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The upstream regulatory regions of human papillomavirus (HPV) types 1, 6b, 7, 11, 16, and 18, bovine
papillomavirus type 1, and cottontail rabbit papillomavirus were cloned into transcriptional enhancer assay
plasmids which carry the simian virus 40 early promoter lacking its own enhancer and the bacterial gene
encoding chloramphenicol acetyltransferase (EC 2.3.1.28) (CAT). Enhancer activity, reflected by CAT gene
expression, was detected in all of the upstream regulatory regions tested only when the recombinants were
cotransfected with plasmids which express an intact E2 open reading frame of HPV types 1 and 11 or bovine
papillomavirus type 1. Each E2 protein stimulated the enhancer from the same virus and, to somewhat lesser
degrees, also those from the heterologous viruses. Hence, the enhancer and the E2 protein are functionally
conserved among papillomaviruses. There was some nonreciprocity in the extent of trams-activation in
heterologous E2-enhancer interactions. Primer extension analyses demonstrated that the E2 proteins increased
the abundance of CAT gene mRNA. Tandem multiplication of the HPV type 11 enhancer sequence
dramatically increased its response to E2 stimulation; this is possibly relevant to the pathogenicity of

papillomaviruses.

Papillomaviruses induce benign epithelial proliferations
(warts) in many species of animals, including humans (for a
review, see reference 35). Recently, the human papil-
lomaviruses (HPVs) have received particular attention be-
cause some are associated with genital tract dysplasias and
carcinomas (52). About 45 types of human HPVs have been
identified, and each has a closed circular double-stranded
DNA genome about 7,900 base pairs (bp) long. Nucleotide
sequence analyses show that the genome organization is
highly conserved among these viruses (4). Each type of
papillomavirus has a tropism for a particular kind of epithe-
lium. Moreover, elevated levels of viral DNA replication and
RNA transcription are attained only in the epithelial strata
consisting of more highly differentiated keratinocytes. As
there is no permissive in vitro culture system for papil-
lomaviruses, our understanding of the regulation of tran-
scription and replication and the mechanism of pathogenesis
is limited. The major exception is bovine papillomavirus
type 1 (BPV-1), which can replicate in and transform certain
mouse cell lines (14). In these cells, only the early genes are
expressed and the functions of various open reading frames
(ORFs) have been assigned based on elegant genetic analy-
ses (for a review, see references 3a and 4).

Enhancer sequences stimulate transcription of linked
genes in a fashion relatively independent of orientation and
location and have been identified in papovaviruses,
adenoviruses, hepatitis B virus, retroviruses, immunoglobu-
lin genes, and interferon genes (for a review, see reference
41). Certain enhancers appear to be involved in host and
tissue specificity. All papillomaviral DNAs have a long
sequence which lacks apparent ORFs located downstream
from the late region and preceding the early region. It is
termed the upstream regulatory region (URR), synonymous
with noncoding region or long control region. The replication
origin (29, 48) and several promoters have been mapped in
this region, based primarily on the 5’ ends of viral transcripts
(2a, 7, 12, 33, 43, 45, 47, 50; J. Choe and M. Botchan,
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personal communication). Recently, an enhancer sequence
was identified in the URR of BPV-1 (46). It is activated by a
trans-acting factor encoded by the E2 ORF (46, 51). All of
the sequenced papillomaviruses, including HPVs, cottontail
rabbit papillomavirus (CRPV), and BPV-1, have an E2 ORF
of analogous size and genomic location. Here, we describe
the identification and characterization of the HPV-1 and
HPV-11 E2 enhancer-stimulating proteins and the interac-
tions of E2 proteins of HPV-1, HPV-11, and BPV-1 with
enhancers of many different HPVs as well as those of BPY-1
and CRPV.

MATERIALS AND METHODS

Construction of CAT plasmids. Figure 1 shows the en-
hancer assay plasmids pCAT-A and pCAT-B. These vectors
contain the bacterial chloramphenicol acetyltransferase (EC
2.3.1.28) (CAT) gene under control of the simian virus 40
(SV40) early promoter, which lacks the SV40 enhancer. The
Sphl-BamHI fragment isolated from pSV2CAT (20) was
made blunt end with S1 nuclease and cloned into the Smal
site of pUC19. The URR sequences were then cloned into
these plasmids. The pUR series plasmids except pUR14 and
pURI1S were constructed by cloning DNA fragments (see
Table 1 and Fig. 3) into the polylinker sites (HindIIl, Pstl,
Sall, and BamHI) of pCAT-A. pUR14 and pUR1S5 were
constructed by cloning the DNA fragment into the BamHI
site of pCAT-B. The pUR plasmids carry the URR se-
quences in the same or opposite orientation relative to the
CAT gene as to the papillomaviral ORFs. The DNA restric-
tion fragments used for cloning were isolated by agarose gel
electrophoresis and electroelution.

The plasmids carrying multiple copies of the HPV-11
enhancer sequence were constructed as follows. The
BamHI-BstEIl fragment of HPV-11 DNA (nucleotides [nt]
7072 to 7904) was first cloned into the Sall site of pCAT-A to
make plasmid pUR21. The 5’ sequences not necessary for
the enhancer activity were deleted by BAL 31 nuclease
resection. One to five copies of the resulting enhancer
sequence (nt 7674 to 7904) were cloned into the BamHI site
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FIG. 1. Structures of enhancer assay plasmids. The Sphl-BamHI
fragment from pSV2CAT was cloned into the Smal site of pUC19 in
either orientation to generate pCAT-A and pCAT-B. These plasmids
carry the CAT gene downstream from the SV40 early promoter but
lack the SV40 enhancer sequence. The various restriction fragments
of papillomaviral DNAs were recombined into the polylinker of
these plasmids to test for enhancer sequences. Ap‘, Ampicillin
resistance.

of pCAT-A in the sense orientation. The details of the
construction of the enhancer deletion mutations and the
analysis of enhancer activity will be described elsewhere (H.
Hirochika et al., manuscript in preparation).

Construction of E2 ORF expression plasmids. Figure 2
shows the construction of eucaryotic expression plasmids of
the HPV-1 E2 ORF, which extends from nt 2568 through nt
3794, with the first AUG at nt 2592. pRSE2(1-1), pRSE2(2-
1), pRSE2(3-1), and pRSE2(4-1) were constructed as fol-
lows. The papillomaviral DNA fragments generated by re-
striction enzyme digestions of a whole genomic HPV-1 clone
were purified and first inserted into polylinker sites of
pUC19. Cloned fragments were isolated by digestion with
Sacl and Sall and ligated to the Sacl and Xhol sites in a
Rous sarcoma virus (RSV) vector (kindly supplied by Joe
Sorge) downstream of the long terminal repetition (LTR) but
upstream of the AUG initiation codon of the gag gene. For
construction of pRSE2(6-1) and pRSE2(7-1), an HPV-1 clone
linearized with Sacl (nt 2359) was treated with BAL 31
nuclease, digested with BglII, and cloned into the Smal and
BamHLI sites of pUC19. The desired deletion mutations were
then cloned into the RSV LTR vector as described above.
pRSE2(6-1)BE was constructed as follows. pRSE2(6-1),
which has three BstEII sites, was partially digested with
BstEII to generate a linear molecule, and the overhung ends
were filled in with the Klenow fragment of Escherichia coli
DNA polymerase 1. Following blunt-end ligation, the clone
with a 5-bp frameshift insertion in the E2 ORF at nt 2945 was
selected.

The E2 ORF of HPV-11 extends from nt 2696 through nt
3823, with the first AUG at nt 2723. To construct pRSE2-11,
the Xmnl fragment of HPV-11 DNA (nt 2661 to 4984) was
first cloned into the Smal site of pUC19 in the appropriate
orientation and subsequently transferred into the RSV LTR
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vector as described above. The deletion mutation pRSE2-
11d was constructed as follows. pRSE2-11 was digested with
BstNI, and the ends were filled in with the Klenow fragment
of E. coli DNA polymerase 1. After digestion with BamHI
located downstream of the HPV-11 sequence in the
polylinker, the DNA fragment (nt 2756 to 4984) was isolated
and cloned into the RSV LTR vector at the Sacl (blunt
ended) and BamHI sites.

The E2 ORF of BPV-1 extends from nt 2581 through nt
3834, with the first AUG at nt 2608, pRSE2-BP was con-
structed by cloning the BstEII-BamHI fragment (nt 2405 to
4451) into the BstEII-BamHI sites of the RSV LTR vector.
BstEIl and BamHI sites exist to the upstream side of the
Sacl and Xhol sites, respectively, of the RSV LTR vector.

All manipulations were performed by procedures de-
scribed by Maniatis et al. (30). Final constructions were
confirmed by restriction enzyme analysis. Deletion end-
points were determined by M13 cloning and dideoxynucleo-
tide sequencing (31, 39). All plasmid DN As were amplified in
DH1 cells (23) and purified by banding in CsCl-ethidium
bromide equilibrium density gradients. Plasmid DNAs were
examined by agarose gel electrophoresis before transfection
into CV1 cells. Only preparations containing more than 80%
of the plasmid DN A in monomeric covalently closed circular
form were used.

Eucaryotic cell transfection and CAT assays. Monkey CV1
cells were maintained in Dulbecco modified Eagle medium
supplemented with 10% fetal calf serum. The cells were split
1:7 24 h before transfection. One milliliter of the calcium
phosphate-DNA coprecipitate containing a total of 15 pg of
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FIG. 2. Eucaryotic expression plasmids of the HPV-1 E2 ORF
and their ability to zrans-activate CAT activity. Various restriction
fragments of HPV-1 were cloned into the RSV vector, as described
in Materials and Methods. The nucleotide positions of the fragments
are indicated and are aligned with the DNA restriction map and the
ORFs. Ten micrograms of each of these plasmids or pUC18 control
plasmid, together with 5 pg of pUR1 (HPV-1 nt 6578 to 3 in
pCAT-A), was transfected into a set of 100-mm (diameter) plates of
CV1 cells. One-tenth of each cellular extract prepared 48 h
posttransfection was assayed for CAT activity; the percentages of
chloramphenicol acetylated are reported. ori, Origin of replication;
amp r, ampicillin resistance.
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plasmid DNAs was applied to a 100-mm (diameter) plate of
CV1 cells (22). At 4 h after transfection, the cells were
treated with 15% glycerol for 3 min at room temperature.
The cells were then washed and cultured in medium contain-
ing 1 mM sodium butyrate (18). Cell extracts were prepared
48 h after transfection as follows. The cells were harvested
after trypsinization, and the cell pellets were suspended in
100 pl of 0.25 M Tris hydrochloride (pH 7.8). Extracts were
prepared by three freeze (—70°C)-thaw (37°C) cycles. Lysate
(10 pl) was added to 15 pl of a reaction mixture which
consisted of 0.25 M Tris hydrochloride (pH 7.8), 3.3 mM
acetyl coenzyme A, and 0.2 wCi of [*C]chloramphenicol (40
to 50 mCi/mmol; New England Nuclear Corp.). Incubation
was usually at 37°C for 1 h unless otherwise stated. Samples
were processed as described by Gorman et al. (20). The
percent conversion of chloramphenicol to its acetylated
forms was determined by liquid scintillation counting.
RNA preparation and primer extension analysis of CAT
mRNA. Cytoplasmic RNA was prepared from CV1 cells
transfected with various plasmids as described by Anderson
et al. (1). An oligonucleotide 5' TCCATTTTAGCTTCCT-
TAGC 3’ complementary to the 5’ end of the CAT gene
coding region was used as a primer for mapping the 5’ ends
of the CAT mRNA. Primer (0.0001 A, unit) was labeled at
the 5’ end with [*?P]ATP by using T4 polynucleotide kinase,
annealed with 20 pg of cytoplasmic RNA, and extended by
reverse transcriptase. The products were analyzed by elec-
trophoresis on an 8% polyacrylamide sequencing gel.

RESULTS

Identification of the HPV-1 gene encoding the enhancer-
stimulating factor. To screen for potential papillomavirus
enhancer sequences, assay vectors were constructed (Fig.
1). These plasmids contained the CAT gene linked to an
SV40 early promoter which lacked its own enhancer se-
quences. The enhancer activities of papillomaviral DNA
fragments incorporated into the vector were monitored by
assaying expression of the CAT gene after transfection into
CV1 cells. This CAT assay system has been used in many
similar studies (19, 20, 21, 25, 27, 34, 38, 46).

We first searched for the enhancer sequences and enhanc-
er-stimulating factor in HPV-1 which causes plantar warts
and the transcription of which has been studied in our
laboratory (6, 7). It is also of interest to compare HPV-1 and
BPV-1 because they differ in many of their biological prop-
erties (11). A DNA fragment containing the URR of HPV-1
(nt 6578 to 3) was cloned into the BamHI site of pCAT-A
(Fig. 1). The resulting plasmid, pUR1, carried the URR in
the same orientation relative to the CAT gene as to HPV
ORFs (the sense orientation). This plasmid showed little
CAT activity when transfected by itself into CV1 cells (Fig.
3). To identify the gene coding for an enhancer-stimulating
factor, different regions of HPV-1 DNA were cloned into an
RSV LTR expression vector in the sense orientation. These
plasmids were cotransfected into CV1 cells together with
pURL. The structures of the plasmids and the resulting CAT
activities are shown in Fig. 2. pRSE2(4-1) and pRSE2(6-1),
which contained the intact E2 ORF immediately adjacent to
the LTR promoter, elevated CAT activity 15- and 66-fold,
respectively. The weaker activity by pRSE2(4-1) than by
pRSE2(6-1) can be rationalized by a diminution of transla-
tion of the E2 ORF caused by additional out-of-frame AUG
codons preceding the putative E2 initiation codon. When the
5’ portion of the E2 ORF was deleted as in pRSE2(7-1), the
activity was lost. pRSE2(6-1)BE, which has a frameshift
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TABLE 1. E2-dependent enhancer activity of HPV-1
DNA fragments®

Nucleotide position CAT

Plasmid of fragment cloned Orientation®  Site? e

(Iegngth [bp)) activity

pURS 34527 (4,524) Sense 5’ 0.65

pUR9 3-4527 (4,524) Antisense 5’ 0.83
pUR6 4527-744 (4,032) Sense s’ 25.9
pUR7 4527-744 (4,032) Antisense S’ 6.6
pURI1 6578-3 (1,240) Sense 5’ 62.1
pUR2 6578-3 (1,240) Antisense 5 11.0
pUR14 6578-3 (1,240) Sense 3 8.1
pURI1S 6578-3 (1,240) Antisense 3 35
pUR12 7235-3 (583) Sense S’ 324
pUR13 7235-3 (583) Antisense S’ 5.5
pUR10 7235-97 (677) Sense S’ 15.5
pURI11 7235-97 (677) Antisense S’ 4.6
pCAT-A 2.3
pCAT-B 1.7
pSV2CAT 94.7

2 Five micrograms of each of the plasmids, together with 10 pg of
pRSE2(6-1), was transfected onto a set of 100-mm (diameter) plates of CV1
cells. After 48 h, protein extracts were made and 1/10 of each extract was
assayed. CAT activity is expressed as percent conversion of [**C]chlor-
amphenicol to monoacetylated forms during incubation.

b These are relative to the CAT gene of the cloning vector.

insertion of S bp in the 5’ portion of the E2 ORF, had no
activity either. This 5-bp insertion precedes the E4 ORF and
affects only the E2 ORF. A 4-bp insertion at the BamHI site
(nt 3539) near the 3’ terminus of the E2 ORF also abolished
enhancer-stimulating activity (data not shown). Together,
these results clearly demonstrate that the E2 ORF encodes a
trans-acting enhancer-stimulating factor.

We also examined the possibility of additional enhancer
trans-activating genes by expressing other regions of HPV-1
DNA in the RSV LTR vector (Fig. 2). For instance,
pRSE2(2-1) carries the E6, E7, and E1 ORFs; it showed no
stimulatory activity. pRSE2(1-1) contains E6, E7, E1, and
the intact E2 ORF but had no activity either. This might be
explained by the extensive upstream coding sequences
blocking initiation of translation at E2. However, a similar
recombinant plasmid of BPV-1 showed significant activity
(46), perhaps due to the presence of a promoter near the
beginning of the E2 ORF (50). No corresponding promoter
has been detected in HPV-1, HPV-6, or HPV-11 (5a, 7).

Localization and characterization of the E2-dependent en-
hancer sequence of HPV-1. We examined the effect of the
orientation and location of the URR enhancer sequences
relative to the SV40 promoter in the CAT gene expression
vector. The URR sequence (nt 6578 to 3) was cloned in both
the sense (pUR1) and antisense (pUR?2) orientations. pUR2
produced significant but reduced CAT activity relative to
pURI1 (Table 1). When the same fragment was cloned in
either orientation to the 3’ side of the CAT gene (pUR14 and
pUR15S), activity was reduced further but was still obvious
and some orientation dependence was also observed. When
a much longer genomic fragment (nt 4527 to 744) including
the URR was tested (pUR6 and pUR7), the activity was also
reduced. In combination, these results indicate that the
distance between the enhancer and the promoter can affect
transcriptional activity. When a smaller URR fragment (nt
7235 to 3) was used (pUR12 and pUR13), the activity was
lower than that generated by pURI, suggesting that the
sequences between nt 6578 and 7235 can supplement the
enhancer located between nt 7235 and 3. The addition of the
short adjacent sequence (nt 3 to 97) caused a reduction in



2602 HIROCHIKA ET AL.

A. pSVZCAT o @ . .
PCAT-A o ™
pUR1 HPV-1 o #
pURG1 HPV-6Db % .‘ &
pUR21 HPV-11 T o) @ .
pURA1 HPV-16 m o ®
pUR31 HPV-18 v .‘ %
pURS1 HPV-7 % P o
pUR61 BEV-1 7 e ©
pUR71 CRPV o{d ©

B. pSVZCAT E .
pCAT-A @.‘
pUR1 HPV-1 m;.
pURG1 HPV-6b = g,,‘
pUR21 HPV-11 g ﬁ,‘ ®
pUR41 HPV-16 P
pURS1 HPV-18 g @1:
pURS1 HPV-7 3: » ‘
pUR61 BPV-1 H. ®
pUR71 CRPV ‘

J. VIROL.

C. pSV2CAT o @ .”’.
pCAT-A 0‘ »
pUR1 HPV-1 0“ . !
pugs1  Hev-6b L owll) @ !
puz1  HPV-11 . ewll) @
pURA1  HPV-16 :1 o ‘R
pUR31 HPV-18 § @ %
pURS1 wv-7 S o) @
pUR61 BPV-1 5 P ©
pUR71  CRPV o O

D. pSV2CAT > @ .
pCAT-A 0‘
pURL HPV-1 R ] b
pURG1  HPV-6b T euulfl)
pUR21 HPV-11 f > @@ + ©®
pUR41  HPV-16 5 > *®
pUR31 HPV-18 o > 4@
pURS1 HPV-7 % 9‘@‘ *
pure1  BPV-1 - oud) *
pUR71 CRPV ) *

FIG. 3. Identification of papillomavirus enhancers and enhancer-stimulating proteins and demonstration of cross-activation. Sections A,
B, C, and D show the CAT activities resulting from cotransfections of monkey CV1 cells with pRSE2-BP, pUC18 control, pRSE2(6-1), and
pRSE2-11, respectively, together with the pUR series of plasmids. The pUR plasmids contain, in the natural sense orientation, the upstream
regulatory regions of each of the papillomavirus types immediately preceding the SV40 promoter in the pCAT-A expression vector. The URR
segments present in the plasmids are HPV-1 (nt 6578 to 3), HPV-6b (nt 6499 to 236), HPV-11 (nt 7072 to 7904), HPV-16 (nt 6359 to 280),
HPV-18 (nt 6809 to 119), HPV-7 (nt 6900 to 48), BPV-1 (nt 6958 to 3), and CRPV (nt 7106 to 187). Transfections and CAT assays were

performed as described in the legend to Fig. 2.

CAT activity (pUR10 and pUR11). This region has a putative
HPV promoter (see below) which might have interfered with
the distal SV40 promoter, as has been demonstrated in other
systems (26, 40, 49).

We have recently performed electron microscopic R-loop
analysis of mRNAs recovered from HPV-1-induced plantar
warts (7). The 5’ end of most RNAs mapped to the 3’ end of
the E7 ORF, with much less frequent 5’ ends located at the
5’ end of the E6 ORF. This suggests the possibility of
another enhancer sequence near the E7 ORF. Lusky et al.
(28) found a constitutive enhancer sequence 5’ to the L2
ORF in BPV-1 DNA. pURS8 and pUR9 carry both of these
regions from HPV-1 (nt 3 to 4527). Neither had any enhancer
activity in the CAT assay. We conclude that only the region
located between nt 7235 and 3 of HPV-1 has an E2-
dependent enhancer sequence active in CV1 cells.

Specificity of enhancers and enhancer-stimulating factors.
To express the potential enhancer-stimulating factor of
HPV-11, as well as that of BPV-1 (46) as a positive control
for comparison, DNA fragments of HPV-11 (nt 2661 to 4986)
and BPV-1 (nt 2405 to 4451) carrying intact E2 ORFs were
cloned into the RSV LTR vector. The URRs from HPV
types 6b, 7, 11, 16, and 18; CRPV; and BPV-1 were cloned
into pCAT-A. The CAT activities obtained by transfection
with these plasmids are shown in Fig. 3. Both the HPV-1 and
BPV-1 E2 proteins activated enhancers in the URR of each
virus type except for HPV-18, which responded relatively
weakly to HPV-1 E2 and marginally, if at all, to BPV-1 E2.
Enhancer stimulation by the HPV-11 E2 plasmid (pRSE2-11)

was relatively weak but nonetheless reproducible. It did not
activate the enhancers of HPV-6b or HPV-18. Another
HPV-11 URR enhancer assay plasmid, pUR27, was con-
structed and tested. It contained nt 7072 to 64 and thus was
more comparable than pUR21 to enhancer plasmids from the
other papillomaviruses. pUR27 had a lower basal activity
than pUR21 (Fig. 3 and 4), but the response to HPV-11 E2
was still weak (Fig. 4). However, the activity of HPV-11 E2
was much more obvious when CAT plasmids carrying
multiple copies of enhancer sequences were used (see be-
low).

pCAT-A + pRSE2-II
& pUR2I + pUCI8
. pUR2! + pRSE2-II
pUR2I + pRSE2-Iid
pUR27 + pUCI8

@ ® pUR27 + pRSE2-Il

YTy

] PUR27 + pRSE2-Ild
FIG. 4. Mutational analysis of the HPV-11 E2 ORF. Transfec-

tion and the CAT assay were performed as described in the legend
to Fig. 2.



VoL. 61, 1987

To demonstrate unequivocally that the E2 ORF of HPV-11
indeed encodes a trans-acting factor, a deletion mutation of
the E2 expression plasmid pRSE2-11d (nt 2756 to 4984) was
constructed. It lacked the 5’ end of the E2 ORF including the
first AUG codon (nt 2723 to 2725); the deletion did not affect
any other ORF. There are two out-of-frame AUG codons
before the next in-frame AUG (nt 2813 to 2815) located 30
codons downstream of the first. pRSE2-11d did not trans-
activate either pUR21 or pUR27 carrying the HPV-11 URR
(Fig. 4). Based on these results, we conclude that the
HPV-11 E2 OREF also encodes an enhancer-stimulating fac-
tor.

trans-Activation of enhancers by the three E2 proteins has
some specificity. Each stimulated the enhancer from the
same virus type more than those from other viruses. How-
ever, the heterologous interactions were not strictly recip-
rocal. For instance, the HPV-1 E2 protein strongly activated
the enhancers of BPV-1 and most other papillomaviruses,
but the HPV-1 enhancer was only weakly activated by
BPV-1 E2 protein. HPV-6b and HPV-11 have an overall
sequence homology of about 85% (13). Interestingly, these
two viruses had different patterns of activation by two of the
three E2 proteins. The HPV-18 URR showed only weak
enhancer activity but nevertheless exhibited five- to eight-
fold stimulation by BPV-1 and HPV-1 E2 proteins, respec-
tively, relative to its intrinsic activity in the absence of any
E2 protein (Fig. 3). The low activity of the HPV-18 enhancer
might be explained by the presence of the putative E6
promoter (43) between the enhancer and the SV40 promoter,
as discussed above for the HPV-1 enhancer. The effect of E2
proteins on the SV40 enhancer was also examined (Fig. 3).
Activation of pSV2CAT was not obvious. This result is in
contrast to a previous report (46).

Analysis of CAT gene mRNA by primer extension. To
ascertain that the enhancement of CAT gene activity by E2
protein was due to an elevated level of CAT gene mRNA, we
examined the CAT gene transcripts by quantitative primer
extension analysis. A synthetic oligonucleotide 5’ TCCATT-
TTAGCTTCCTTAGC 3’ complementary to the 5’ end of the
CAT gene coding region was used as a primer. Reverse
transcription with cytoplasmic RNA prepared from
pSV2CAT-transfected cells generated four major products
(Fig. 5, lane 3). Their lengths indicated the CAT messages
were initiated from the SV40 early cap sites (16). The same
primer extension products were formed with RN As prepared
from CV1 cells cotransfected with pUR1 carrying the HPV-1
URR and the HPV-1 E2 expression plasmid pRSE2(6-1)
(lane 5). No CAT mRNA was detected when pRSE2(6-1)
was omitted from the transfection (lane 4). These results
indicate that the CAT activity reflects the level of CAT
mRNA and that the HPV-1 URR activates the SV40 pro-
moter only in the presence of the HPV-1 E2 protein. The
same conclusion can be drawn from the cross-activation of
the HPV-11 URR by the BPV-1 E2 protein (lanes 6 and 7).

Augmentation of enhancer strength by increasing the copy
number. Recently, duplications of DNA sequences were
found in the URRs of several oncogenic HPVs (3, 10, 37).
These duplications might augment the enhancer effect, as
has been shown for the SV40 enhancer element (51). To
examine this possibility, we introduced one to five copies of
the HPV-11 enhancer in tandem array into pCAT-A. To
minimize the size of the final plasmid, the URR sequences
not necessary for enhancer activity, as defined in our fine-
structure mapping (Hirochika et al., in preparation), were
deleted before ligation of the multiple copies of the en-
hancer. The plasmid carrying one copy of the DNA segment
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between nt 7674 and 7904 had the same activity as pUR21.
Multiplication of the enhancer copy number up to four
dramatically increased CAT activity in the presence of the
E2 expression plasmid (Fig. 6). The basal level of these
plasmids also increased with enhancer copy number. The
reason for the slight decline in the stimulation of CAT
activity in the presence of five copies of the enhancer
sequence is not clear.

DISCUSSION

The enhancer and the trans-acting factor originally dem-
onstrated for BPV-1 (46) are generalized to many papil-
lomaviruses by our results. We have shown that intact E2
ORFs of HPV-1 and HPV-11, in addition to that of BPV-1,
encode a trans-acting protein which functions by increasing
the level of mRNA transcription (Fig. 5). The E2 proteins of
these three viruses activate the enhancers from a number of
HPV types, CRPV, and BPV-1 (Fig. 3). However, each
protein has some specificity and is most effective with the
homologous enhancer. In addition, the heterologous E2-
enhancer interactions are not strictly reciprocal. For exam-
ple, BPV-1 E2 protein activated the BPV-1 enhancer
strongly but stimulated the HPV-1 enhancer only mildly,
whereas HPV-1 E2 protein activated both enhancers very
well.

HPV-11 E2 protein consistently exhibited relatively low
activities (Fig. 3). Nonetheless, deletion analysis of the
HPV-11 E2 ORF clearly demonstrated that the observed
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FIG. 5. Primer extension analysis of CAT mRNA. CV1 cells
were transfected with various plasmids, and cytoplasmic RNA was
extracted and assayed as described in Materials and Methods.
Lanes: 1, 2, and 8, length markers (M) generated from pUC19
cleaved with Hpall and 3’ end labeled by filling the recessed ends
with E. coli DNA polymerase 1; 3, pSV2CAT plus pUC18; 4, pUR1
plus pUC18; 5, pUR1 plus pRSE2(6-1); 6, pUR21 plus pRSE2-BP; 7,
pUR21 plus pUC18; 9 and 10, T+C and C sequence ladders from
Maxam-Gilbert (30a) reactions of an unrelated DNA segment serv-
ing as length markers. The primary extension products of 100, 95,
70, and 68 nt are indicated on the left.
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FIG. 6. Augmentation of enhancer strength by increasing the
copy number of the HPV-11 enhancer sequence. Portions (5 pg
each) of the CAT plasmids carrying one to five copies of the HPV-11
enhancer (nt 7674 to 7904) were transfected together with 20 pg of
pRSE2-11 or pUC18 into CV1 cells. The CAT assays were per-
formed at 37°C for 20 min. PTN, Protein.

CAT activities were in response to trans-activation of the
enhancer by the viral protein (Fig. 4). RSV expression
plasmids containing additional HPV-11 DNA upstream of
the E2 ORF were tested and had slightly better, yet still low,
activities (data not shown). We could not rule out the
possibility that instability or translational inefficiency of the
E2 mRNA derived from our particular constructs contrib-
uted to the low activity. However, the fact that CAT activity
increased with the copy number of enhancers in the assay
plasmid (Fig. 6) suggested that the E2 protein was not
limiting and that the low activity was likely an inherent
property of the protein in CV1 cells. Recently, HPV-16 E2
protein has also been shown to activate the enhancer se-
quence of the homologous virus, and its effect was also
relatively weak, yielding 2- to 10-fold stimulation over back-
ground (36).

The URR is one of the most diverged regions of many
papillomaviruses (5, 9). However, almost all of the enhancer
sequences were activated by each E2 protein. These results
suggest two explanations for the mechanism of E2 protein
action. One possibility is that the E2 protein induces or
interacts with cellular factors which, in turn, interact with
different motifs in the enhancer sequences. The other inter-

J. VIROL.

pretation is that a short conserved sequence is recognized
directly by E2 proteins. A search for such a sequence
showed that the tract ACCGNNNNCGGT is found in one or
multiple copies in all of the sequenced papillomaviruses in
the URRs (4, 9, 13, 17). Recently, BPV-1 E2 fusion proteins
expressed in E. coli were shown to interact with DNA
sequences containing this 12-bp consensus sequence (2, 32).
This interaction may be important for transcriptional activa-
tion of the enhancer. However, this 12-bp consensus se-
quence alone is not sufficient for specificity because the
URRs of HPV-6b and HPV-11, which have the identical
12-bp sequences, show different activation patterns in re-
sponse to the different E2 proteins (Fig. 3). Our recent
results with BAL 31 nuclease deletion mutants of HPV-11
indicate that the 12-bp conserved sequence is the E2 respon-
sive element, and about 150 bp of URR sequence is neces-
sary for full enhancer activity (Hirochika et al., in prepara-
tion). Studies of the SV40 enhancer show that it is composed
of multiple components which function more or less addi-
tively (24, 51). Each component might be recognized by
different cellular factors. This interaction may play an im-
portant role in the host and tissue specificity of the enhancer
(8, 15, 42, 44). Papillomaviruses are highly host and tissue
specific. The sequence divergence of enhancers in the URR
may be involved in these specificities. We have studied
enhancer activity only in monkey CV1 cells. To examine the
possibility that it confers host or tissue specificity, experi-
ments in other cells, particularly keratinocyte cultures, in
conjunction with the HPV transcriptional promoters are
necessary.

We have shown here that tandem copies of the HPV-11
sequence (nt 7674 to 7904) spanning the enhancer increase its
strength. A duplication found in HPV-6 subtype d (3) corre-
sponds to the enhancer region identified in the HPV-11
enhancer. This isolate was recovered from a highly differen-
tiated squamous tumor, whereas HPV-6 is usually associ-
ated with benign tumors (condylomata). Another variant,
HPV-6VC, isolated from an invasive verrucous carcinoma,
also carries a short insertion duplication in the same region
(37). HPV-33 is associated with cervical cancer. It contains
a 78-bp tandem duplication in the URR (10). Our results with
artificially assembled tandem multiplications of the enhancer
suggest that naturally selected duplications of the enhancer
sequence are involved in the higher tumorigenic potential of
these viruses by augmenting transcriptional activity.

ACKNOWLEDGMENTS

pSV2CAT and RSV LTR vector were kindly supplied by B.
Howard and J. Sorge, respectively. We thank Rei Hirochika for
technical assistance and Carl Baker for providing the protocol for
primer extension analysis of mRNA.

This project was supported by Public Health Service grant
CA36200 from the National Institutes of Health and research grant
no. 1587 from the Council for Tobacco Research-U.S.A.

LITERATURE CITED

1. Anderson, C. W., J. B. Lewis, and R. F. Gesteland. 1974.
Cell-free synthesis of adenovirus 2 proteins programmed by
fractionated messenger RNA: a comparison of polypeptide
products and messenger RNA lengths. Proc. Natl. Acad. Sci.
USA 71:2756-2760.

2. Androphy, E. J., D. R. Lowy, and J. T. Schiller. 1987. Bovine
papillomavirus E2 trans-activating gene product binds to spe-
cific sites in papillomavirus DNA. Nature (London) 325:70-
73.

2a.Baker, C. C., and P. M. Howley. 1987. Differential promoter



VoL. 61, 1987

3a.

4.

5.

Sa.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

utilization by the bovine papillomavirus in transformed cells and
productively infected wart tissues. EMBO J. 6:1027-1035.

. Boshart, M., and H. zur Hausen. 1986. Human papillomaviruses

in Buschke-Lowenstein tumors: physical state of the DNA and
identification of a tandem duplication in the noncoding region of
a human papillomavirus 6 subtype. J. Virol. 58:963-966.
Broker, T. R. 1987. Structure and genetic expression of papil-
lomaviruses. Obstet. Gynecol. Clin. North Am. 14:329-348.
Broker, T. R., and M. Botchan. 1986. Papilloma viruses:
retrospectives and prospectives. Cancer Cells 4:17-36.
Broker, T. R., and L. T. Chow. 1986. Human papilloma viruses
of the genital mucosa: electron microscopic analyses of DNA
heteroduplexes formed with HPV types 6, 11 and 18. Cancer
Cells 4:589-594.

Chow, L. T., M. Nasseri, S. M. Wolinsky, and T. R. Broker.
1987. Human papillomavirus types 6 and 11 mRNAs from
genital condylomata acuminata. J. Virol. 61:2581-2588.

. Chow, L. T., A. J. Pelletier, R. Galli, U. Brinckmann, M. Chin,

D. Arvan, D. Campanelli, S. Cheng, and T. R. Broker. 1986.
Transcription of human papilloma virus types 1 and 6. Cancer
Cells 4:603-614.

. Chow, L. T., S. S. Reilly, T. R. Broker, and L. B. Taichman.

1987. Identification and mapping of human papillomavirus type
1 RNA transcripts recovered from plantar warts and infected
epithelial cell culture. J. Virol. 61:1913-1918.

. Church, G. M., A. Ephrussi, W. Gilbert, and S. Tonegawa. 1985.

Cell-type-specific contacts to immunoglobulin enhancers in nu-
clei. Nature (London) 313:798-801.

. Cole, S. T., and O. Danos. 1987. Nucleotide sequence and

comparative analysis of the human papillomavirus type 18
genome. Phylogeny of papillomaviruses and repeated structure
of the E6 and E7 gene products. J. Mol. Biol. 193:599-608.
Cole, S. T., and R. E. Streeck. 1986. Genome organization and
nucleotide sequence of human papillomavirus type 33, which is
associated with cervical cancer. J. Virol. 58:991-995.

Danos, O., L. W. Engel, E. Y. Chen, M. Yaniv, and P. M.
Howley. 1983. A comparative analysis of the human type 1a and
bovine type 1 papillomavirus genomes. J. Virol. 46:557-566.
Danos, O., E. Georges, G. Orth, and M. Yaniv. 1985. Fine
structure of the cottontail rabbit papillomavirus mRNAs ex-
pressed in the transplantable VX2 carcinoma. J. Virol. §3:735-
741.

Dartmann, K., E. Schwartz, L. Gissmann, and H. zur Hausen.
1986. The nucleotide sequence and genome organization of
human papilloma virus type 11. Virology 151:124-130.
Dvoretzky, 1., R. Shober, S. K. Chattopadhyay, and D. R. Lowy.
1980. A quantitative in vitro focus assay for bovine papilloma
virus. Virology 103:369-375.

Ephrussi, A., G. M. Church, S. Tonegawa, and W. Gilbert. 1985.
B lineage-specific interactions of an immunoglobulin enhancer
with cellular factors in vivo. Science 227:134-140.

Ghosh, P. K., and P. Lebowitz. 1981. Simian virus 40 early
mRNA’s contain 5’ termini upstream and downstream from a
Hogness-Goldberg sequence; a shift in 5’ termini during the lytic
cycle is mediated by large T antigen. J. Virol. 40:224-240.
Giri, I., O. Danos, F. Thierry, E. Georges, G. Orth, and M.
Yaniv. 1985. Characterization of transcription control regions of
the cottontail rabbit papillomavirus. UCLA Symp. Mol. Cell.
Biol. 32:379-390.

Gorman, C. M., B. Howard, and R. Reeves. 1983. Expression of
recombinant plasmids in mammalian cells is enhanced by so-
dium butyrate. Nucleic Acids Res. 11:7631-7648.

Gorman, C. M., T. Merlino, M. D. Willingham, 1. Pastan, and B.
Howard. 1982. The Rous sarcoma virus long terminal repeat is a
strong promoter when introduced into a variety of cells by
DNA-mediated transfection. Proc. Natl. Acad. Sci. USA 79:
6777-6781.

Gorman, C. M., L. F. Moffat, and B. H. Howard. 1982.
Recombinant genomes which express chloramphenicol acetyl-
transferase in mammalian cells. Mol. Cell. Biol. 2:1044-1051.
Gorman, C. M., P. W. J. Rigby, and D. P. Lance. 1985. Negative
regulation of viral enhancers in undifferentiated embryonic stem
cells. Cell 42:519-526.

PAPILLOMAVIRUS ENHANCERS AND TRANSCRIPTIONAL FACTORS

22.

23.
24.

25.

26.

27.

28.

29.

30.

2605

Graham, F. L., and A. J. van der Eb. 1973. A new technique for
the assay of infectivity of human adenovirus 5 DNA. Virology
52:456467.

Hanahan, D. 1983. Studies on transformation of Escherichia coli
with plasmids. J. Mol. Biol. 166:557-580.

Herr, W., and J. Clarke. 1986. The SV40 enhancer is composed
of multiple functional elements that can compensate for one
another. Cell 45:461-470.

Herrera-Estrella, L., G. Van den Broeck, R. Maenhut, M. Van
Montagu, J. Schell, M. Timko, and A. Cashmore. 1984. Light-
inducible and chloroplast-associated expression of a chimaeric
gene introduced into Nicotiana tabacum using a Ti plasmid
vector. Nature (London) 310:115-120.

Kadesch, T. R., and P. Berg. 1986. Effects of the position of the
simian virus 40 enhancer on expression of multiple transcription
units in a single plasmid. Mol. Cell. Biol. 6:2593-2601.
Laimins, L. A., G. Khoury, C. Gorman, B. Howard, and P.
Gruss. 1982. Host-specific activation of transcription by tandem
repeats from simian virus 40 and Moloney murine sarcoma
virus. Proc. Natl. Acad. Sci. USA 79:6453-6457.

Lusky, M., L. Berg, H. Weiher, and M. Botchan. 1983. Bovine
papilloma virus contains an activator of gene expression at the
distal end of the early transcription unit. Mol. Cell. Biol. 3:
1108-1122.

Lusky, M., and M. R. Botchan. 1984. Characterization of the
bovine papilloma virus plasmid maintenance sequences. Cell
36:391-401.

Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

30a.Maxam, A. M., and W. Gilbert. 1980. Sequencing end-labeled

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

DNA with base-specific chemical cleavages. Methods Enzymol.
65:499-560.

Messing, J. 1983. New M13 vectors for cloning. Methods
Enzymol. 101:20-78.

Moskaluk, C., and D. Bastia. 1987. The E2 ‘‘gene’’ of bovine
papillomavirus encodes an enhancer binding protein. Proc.
Natl. Acad. Sci. USA 84:1215-1218.

Nasseri, M., and F. O. Wettstein. 1984. Cottontail rabbit papil-
lomavirus-specific transcripts in transplantable tumors with
integrated DNA. Virology 138:362-367.

Paskalis, H., B. K. Felber, and G. N. Pavlakis. 1986. Cis-acting
sequences responsible for the transcriptional activation of hu-
man T-cell leukemia virus type I constitute a conditional en-
hancer. Proc. Natl. Acad. Sci. USA 83:6558-6562.

Pfister, H., J. Krubke, W. Dietrich, T. Iftner, and P. G. Fuchs.
1986. Classification of the papillomaviruses—-mapping the
genome. CIBA Found. Symp. 120:3-22.

Phelps, W. C., and P. M. Howley. 1987. Transcriptional trans-
activation by the human papillomavirus type 16 E2 gene prod-
uct. J. Virol. 61:1630-1638.

Rando, R. F., W. D. Lancaster, P. Han, and C. Lopez. 1986. The
noncoding region of HPV-6VC contains two distinct transcrip-
tional enhancing elements. Virology 155:545-556.

Rosen, C. A., J. G. Sodroski, R. Kettman, and W. A. Haseltine.
1986. Activation of enhancer sequences in type II human T-cell
leukemia virus and bovine leukemia virus long terminal repeats
by virus-associated trans-acting regulatory factors. J. Virol. 57:
738-744.

Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequenc-
ing with chain-terminating inhibitors. Proc. Natl. Acad. Sci.
USA 74:5463-5467.

Sarver, N., R. Muschel, J. C. Byrne, G. Khoury, and P. M.
Howley. 1985. Enhancer-dependent expression of the rat pre-
proinsulin gene in bovine papillomavirus type 1 vectors. Mol.
Cell. Biol. 5:3507-3516.

Schaffner, W. 1985. The role of cis- and trans-acting elements in
initiation in eukaryotic transcription, p. 1-18. In Y. Gluzman
(ed.), Eukaryotic transcription. Cold Spring Harbor Labora-
tory, Cold Spring Harbor, N.Y.

Schirm, S., J. Jiricny, and W. Schaffner. 1987. The SV40
enhancer can be dissected into multiple segments, each with a
different cell type specificity. Genes Dev. 1:65-74.



2606

43.

45s.

46.

47.

HIROCHIKA ET AL.

Schneider-Gidicke, A., and E. Schwarz. 1986. Different human
cervical carcinoma cell lines show similar transcription patterns
of human papillomavirus type 18 early genes. EMBO J. 5:
2285-2292.

. Sen, R., and D. Baltimore. 1986. Multiple nuclear factors

interact with the immunoglobulin enhancer sequences. Cell
46:705-716.

Smetkin, D., and F. O. Wettstein. 1986. Transcription of human
papillomavirus type 16 early genes in a cervical cancer and a
cancer-derived cell line and identification of the E7 protein.
Proc. Natl. Acad. Sci. USA 83:4680-4684.

Spalholz, B. A., Y. C. Yang, and P. M. Howley. 1985.
Transactivation of a bovine papilloma virus transcriptional
regulatory element by the E2 gene product. Cell 42:183-191.
Stenlund, A., J. Zabielski, H. Ahola, J. Moreno-Lopez, and U.
Pettersson. 1985. Messenger RN As from the transforming region
of bovine papilloma virus type 1. J. Mol. Biol. 182:541-554.

48.

49.

50.

51.

52.

J. VIROL.

Waldeck, S., F. Risl, and H. Zentgraf. 1984. Origin of replica-
tion in episomal bovine papilloma virus type 1 DNA isolated
from transformed cells. EMBO J. 3:2173-2178.

Wasylyk, B., C. Wasylyk, P. Augereau, and P. Chambon. 1983.
The SV40 72 bp repeat preferentially potentiates transcription
starting from proximal natural or substitute promoter elements.
Cell 32:503-514.

Yang, Y.-C., H. Okayama, and P. M. Howley. 1985. Bovine
papillomavirus contains multiple transforming genes. Proc.
Natl. Acad. Sci. USA 82:1030-1034.

Zenke, M., T. Grundstrom, H. Matthes, M. Wintzerith, C.
Schatz, A. Wildeman, and P. Chambon. 1986. Multiple sequence
motifs are involved in SV40 enhancer function. EMBO J.
5:387-397.

zur Hausen, H., L. Gissmann, and J. R. Schlehofer. 1985.
Viruses in the etiology of human genital cancer. Prog. Med.
Virol. 30:170-188.



