not done extensive mapping of E2RE, to deter-
mine whether the ACCN¢GGT motifs are essential for the
E2 response of this element, but two differences between
p1005S (Fig. 3) and p802 (a plasmid containing the Hpall
fragment from nucleotides 7209 to 7365 cloned into p796) are
the loss of sequences between nucleotides 7365 and 7386
which contains one copy of this motif and the interruption of
a second motif (nucleotides 7200 to 7211) 150 nucleotides
upstream. This fragment is fourfold less active in response to
E2 than the fragment in p100S, suggesting that these motifs
are also important elements in the E2-mediated response of
E2RE,. We do not know yet what role E2RE, plays in the
control of BPV-1 transcription or if the presence of the
putative E2 binding sites near P,443 and Psgg is important in
the control of viral transcription; however, these studies are
currently in progress.

E2 trans-activation is likely to be important in controlling
the expression of the genes of the transforming region. The
fact that E2 is apparently required for the activation of the
P,949 and Pgg promoters would explain the pleiotropic effects
of mutations in the E2 gene (5, 11, 23, 26) since genes
involved in replication, plasmid maintenance, and transfor-
mation are under control of the LCR promoters. In a model
temporally ordering the events in the life cycle of BPV-1, the
expression of the full-length E2 ORF would occur early in
infection. The expression of E2 would then lead to the
activation of Pgg and P;949, leading in turn to the expression
of the products of the 5’ ORFs of the transforming region.
Studies of the temporal expression of the known BPV-1
promoters to explore this model are currently in progress.
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