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Most studies on the regulation of gene expression in human papillomaviruses (HPV) have focused on the
promoter for the early genes E6 and E7. This promoter is located at the junction between the long control
region and the E6 open reading frame. RNA mapping studies have suggested that additional promoters may
exist in other parts of the genome. In this study, we used a combination of transcription in vitro and an analysis
of RNA produced in vivo in transfected cells to identify three novel promoters in the genome of human
papillomavirus type 18. These promoters are located in front of the E2 gene (P,so5), within the E2 coding
sequences (P5,34), and at the end of the L2 open reading frame (Ps¢o,). They were active in HeLa cells, as shown
by a chloramphenicol acetyltransferase assay. The activity of the Py, promoter was stimulated by the bovine

papillomavirus type 1 E2 protein.

Human papillomavirus type 18 (HPV-18) is one of the
papillomaviruses associated with cervical carcinomas (13,
74). In such tumors and derived cell lines, the HPV-18 DNA
is usually found integrated into the host cell genome (56, 57)
and only the E6 and E7 early genes are expressed (4, 54, 58).
The E6 and E7 gene products have oncogenic potential.
Together, they are sufficient for immortalization of primary
human epithelial cells (27, 48). They also interfere with the
normal functions of the products of the cellular tumor
suppressor genes p53 and retinoblastoma protein. E6 can
bind p53 (39, 75) and promote its degradation (35, 55),
whereas E7 forms a complex with the retinoblastoma protein
(20, 28).

Transcripts coding for E6 and E7 are initiated in the long
control region (LCR) of the viral genome, just upstream of
the E6 open reading frame (ORF). The major mRNA start
site is located at nucleotide (nt) 105 (69). Expression from
the P,,5s promoter is controlled by cellular and viral proteins
which interact with cis-acting responsive elements in the
LCR (21, 23). A major viral regulatory protein is the E2 gene
product (8, 62, 72). This protein is well conserved among
papillomaviruses (8). E2 binds as a dimer (17, 22, 45) to the
palindromic sequence ACCN¢GGT (17), which is present
four times within the regulatory region of HPV-18. Two of
these sites are located 3 nt upstream of the TATA element of
the P,,5s promoter. Binding of the E2 protein to these motifs
results in repression of promoter activity by preventing
formation of the initiation complex (16, 70). In contrast,
when the E2-binding sites are placed farther upstream, they
can function as an enhancer; in this case E2 acts as a
transcriptional activator (8, 72). Several cellular factors
interact with the HPV-18 regulatory region (21). At least two
such factors (AP1 and KRF-1) are implicated in the cell-type
specific activity of the P,ys promoter (43, 50, 71). In contrast,
transcription from P,y is repressed by the transcription
factor Oct-1 (34) and by the transcriptional repressor YY1
5).

A promoter in front of E6 is a common feature of all
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papillomaviruses studied so far. Additional promoters, or
putative promoters, have been identified in the LCR or
within the early regions of certain papillomaviruses. The 5'
end of an RNA has been mapped in front of E7 on the
genomes of HPV-6 and HPV-11 (60). A spliced RNA encod-
ing an E1/E4 fusion protein has its 5’ end within the E7 ORFs
of HPV-6 (11), HPV-11 (49), HPV-16 (32), and HPV-31b
(36). Promoters controlling the expression of the activator
(62) and repressor (38) forms of the E2 protein as well as the
ES5 gene product have been found in bovine papillomavirus
type 1 (BPV-1) (3, 53, 63, 73, 77). Finally, a late promoter
located close to the junction of L1 and the LCR has been
identified in the genomes of HPV-1 (51), HPV-8 (65), BPV-1
(3), and cottontail rabbit papillomavirus (76).

In HPV-18, only the E6 promoter has been characterized.
The identification of additional promoters has so far been
difficult for two reasons. First, in cervical cancers and
derived cell lines, integration of viral DNA is characterized
by the loss of part of the viral genome, and thus only the
early transcripts initiated at the P,,s promoter are detected.
Second, a productive papillomavirus infection occurs only in
squamous epithelial cells undergoing terminal differentia-
tion, suggesting that certain promoters controlling viral gene
expression are activated during keratinocyte differentiation
(52). The lack of a productive system for HPV-18 has not
permitted the identification of such promoters. The aim of
the work reported here was to screen for potential promoters
outside the LCR. DNA fragments spanning the coding
sequences of the HPV-18 genome were isolated and used as
templates for in vitro runoff transcription experiments. We
found promoter activities in the E2 region and in the middle
of the late region. Primer extension and RNase protection
analysis allowed us to identify three start sites, one in front
of E2 (P,s95), One within the E2 coding sequences (P3g36),
and one at the end of the L2 ORF (Ps4). These initiation
sites corresponded to promoters which were all active in
HeLa cells as shown by chloramphenicol acetyltransferase
(CAT) assays. We also investigated the importance of a
putative Spl-binding site as well as the effect of E2 on P3¢
activity.
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MATERIALS AND METHODS

Cell extract. HeLa whole-cell extracts were prepared as
described previously by Manley et al. (44). Hela cells
(strain S3) were grown in suspension culture in Dulbecco’s
minimal essential medium with 5% fetal bovine serum.

Transcription in vitro. Transcription reactions with HeLa
whole-cell extracts (about 150 pg of protein in a reaction
volume of 50 nl) were carried out as described previously
(6). **P-labeled RNA products were denatured with glyoxal
and were analyzed by agarose gel electrophoresis (3%
NuSieve agarose; FMC BioProducts). The DNA templates
(0.5 g per reaction) are described in the legends to Fig. 1
and 3. For primer extension analysis, transcription reactions
were carried out with nonlabeled nucleoside triphosphates.
For competition studies, the in vitro transcription mix was
incubated on ice without DNA template for 5 min with a
20-fold molar excess of competing oligonucleotide. The in
vitro transcription was started by addition of the DNA
template and transfer to 30°C.

Plasmids. To generate the pST1CAT construct, the EcoRI
(nt 2440)-Alul (nt 3042) fragment was excised from the
HPV-18 genome (HPV-18 DNA was a gift from Harald zur
Hausen) and inserted via intermediate cloning into the
unique Sall site of the CAT vector pBLCAT3 (42). The
plasmid pST2CAT was made by inserting the HindIII (site in
the polylinker)-Nsil (nt 2707) fragment of pSTICAT between
the HindIIl and PstI sites of pBLCAT3. The plasmid
pST3CAT was obtained by cutting pST2CAT at the Eco721
site (nt 2514) and Xhol (site in the polylinker), filling the ends
with the T4 DNA polymerase, and religating. The pSTICAT
construct was digested with HindIII and NsiI (nt 2707). The
ends were made blunt and were religated to generate the
pSTACAT plasmid. The Dralll (nt 2999)-Xhol (site in the
polylinker) fragment was deleted in this latter construct to
give pSTSCAT. To prepare pST4ACAT-Dralll, the pST4CAT
plasmid was digested with Dralll which cuts at position
2999. The ends were made blunt with T4 DNA polymerase
and were religated. A new Dralll site was formed, and by a
second cycle of digestion, filling, and ligation, a deletion of 6
nt from nt 2997 to 3002 was created.

The Nsil-Xbal fragment (nt 4031 to 5730) was isolated
from HPV-18 and was cloned into pBLCAT3 between the
Pstl and Xbal restriction sites to generate pST6CAT-5730.
pST6CAT-5250 and pST7CAT-5730 were obtained by re-
moving from pST6CAT-5730 the PstI-Xbal (nt 5250 to 5730)
and HindIII (site in the polylinker)-EcoRV (nt 4669) frag-
ments, respectively. The deletion of the PstI-Xbal fragment
(nt 5250 to 5730) of pST7CAT-5730 results in pST7CAT-
5250. The plasmid pST2BG was obtained by inserting the
HindIII (site in polylinker)-Nsil (nt 2707) fragment from
pST1CAT between the HindIII and PstI sites of pGBG(—).
The plasmid pGBG(—) (a gift from Markus Nabholz) con-
tains the 1,664-bp-long DNA fragment encoding the entire
B-globin gene cloned into the Hindll site of pGEM3zf(+)
(Promega), with the 3’ end of the gene inserted proximal to
the T7 promoter.

C59 is a plasmid which expresses the full-length E2 protein
from BPV-1 (a gift from Peter Howley). CS9KpnTTL (kindly
provided by Moshe Yaniv) is a construct in which a trans-
lation termination linker has been inserted into the Kpnl site
of C59 and which expresses only the N-terminal domain of
E2 (N-E2).

Cell transfection and CAT assays. HeLa cells were grown
in Dulbecco’s minimal essential medium containing 5% fetal
bovine serum. They were transfected in 100-mm culture

NOVEL PROMOTERS IN THE HPV-18 GENOME 4297

dishes at 50 to 60% confluency by standard calcium phos-
phate techniques (2). For transfection, 20 pg of CAT re-
porter plasmid (5 pg of pPSV2CAT) was used per plate. For
E2 trans-activation studies, 5 pg of C59, C59KpnTTL, or
sonicated salmon sperm DNA was cotransfected with the
CAT reporter plasmid. The cells were incubated for 45 min
at 37°C, with the transfection solution added directly onto
the cells. Fresh medium was added to the transfection
solution, and the cells were further incubated overnight at
37°C. The transfected cells were washed with a phosphate-
buffered saline solution and were refed with fresh medium.
Cell extracts were prepared 40 h after transfection, and CAT
activity was analyzed as described previously by Doerig et
al. (14).

RNA analysis. Total cytoplasmic RNA was extracted from
transfected cells according to the Nonidet P-40 lysis method
described by Ausubel et al. (2). For primer extension anal-
ysis, in vitro RNA transcripts or total cytoplasmic RNAs (30
pg) were hybridized to 20 fmol of oligonucleotide that had
been labeled at the 5’ end with [y-**P]ATP and polynucle-
otide kinase. The hybridization reaction (20 wl) was carried
out in 250 mM KCI-10 mM Tris-HCI (pH 7.5)-1 mM EDTA,
incubated for 60 min at 65°C, and then cooled slowly to 42°C.
Extension was initiated by adding 6 pl of 10X reverse
transcriptase buffer (100 mM MgCl,, 200 mM Tris-HCI [pH
8.3], 100 mM dithiothreitol, 5 mM dATP, 5 mM dCTP, 5 mM
dGTP, 5 mM dTTP), 32 nl of H,0, and 20 U of avian
myeloblastosis virus reverse transcriptase (Promega). Reac-
tions were incubated for 90 min at 42°C and were stopped by
extraction with phenol-chloroform.

The probe used for RNase protection analysis was pre-
pared as follows. The Accl-Smal fragment, which contains
the 3’ end of the B-globin coding sequence, was deleted in
pST2BG. This deletion places the T7 promoter of pGEM3zf
(+) adjacent to the Accl site. A T7 probe was synthesized by
transcription of this template linearized at the HindIII site
(see Fig. 8). T7 in vitro transcription was carried out as
described by the supplier (Promega). Hybridization with 5 x
10° cpm of T7 probe and 30 pg of total cytoplasmic RNA was
carried out at 48°C overnight (46). RNase digestion was
performed as described by Thierry et al. (69).

Dideoxy sequencing ladders were generated by using
plasmid DNA, and the same oligonucleotide used for the
primer extension reactions. Sequencing of double-stranded
DNA was carried out according to the protocol described in
the Sequenase version 2.0 DNA sequencing kit (United
States Biochemical Corporation).

Primer extension, RNase protection, and sequencing re-
action products were analyzed on 6% polyacrylamide-7 M
urea sequencing gels.

DNA mobility shift experiments. Standard binding reaction
mixes (20 pl) contained 30 pg of whole-cell protein (44) or
7.5 ng of Spl protein (>90% pure; Promega), 50 mM KCl, 8
mM MgCl,, 11 mM HEPES [N-2-hydroxyethylpiperazine-
N'-2-ethanesulfonic acid, pH 7.9] 11% glycerol, 0.1 mM
EDTA, 1 mM dithiothreitol, 1 pg of single-stranded Esche-
richia coli DNA, and 20 fmol of end-labeled oligonucleotide
probe. Probe preparation, protein-DNA binding reactions,
competitive binding studies, and analysis by polyacrylamide
gel electrophoresis were performed as described by Offord
and Beard (50).

RESULTS

The only promoter identified so far in the genome of
HPV-18 is P,ys. This promoter functions both in vivo (69)
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FIG. 1. HPV-18 genome organization and templates used for in
vitro runoff transcription experiments. The HPV-18 genome open at
the BamHI site 6929 is shown with early (E) and late (L) ORFs (12).
The fragments BamHI-EcoRI (nt 119 to 2440), EcoRI-EcoRV (RI-
RV, nt 2440 to 4669), EcoRI-Apal (RI-Apal, nt 2440 to 4535) and
Nsil-BamHI (nt 4031 to 6929) were isolated and used as templates
for in vitro runoff transcription assays.

and in vitro (50). Our first approach to screen for promoters
outside the LCR was to isolate a series of DNA fragments
covering the HPV-18 coding region (Fig. 1) and to test their
activities as transcriptional templates.

Detection of promoter activity in the E2 region of HPV-18
by transcription in vitro. The DNA fragment covering the
HPV-18 genome from the EcoRlI site at position 2440 to the
EcoRV site at position 4669 was isolated (Fig. 1). This
fragment (RI-RV), which includes the 3’ end of E1, the entire
E2, E4, and ES5 ORFs, and the 5’ end of L2, was used as
template for in vitro runoff transcription experiments with a
whole-cell extract (44) of HeLa cells. The resulting tran-
scripts were compared with those from simian virus 40
(SV40) DNA cut with PszI. The results are shown in Fig. 2.
One transcript of about 1,700 nt was observed with the
RI-RV template (Fig. 2, lanes 3 and 6). A reaction carried out
without DNA showed that no endogenous transcript was
produced from the extract (lane 1). Lanes 2 and 4 show the
results of in vitro transcription of SV40 DNA cut with Pstl.
The two 2-kb early and 1.6-kb late transcripts of SV40 (66)
are indicated. The 1.7-kb transcript seen in lanes 3 and 6 was
not observed when SV40 DNA was transcribed or when a
reaction without DNA was carried out. Thus, the HeLa
extract transcribed specifically the HPV-18 DNA template.

In order to determine the polarity of the transcript gener-
ated by the RI-RV template, a second fragment was isolated
by cutting the HPV-18 DNA at EcoRI (nt 2440) and Apal (nt
4635). This second template (RI-Apal) has a common 5’ end
with the RI-RV fragment but is 134 bp shorter (Fig. 1). If
transcription proceeds from left to right on the map shown in
Fig. 1, one would expect that the RNA transcript produced
by the RI-Apal fragment would be approximately 130 nt
shorter than the transcript observed with the RI-RV tem-
plate. These two fragments were analyzed by in vitro tran-
scription (Fig. 2, lanes 6 and 7). As predicted for rightward
transcription, a slightly shorter transcript was observed with
the RI-Apal. These results allowed us to map the in vitro
start site around position 2960 in the E2 ORF of the HPV-18
genome.

Promoter activities in vivo in the E2 region. To test the
activity in vivo of the promoter detected in the E2 region, we
prepared a series of plasmids by inserting DNA fragments
spanning the HPV-18 genome from the EcoRI site (nt 2440)
to the Alul site (nt 3042) into the polylinker of pPBLCAT3
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FIG. 2. Analysis of the HPV-18 E2 region by transcription in
vitro. HPV-18 and SV40 DNA were transcribed by using a whole-
cell extract from HeLa cells. DNA templates (0.5 pg) were the
HPV-18 fragments RI-RV (lanes 3 and 6), RI-Apal (lane 7), and
SV40 cut with PstI (lanes 2 and 4). Lane 1 is a reaction which
contains no DNA template. The runoff RNA transcripts were
glyoxylated and analyzed by agarose (3% NuSieve) gel electro-
phoresis. The size markers (lane 5) were radiolabeled pBR322 Hinfl
restriction fragments (1631, 516/506, 396, 344, 298, 221/220, 154, and
75 bp). The sizes (nucleotides) of the SV40 early and late transcripts
are indicated on the left, and the sizes of the HPV-18 transcripts are
indicated on the right.

(42), upstream of the cat reporter gene (Fig. 3A). These
constructs were transfected into HeLa cells, and their pro-
moter activities were tested by CAT assays. The results are
summarized in Fig. 3B. Transfections with two plasmids
(pSTI1CAT, lane 2, and pST4CAT, lane 5), both containing
the E2 region where the in vitro promoter activity was
mapped, led to the expression of the car gene. These results
confirmed the presence of an RNA start site within or
immediately upstream of the E2 ORF. The removal of a
short sequence (45 bp) at the downstream end of the HPV-18
sequence in pST4CAT completely abolished this activity
(pSTSCAT, lane 6), suggesting that the RNA initiation site is
located in this small fragment, close to the internal initiation
codon (ATG 3057) of the E2 ORF.

After deletion of a fragment which contains essentially the
E2 coding sequences (construct pST2CAT), we still ob-
served a strong CAT activity (about 20% of the activity of
pSV2CAT in lane 3, Fig. 3B), suggesting the presence of a
second promoter which was not detected by in vitro tran-
scription. The activity of the pST2CAT construct was re-
duced by a factor of 50 when the sequences between the Eco
721 and Nsil sites (nt 2514 to 2707) were removed (plasmid
pST3CAT, lane 4, Fig. 3B). This result confirmed the
presence of an additional start site upstream of the E2 ORF
in the HPV-18 genome.

Analysis of the transcripts initiating within the E2 ORF:
mapping of the P,y,5 promoter. The promoter activity de-
tected within the E2 ORF of HPV-18 was mapped close to
the ATG at 3057 (by in vitro transcription and CAT assay).
The 5’ termini of the RNAs initiating at this promoter were



VoL. 67, 1993

(A)
t {{ E20RF { ¢
ATG ATG
2817 3057
= T | T T
EcoRI Eco72I Nsil Dralll Alul
2440 2514 2707 2999 3042
pST1 CAT } } CAT §
pST2 CAT CAT
pST3 CAT CAT
pST4 CAT } CAT
pST5 CAT CAT
(8) g oac el S
(@) &) ¢ O (%) <
S
Q Q R Q Q Q

1 2 3 B 5 6

FIG. 3. CAT activities expressed from the E2 region. (A) DNA
fragments spanning the HPV-18 genome from the EcoRI site at
position 2440 to the Alul site at nt 3042 were cloned into the
polylinker of pPBLCAT3 upstream of the cat reporter gene. (B) HeLa
cells were transfected with 20 ug of the CAT construct, and the CAT
assay was carried out 40 h later, as described in Materials and
Methods, with a reaction time of 1 h. Lane 1 is a reaction with 5 pg
of pSV2CAT DNA as a positive control.

determined by primer extension analysis. The pST4CAT
construct was linearized at the Smal site (nt 2094 in the
pBLCATS3 sequence) and used as template for an in vitro
transcription reaction. The RNA transcripts were hybridized
to a *’P-end-labeled 22-nt-long synthetic oligonucleotide
complementary to the cat coding sequence (nt 523 of the
noncoding strand of pPBLCAT3). The hybrids were extended
by reverse transcriptase and were analyzed on a sequencing
gel along with a dideoxy sequencing ladder generated by the
same oligonucleotide and double-stranded pST4CAT plas-
mid DNA. Several closely spaced primer extension products
were observed (Fig. 4A, lane 5), and the 5 end of the most
prominent one was mapped at nt 3036. This result confirms
the presence of a transcriptional promoter with an initiation
site located in the small Dralll (nt 2999)-4/ul (nt 3042)
fragment close to the ATG 3057.

Analysis of the DNA sequence upstream of P5y;4 (Fig. 4B)
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FIG. 4. Primer extension analysis of in vitro transcripts initiated
in the E2 region. (A) The pST4CAT construct was linearized at the
Smal site and transcribed in vitro with unlabeled nucleoside triphos-
phates. Transcripts were hybridized to a 5'-3?P-radiolabeled oligo-
nucleotide (nt 523 in the pBLCAT3 sequence). The extended
products were analyzed on a sequencing gel (6% polyacrylamide-7
M urea). The marker is a sequencing reaction with the same
oligonucleotide as a primer and pST4ACAT DNA as a template. The
positions and nucleotide numbers of the main extended products are
indicated on the right. (B) Sequence analysis of the P53, region. The
sequences matching TATA, CAAT, and Spl motifs are indicated by
boxes. Nucleotides in boldface are from the pBLCAT3 sequence.

revealed a potential TATA box (TATAA) at nt 3012 to 3016,
24 nt upstream from the RNA start site, and a CAAT box
(GCAAT) present at nt 2949 to 2953. A potential Spl-binding
sequence, AGGTGG, was found close to the TATA box.
Although this sequence is not a perfect consensus sequence
for Spl (GGGCGG [18, 19]), Spl-binding sites matching the
5'-NGGNGN-3' consensus sequence (24) have been found
to be functionally active in BPV-1 (41, 61) and in HPV-16
(24). Several papillomavirus promoters are regulated by the
viral E2 protein. We looked for the presence of E2-respon-
sive elements (ACCN¢GGT [1]) in the P,y region. No
evidence for such a regulatory element was found.

The AGGTGG sequence binds Sp1 and is essential for P,g;¢
activity. We were interested to know whether or not the
Spl-related binding sequence AGGTGG was necessary for
expression from P,q;6. First, DNA mobility shift experi-
ments were performed to demonstrate that Spl binds to the
AGGTGG sequence (Fig. 5). A 20-bp-long oligonucleotide,
which covers the HPV-18 sequence from nt 2991 to 3010 and
includes the AGGTGG Spl-like sequence, was used in the
assay with an extract from HeLa cells (Fig. 5, lanes 1 to 4) or
with purified Spl protein (Promega) (Fig. 5, lanes 5 to 8).

Three DNA-binding complexes were observed when pro-
teins in HeLa extract were used in the assay (Fig. 5, lane 2),
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FIG. 5. Binding of Spl to a site proximal to P;y;5. DNA mobility
gel shift experiments were done with a whole-cell extract of HeLa
cells (lanes 2 to 4) or purified Sp1 protein (lanes 6 to 8) and a 20-mer
end-labeled oligonucleotide (nt 2991 to 3010) containing the Spl-like
sequence upstream of P,y Lanes 1 and 5 show the labeled
oligonucleotide alone. Lanes 2 and 6 show the complexes formed in
the absence of competing oligonucleotide. Lanes 3 and 7 show
inhibition by a 20-fold excess of an oligonucleotide containing the
Spl site of the HSV ¢k promoter (7), and lanes 4 and 8 show
inhibition by the same excess of an unrelated-Spl oligonucleotide
containing the AP1 binding site of HPV-18 (nt 7785 to 7804). Lanes
9 and 10 show the result of a binding experiment with end-labeled
HSYV ¢tk Sp1 oligonucleotide in the absence (lane 9) or presence (lane
10) of Spl protein.

but only the top complex appeared to be specific for Spl,
because it was the only one inhibited with an excess of Spl
binding sequence (lane 3) but not with a similar excess of
AP-1 binding sequence (lane 4). Binding was also inhibited
when an excess of unlabeled HPV-18 oligonucleotide was
added to the reaction (data not shown). Similar results were
obtained when we used purified Spl protein rather than a cell
extract (lanes 5 to 8). These results demonstrated that Spl
binds the HPV-18 sequence AGGTGG.

To investigate whether the Spl-like sequence was impor-
tant for transcription from the P33 promoter, the Spl
herpes simplex virus (HSV) ¢k oligonucleotide was used as a
competitor in an in vitro transcription experiment (Fig. 6).
The pST4CAT construct linearized at the Smal site was
transcribed with nuclear extract of HeLa cells which had
been incubated with or without a 20-fold excess of compet-
ing oligonucleotide. The in vitro transcripts were analyzed
by primer extension as described above. Transcription in
vitro from the P,y promoter (lane 1) was specifically
blocked by competing Spl sequence (lane 2), whereas tran-
scription was not reduced by competing oligonucleotide
containing the AP-1 binding site (data not shown). This
preliminary experiment suggested that binding of Spl to the
Spl-like binding sequence is important for transcription from
the P43 promoter in vitro.

The importance of the Spl-like binding sequence AG
GTGG for promoter activity was further studied with a
transient CAT expression assay. Part of the AGGTGG
sequence upstream of P, promoter was deleted in the
plasmid pST4CAT to generate pST4-Dralll (Fig. 7). These
two constructs were transfected into HeLa cells, and CAT
activity was measured 40 h after infection. Expression from
the P;y;36 promoter (pST4CAT, lane 1, Fig. 7) was reduced
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FIG. 6. Inhibition of P53 activity by an oligonucleotide contain-
ing the HSV tk Spl-binding motif. The pST4CAT plasmid (0.2 pg)
was transcribed in a whole-cell extract of HeLa cells without (lane
1) or with (lane 2) a 20-fold excess of a 32-mer oligonucleotide
containing the Spl site of the HSV zk promoter. RNA transcripts
were analyzed by primer extension as described in Fig. 4. The
arrowhead shows the main extended product mapped at nt 3036.
Size markers (in nucleotides) are indicated on the right.

by a factor of 90 after deletion of the Spl-like binding
sequence (pST4-Dralll, lane 2, Fig. 7). These results indi-
cate that Spl is a critical element in the P;y;5 promoter and
is necessary for transcriptional activity.

The P53, promoter is activated by E2. Several papilloma-
virus promoters are stimulated by the viral E2 trans-activa-
tor protein (62), which acts on viral cis elements containing
the ACCNGGT palindromic sequence (25, 31, 33, 65, 72).
E2 was also shown to activate heterologous promoters
without E2-responsive elements (26, 29). In this case, the
N-terminal domain of the protein, which contains the acti-
vation domain of E2 and no DNA-binding domain, is suffi-
cient for stimulation of promoter activity (26). It has been
reported that E2 can stimulate transcription from a synthetic
promoter even in the absence of E2-binding motifs if Spl
sites are placed proximal to the start site (41). We demon-
strated above that an Sp1 site is located close to the start site
at nt 3036. We wanted to test whether E2 was able to
activate transcription from the P53, promoter in the absence
of E2-binding motifs with the aid of Spl.

The two plasmids pST4CAT and pST4-Dralll were trans-
fected into HeLa cells with or without plasmids expressing
either the full-length (E2) or N-terminal (N-E2) domain of
BPV-1 E2. The results are shown in Fig. 7. The activity of
the P5y3 promoter (Fig. 7, lanes 1, 5, and 7) was abolished
when the Spl site was deleted (lane 2), and neither E2 (lane
3) nor N-E2 (lane 4) was able to restore activity from P;g3.
In contrast, when the Spl site was present, a fivefold
stimulation of promoter activity was observed with both E2
(lane 6) and N-E2 (lane 8). Assuming that the N-E2 expres-
sion vector containing a translational termination linker did
indeed produce only the N-terminal domain of E2, these
results confirm that this domain is sufficient for trans-
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FIG. 7. Role of the Spl-binding site and E2 in P,y;4 activity. The
Spl-binding site in pST4CAT was partially deleted (hatched box) to
generate pST4-Dralll. HeLa cells were transfected with 20 pg of
pST4CAT (lane 1 and lanes 5 to 8) or pST4-Dralll (lanes 2 to 4) and
5 pg of C59 (E2) or C59KpnTTL (N-E2), where indicated.

activation in the absence of E2-responsive elements. They
also indicate that, in the absence of Sp1 motifs, E2 is not able
to activate transcription from P,434. This is consistent with
the notion (41) that Spl is the target protein of E2. Alterna-
tively, the Spl motifs may be essential for any P,4; pro-
moter activity.

Analysis of the promoter located upstream of the E2 ORF:
mapping of P,5.s. Because the promoter located upstream of
E2 was detected only in vivo (Fig. 3, lane 3), we used an
RNase protection method to map the RNA start site of
transcripts produced in transfected cells. We inserted the
267-bp DNA fragment containing the promoter activity from
pST2CAT upstream of the B-globin coding sequences in the
plasmid pGBG(—). This new plasmid, called pST2BG, was
transfected into HeLa cells. RNA was extracted and ana-
lyzed by RNase protection with a T7 antisense RNA probe
as indicated in the legend to Fig. 8B. A major protected
fragment of approximately 270 bp was observed (Fig. 8A,
lanes 1 and 2), with a 5’ end mapping around nt 2596. No
protected fragment was observed with RNA isolated from
untransfected cells (lane 3).

To confirm the mapping determined by RNase protection,
the same RNA was used in a primer extension assay with a
20-mer oligonucleotide complementary to the B-globin se-
quence [nt 1680 to 1699 in the pGBG(—) sequence]. The
extended products were analyzed on a sequencing gel along-
side a dideoxy sequencing ladder generated by the same
oligonucleotide and pST28G DNA (Fig. 8C). The RNA start
site was mapped to position 2598 (P,sqg; lane 5) in agreement
with the RNase protection results.
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FIG. 8. RNase protection and primer extension analysis of
pST2BG RNA. (A) Total cytoplasmic RNA (10 pg) from HeLa cells
transfected with 20 pg of pST2BG DNA was hybridized to a T7
antisense RNA probe as described in Materials and Methods.
Protected fragments were analyzed on a sequencing gel. HeLa cells
in lanes 1 and 2 were transfected with DNA from two different
plasmid preparations. Lane 3 is a control with RNA from untrans-
fected cells. The arrowhead shows the main protected fragment of
about 270 nt. Size markers were radiolabeled fragments of pBR322
digested with Hinfl and Aval restriction enzymes. (B) Schematic
representation of the pST2BG construct. The HPV-18 DNA frag-
ment (hatched box) from pST2CAT was inserted between the
HindIII and Pst1 sites of pGBG(—) to generate pST2BG. The wavy
line represents the T7 antisense RNA probe, which is complemen-
tary to pST2BG from the Accl to the HindIII sites (see Materials and
Methods). The protected fragment of about 270 nt is shown with the
initiation site mapped around nt 2596. (C) Thirty micrograms of total
cytoplasmic RNA from pST2BG-transfected cells was hybridized to
a 20-mer oligonucleotide complementary to the B-globin sequence
(see text). The extended product mapped at nt 2598 is indicated. The
marker is a dideoxy sequencing ladder with the same oligonucleo-
tide as primer and pST2BG DNA as template.

Analysis of the sequence around 30 bp upstream of nt 2598
did not show the presence of a TATA box, but a sequence
matching a CAAT box (CCAAT, nt 2564 to 2568) was found.
Interestingly, a potential Spl motif AGGTGG (nt 2484 to
2489) was identified 104 bp upstream of the initiation site.
DNA mobility shift experiments were performed with a
20-bp-long oligonucleotide (nt 2477 to 2496) covering the
AGGTGG site and protein extract from HeLa cells or
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FIG. 9. Promoter activities in the late region of HPV-18. (A) The Nsil-Xbal DNA fragment (0.5 pg) was transcribed in vitro with a
whole-cell extract of HeLa cells. Transcripts were hybridized to a 20-mer end-labeled oligonucleotide (5’ at nt 5743) complementary to the
HPV-18 coding sequence and were extended by reverse transcriptase. Lanes 1 and 2 are results of transcription with two different template
preparations. The positions and nucleotide numbers of the three main extended products are indicated on the right. The markers are described
in the legend to Fig. 8. (B) DNA fragments spanning the late region from the NisiI site (nt 4031) to the Xbal site (nt 5730) were inserted into
the polylinker of pPBLCAT3. (C) CAT assays were carried out with a reaction time of 3 h with extracts from HeLa cells transfected with 20

ng of CAT-containing plasmid.

purified Spl protein. No binding of Spl was observed (data
not shown). In contrast, the AGGTGG sequence located at
position 2998 close to P,y;4 has been demonstrated to bind
Spl (Fig. 5). These results point to the fact that the nucle-
otides flanking the core sequence of an Spl motif play a role
in the specificity of DNA binding. A weight matrix analysis
(10) of the sequence covering the potential Spl site at
position 2484 did not define this sequence as a binding site
for Spl, whereas the motif found upstream of P, was
recognized as an Spl-binding site, consistent with the results
of the gel mobility shift experiments. In addition, cotrans-
fection experiments with both E2 and N-E2 did not result in
the stimulation of the P,ss promoter (data not shown).
Taken together, these results are in agreement with the
model in which trans activation by E2 in the absence of
E2-binding motifs is mediated by the Spl protein which
binds to elements close to the initiation site.

Identification of promoter activity in the late region of
HPV-18. The Nsil (nt 4031)-BamHI (nt 6929) fragment
(Nsi-Bam), which essentially contains the late region of the
HPV-18 genome (Fig. 1), was isolated and used as template
in an in vitro runoff transcription assay. A specific transcript
of approximately 1,320 nt was observed (data not shown),
suggesting the presence of an RNA start site around nt 5600.
To map this promoter and to determine the polarity of the
transcription, RNA transcripts synthesized in vitro were
hybridized to an oligonucleotide (5’ end at nt 5743) comple-
mentary to the HPV-18 sequence and were analyzed by
primer extension (Fig. 9A). Three main extended products

were observed, with 5’ termini mapping at nt 5578, 5600, and
5606, close to the end of the L2 ORF. To confirm the
presence and to test the in vivo activity of this promoter
(Pseo0)> the Nsil (nt 4031)-Xbal (nt 5730) fragment was
cloned into pBLCAT3 (Fig. 9B). The resulting construct
(pPST6CAT-5730) was found to be active in HeLa cells (Fig.
9C). The removal of the viral sequences which overlap the
L2-L1 region (pST6CAT-5250) reduced the activity of the
promoter to the background level. Interestingly, when a
fragment of 638 nt was deleted at the 5' end of the viral
sequences (pST7CAT-5730), an 8.5-fold reduction of the
promoter activity was observed, indicating the presence of a
cis-acting enhancer element. Additional deletion at the 3’
end of the promoter element (pST7CAT-5250) completely
abolished the ability of the L.2-L1 region to drive expression
of the reporter gene. These results confirmed the presence of
an enhancer-promoter element in the late region of the
HPV-18 genome with RNA initiation sites located close to
the end of the L2 ORF.

Analysis of the early region by transcription in vitro. The
BamHI (nt 119)-EcoRI fragment (Fig. 1), which contains
roughly the coding sequences of HPV-18 which are inte-
grated in carcinoma cell lines (57), was also analyzed by
using the in vitro runoff transcription assay. We found no
evidence for promoter activity within this template. These
results are in agreement with the observation that all of the
viral transcripts detected in HPV-18-derived tumor cell lines
are initiated in the vicinity of the start codon for the E6 ORF,
just at the end of the LCR (56).
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FIG. 10. Map of the promoters identified in the genome of
HPV-18. The promoter P, identified by Thierry and Howley (70),
as well as the promoters P,sog, P3g3¢, and Psego, identified in this
study, are indicated by arrows.

DISCUSSION

In this work, three novel promoters were detected within
the genome of HPV-18. They were all active in HeLa cells.
The initiation sites of the first two were mapped in the early
region at nt 2598 (P,50g) and at nt 3036 (P,y3¢), Whereas the
start of the third one was located around nt 5600 (Ps¢q,) in the
late region (Fig. 10). P,seg is found upstream of the initiation
codon (ATG 2817) used for the synthesis of the full-length E2
protein, and P,g;4 is located within the coding sequences of
E2 close to an internal methionine (ATG 3057) (12). In
BPV-1, two promoters (P,,,; and P,,4,) have been identified
in the E2 region (3, 63, 77), and transcription from these two
promoters results in mRNAs encoding two forms of the E2
protein (38). The first species of mRNA codes for the
full-length protein, which represents the transactivator form
of E2 (62), whereas the second species of mRNA codes for
a truncated form of E2 initiated at an internal methionine.
The short E2 can act as a transcriptional repressor (38). In
BPV-1 a second species of mRNA is produced from P, ,;
and is spliced to encode the ES gene product (53, 63, 77). By
analogy, it is possible that the two promoters identified in the
E2 region of HPV-18 may be involved in producing two
different forms of the E2 protein and the ES gene product,
but this remains to be proved.

The promoter P,so5 has several interesting properties. It
has strong activity in vivo (as shown by a CAT assay), but it
is not active in vitro. It does not contain a TATA-like
sequence, but the sequence CCAAT is present 34 bp up-
stream of the initiation site. Transcription has been observed
from promoters without a TATA box but having an initiator
sequence (59) at the start site. The P,5o5 promoter contains a
sequence (CCATT, nt 2591 to 2595) which matches the
central core of the initiator sequence. Interestingly, tran-
scription from the adenovirus major late start site, in the
absence of a TATA box but in the presence of the initiator
sequence, was observed in vivo but not in vitro (30).

The AGGTGG sequence, which binds the transcription
factor Spl, was demonstrated to be essential for the activity
of the P53 promoter. Spl is involved in transcription from
several papillomavirus promoters (24, 41, 61, 67). In these
promoters, the classical 5'-GGGCGG-3' motif (GC box) of
Spl (18, 19) is not well conserved, and Gloss and Bernard
(24) proposed that the sequence required for binding
matches the motif 5'-NGGNGN-3'. In HPV-18, an AG
GTGG motif is present upstream of both P50 and P5y36. The
AGGTGG sequence upstream of P,y binds Spl in a gel
retardation assay and is necessary for promoter activity. In
contrast, the AGGTGG motif upstream of P,5os does not
bind Spl. It has been proposed that the 5'- and 3’-flanking
sequences of the Spl core sequence are also important for
binding, and an extended consensus sequence (G/T)(G/A)G
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GCGG(G/A)(G/A)(C/T) for Spl-binding sites has been de-
fined (9, 10). Two other studies further demonstrated that the
C in the center of the GC motif could be replaced by either
a T (40) or an A (37). The Spl motif CAGGTGGTGC of the
P33¢ promoter is similar to the extended consensus se-
quence for Spl, and results of a weight matrix analysis
showed that this sequence is an Spl site with an affinity
comparable to the SV40 (I) GC motif (10). On the other
hand, the homology of the AAGGTGGCCA sequence up-
stream of P,s54 with the Spl extended consensus binding
motif is low, and the weight matrix analysis did not define
this sequence as an Spl motif. These observations confirmed
that the nucleotides flanking the 3’ end of the Spl core
sequence are particularly important for binding of Spl.

The activity of the P,y ;s promoter could be further in-
creased by coexpression of the BPV-1 E2 protein. E2 is a
sequence-specific DNA-binding activator protein (1, 45). It
can also stimulate transcription in the absence of E2-binding
motifs (26, 29). This general frans-activation process re-
quires only the N-terminal domain of E2 (N-E2), which
contains the functional transcription activator domain (26).
Consistent with the absence of any E2-binding motifs, the
P3436 promoter was stimulated by both E2 and N-E2. The
level of activation (5-fold) was comparable to that obtained
by Haugen et al. (26) in the absence of E2-binding sites, but
was significantly lower than the stimulation of transcription
(20- to 50-fold) generated by sequence-specific binding of E2
(68). Li et al. (41) observed activation of transcription by E2
in the absence of E2-binding motifs when Spl sites were
placed proximal to the start site, and a model was proposed
in which E2 and Spl synergistically interact to stimulate
transcription. The Sp1 site located upstream of P,y;4 appears
to be implicated in E2 trans activation because, after dele-
tion of this site, the promoter did not respond to E2. A
similar observation was made for the P, promoter of
BPV-1 (41). Finally, we showed that P,5og in HPV-18, which
lacks an Spl-binding motif, was not stimulated by E2. These
results are in agreement with the model in which the E2
protein is targeted to the promoter region by physical
interaction with Spl.

A promoter (Ps4,0) Was identified close to the end of the L2
OREF in the late region of the HPV-18 genome. Although this
promoter is located in the late region, it seems unlikely to be
involved in the expression of the late genes. L1 mRNAs
from several human and animal papillomaviruses have been
characterized, and all have a similar structure, with a small
second exon considerably upstream of nt 5600 (in the E2/E4
region). Thus, the biological significance of Py, is uncer-
tain. Promoters for the late genes have been characterized in
BPV-1 (3), in HPV-1 (51), in the cottontail rabbit papilloma-
virus (76), and in HPV-8 (65). They are located in the L1
proximal part of the LCR. The activity of these promoters is
generally restricted to differentiating keratinocytes and, with
the exception of HPV-8 (65), is not detected in cell culture.
We did not find evidence for a promoter at the beginning of
the HPV-18 LCR (50 and unpublished results).

We found no evidence for initiation sites during an in vitro
transcription analysis of the E6-E7-E1 early region of HPV-
18. The 5' ends of transcripts encoding an E1/E4 fusion
protein have been mapped within E7 in HPV-6, HPV-11 (11,
49), HPV-16 (32), and HPV-31b (36). The transcripts starting
within E7 in HPV-16 and in HPV-31b are increased during
keratinocyte differentiation. As a consequence, a promoter
playing a similar role in HPV-18 would not be detected
during transcription by a HeLa cell extract because such an
extract would lack factors expressed during late stages of
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epithelial differentiation. The development of a productive
system for HPV-18, perhaps analogous to those developed
for HPV-11 and HPV-31b (15, 47), may make possible the
mapping of promoters which are induced during epithelial
differentiation. Interestingly, the mRNA coding for the
E1/E4 protein of HPV-6 and HPV-11 is synthesized very
early during differentiation of epithelial cells (64), and we
observed that the promoter for this mRNA is active in the in
vitro transcription assay (unpublished results). These obser-
vations suggest that a major difference between oncogenic
(HPV-16, HPV-18, and HPV-31b) and nononcogenic (HPV-6
and HPV-11) viruses is in the way in which the production of
the E1/E4 mRNA is regulated.

In HPV-18, only the promoter for E6 has been previously
characterized. RNA mapping studies with other papilloma-
viruses have suggested that additional promoters may exist
in other parts of the genome. Here, we provided evidence for
three novel promoters in the genome of HPV-18. Further
work will be necessary to test whether the promoters located
in the E2 region and close to the end of the L2 ORF are
active in infected tissues and to identify the transcripts
produced.

ACKNOWLEDGMENTS

We thank B. Hirt, E. Offord, and J. Champoux for helpful
comments. B. Bentele and N. Paduwat provided excellent technical
assistance. We are most grateful to H. zur Hausen for kindly
donating cloned HPV-18 DNA, to P. Howley for the gift of plasmid
C59, to M. Yaniv for plasmid C59KpnTTL, and to M. Nabholz for
plasmid pGBG(—).

This work was supported by grants from the Ligue Suisse contre
le Cancer, the Fabriques de Tabac Réunies, the Fonds National
Suisse de la Recherche Scientifique, and the University of Lau-
sanne.

REFERENCES

1. 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.

2. Ausubel, F. M., R. Brent, R. E. Kingston, D. D. Moore, J. G.
Seidman, J. A. Smith, and K. Struhl. 1990. Current protocols in
molecular biology. Wiley Interscience, New York.

3. Baker, C. C., and P. M. Howley. 1987. Differential promoter
utilization by the bovine papillomavirus in transformed cells and
productively infected wart tissues. EMBO J. 6:1027-1035.

4. Banks, L., P. Spence, E. Androphy, N. Hubbert, G. Matla-
shewski, A. Murray, and L. Crawford. 1987. Identification of
human papillomavirus type 18 E6 polypeptide in cells derived
from human cervical carcinomas. J. Gen. Virol. 68:1351-1359.

5. Bauknecht, T., P. Angel, H.-D. Royer, and H. zur Hausen. 1992.
Identification of a negative regulatory domain in the human
papillomavirus type 18 promoter: interaction with the transcrip-
tional repressor YY1. EMBO J. 11:4607-4617.

6. Beard, P., and K. Nyfeler. 1982. Transcription of simian virus 40
chromosomes in an extract of HeLa cells. EMBO J. 1:9-14.

7. Ben-Hattar, J., P. Beard, and J. Jiricny. 1989. Cytosine meth-
ylation in CTF and Sp1 recognition sites of an HSV tk promoter:
effects on transcription in vivo and on factor binding in vitro.
Nucleic Acids Res. 17:10179-10190.

8. Bernard, B. A., C. Bailly, M.-C. Lenoir, M. Darmon, F. Thierry,
and M. Yaniv. 1989. The human papillomavirus type 18 (HPV
18) E2 gene product is a repressor of the HPV18 regulatory
region in human keratinocytes. J. Virol. 63:4317-4324.

9. Briggs, M. R., J. T. Kadonaga, S. P. Bell, and R. Tjian. 1986.
Purification and biochemical characterization of the promoter-
specific transcription factor, Spl. Science 234:47-52.

10. Bucher, P. 1990. Weight matrix descriptions of four eukaryotic
RNA polymerase II promoter elements derived from 502 unre-
lated promoter sequences. J. Mol. Biol. 212:563-578.

11. Chow, L. T., M. Nasseri, S. M. Wolinsky, and T. R. Broker.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

26.

27.

28.

29.

30.

31.

J. VIROL.

1987. Human papillomavirus types 6 and 11 from genital con-
dylomata acuminata. J. Virol. 61:2581-2588.

Cole, S. T., and O. Danos. 1987. Nucleotide sequence and
comparative analysis of the human papillomavirus type 18
genome. J. Mol. Biol. 193:599-608.

deVilliers, E. M. 1989. Heterogeneity of the human papilloma-
virus group. J. Virol. 63:4898-4903.

Doerig, C., B. Hirt, J.-P. Antonietti, and P. Beard. 1990.
Nonstructural protein of parvoviruses B19 and minute virus of
mice controls transcription. J. Virol. 64:387-396.

Dollard, S. C., J. L. Wilson, L. M. Demeter, W. Bonnez, R. C.
Reichman, T. R. Broker, and L. T. Chow. 1992. Production of
human papillomavirus and modulation of the infectious program
in epithelial raft cultures. Genes Dev. 6:1131-1142.

Dostatni, N., P. F. Lambert, R. Sousa, J. Ham, P. M. Howley,
and M. Yaniv. 1991. The functional BPV-1 E2 trans-activating
protein can act as a repressor by preventing formation of the
initiation complex. Genes Dev. 5:1657-1671.

Dostatni, N., F. Thierry, and M. Yaniv. 1988. A dimer of BPV-1
E2 containing a protease resistant core interacts with its DNA
target. EMBO J. 7:3807-3816.

Dynan, W. S., and R. Tjian. 1983. The promoter-specific tran-
scription factor Spl binds to upstream sequences in the SV40
early promoter. Cell 35:79-87.

Dynan, W. S., and R. Tjian. 1985. Control of eukaryotic
messenger RNA synthesis by sequence-specific DNA-binding
proteins. Nature (London) 316:774-778.

Dyson, N., P. M. Howley, K. Miinger, and E. Harlow. 1989. The
human papilloma virus-16 E7 oncoprotein is able to bind to the
retinoblastoma gene product. Science 234:934-937.
Garcia-Carranca, A., F. Thierry, and M. Yaniv. 1988. Interplay
of viral and cellular proteins along the long control region of
human papillomavirus type 18. J. Virol. 62:4321-4330.
Gauthier, J.-M., N. Dostatni, M. Lusky, and M. Yaniv. 1991.
Two DNA-bound E2 dimers are required for strong transcrip-
tional activation and for cooperation with cellular factors in
most cells. New Biol. 3:498-509.

Gius, D., S. Grossman, M. A. Bedell, and L. A. Laimins. 1988.
Inducible and constitutive enhancer domains in the noncoding
region of human papillomavirus type 18. J. Virol. 62:665-672.
Gloss, B., and H.-U. Bernard. 1990. The E6/E7 promoter of
human papillomavirus type 16 is activated in the absence of E2
proteins by a sequence-aberrant Spl distal element. J. Virol.
64:5577-5584.

. Haugen, T. H., T. P. Cripe, G. D. Ginder, M. Karin, and L. P.

Turek. 1987. Trans-activation of an upstream early gene pro-
moter of bovine papilloma virus-1 by a product of the viral E2
gene. EMBO J. 6:145-152.

Haugen, T. H., L. P. Turek, F. M. Mercurio, T. P. Cripe, B. J.
Olson, R. D. Anderson, D. Seidl, M. Karin, and J. Schiller. 1988.
Sequence-specific and general transcriptional activation by the
bovine papillomavirus-1 E2 trans-activator require an N-termi-
nal amphipathic helix-containing E2 domain. EMBO J. 7:4245-
4253.

Hawley-Nelson, P., K. H. Vousden, N. L. Hubbert, D. R. Lowy,
and J. T. Schiller. 1989. HPV16 E6 and E7 proteins cooperate to
immortalize human foreskin keratinocytes. EMBO J. 12:3905-
3910.

Heck, D. V., C. L. Yee, P. M. Howley, and K. Miinger. 1992.
Efficiency of binding the retinoblastoma protein correlates with
the transforming capacity of the E7 oncoproteins of the human
papillomaviruses. Proc. Natl. Acad. Sci. USA 89:4442-4446.
Heike, T., S. Miyatake, M. Yoshida, K. Arai, and N. Arai. 1989.
Bovine papilloma virus encoded E2 protein activates lympho-
kine genes through DNA elements, distinct from the consensus
motif, in the long control region of its own genome. EMBO J.
8:1411-1417.

Hen, R., P. Sassone-Corsi, J. Gorden, M. P. Gaub, and P.
Chambon. 1982. Sequences upstream from the TATA box are
required in vivo and in vitro for efficient transcription from the
adenovirus serotype 2 major late promoter. Proc. Natl. Acad.
Sci. USA 89:7132-7136.

Hermonat, P. L., B. A. Spalholz, and P. M. Howley. 1988. The



VoL. 67, 1993

32.

33.

34.

3s.

36.

37.

38.

39.

41.

42.

43.

45.

46.

47.

49.

50.

bovine papillomavirus P2443 promoter is E2 trans-responsive:
evidence for E2 autoregulation. EMBO J. 7:2815-2822.
Higgins, G. D., D. M. Uzelin, G. E. Phillips, P. McEvoy, R.
Marin, and C. J. Burrell. 1992. Transcription patterns of human
papillomavirus type 16 in genital intraepithelial neoplasia: evi-
dence for promoter usage within the E7 open reading frame
during epithelial differentiation. J. Gen. Virol. 73:2047-2057.
Hirochika, H., R. Hirochika, T. R. Broker, and L. T. Chow.
1988. Functional mapping of the human papillomavirus type 11
transcriptional enhancer and its interaction with the trans-acting
E2 proteins. Genes Dev. 2:54-67.

Hoppe-Seyler, F., K. Butz, and H. zur Hausen. 1991. Repression
of the human papillomavirus type 18 enhancer by the cellular
transcription factor Oct-1. J. Virol. 65:5613-5618.

Hubbert, L. N., S. A. Sedman, and J. T. Schiller. 1992. Human
papillomavirus type 16 E6 increases the degradation rate of p53
in human keratinocytes. J. Virol. 66:6237-6241.

Hummel, M., J. B. Hudson, and L. A. Laimins. 1992. Differen-
tiation-induced and constitutive transcription of human papillo-
mavirus type 31b in cell lines containing viral episomes. J. Virol.
66:6070-6080.

Jones, K. A., J. T. Kadonaga, P. A. Luciw, and R. Tjian. 1986.
Activation of the AIDS retrovirus promoter by the cellular
transcription factor, Spl. Science 232:755-759.

Lambert, P. F., B. A. Spalholz, and P. M. Howley. 1987. A
transcriptional repressor encoded by BPV-1 shares a common
carboxy-terminal domain with the E2 transactivator. Cell 50:69—
78.

Lechner, M. S., D. H. Mack, A. B. Finicle, T. Crook, K. H.
Vousden, and L. A. Laimins. 1992. Human papillomavirus E6
proteins bind p53 in vivo and abrogate p53-mediated repression
of transcription. EMBO J. 11:3045-3052.

. Letovsky, J., and W. S. Dynan. 1989. Measurement of the

binding of transcription factor Spl to a single GC box recogni-
tion sequence. Nucleic Acids Res. 17:2639-2653.

Li, R., J. D. Knight, S. P. Jackson, R. Tjian, and M. R. Botchan.
1991. Direct interaction between Spl and the BPV enhancer E2
protein mediates synergistic activation of transcription. Cell
65:493-505.

Luckow, B., and G. Schiitz. 1987. CAT constructions with
multiple unique restriction sites for the functional analysis of
eukaryotic promoters and regulatory elements. Nucleic Acids
Res. 15:5490.

Mack, D. H., and L. A. Laimins. 1991. A keratinocyte-specific
transcription factor, KRF-1, interacts with AP-1 to activate
expression of human papillomavirus type 18 in squamous epi-
thelial cells. Proc. Natl. Acad. Sci. USA 88:9102-9106.

. Manley, J. L., A. Fire, A. Cano, P. A. Sharp, and M. L. Gefter.

1980. DNA-dependent transcription of adenovirus genes in a
soluble whole-cell extract. Proc. Natl. Acad. Sci. USA 77:3855-
3859.

McBride, A. A., J. C. Byrne, and P. M. Howley. 1989. E2
polypeptides encoded by bovine papillomavirus type 1 form
dimers through the common carboxyl-terminal domain: trans-
activation is mediated by the conserved amino-terminal domain.
Proc. Natl. Acad. Sci. USA 86:510-514.

Melton, D. A., P. A. Krieg, M. R. Rebagliati, T. Maniatis, K.
Zinn, and M. R. Green. 1984. Efficient in vitro synthesis of
biologically active RNA and RNA hybridization probes from
plasmids containing a bacteriophage SP6 promoter. Nucleic
Acids Res. 12:7035-7056.

Meyers, C., M. G. Frattini, J. B. Hudson, and L. A. Laimins.
1992. Biosynthesis of human papillomavirus from a continuous
cell line upon epithelial differentiation. Science 257:971-973.

. Miinger, K., W. C. Phelps, V. Bubb, P. M. Howley, and R.

Schlegel. 1989. The E6 and E7 genes of the human papillomavi-
rus type 16 together are necessary and sufficient for transforma-
tion of primary human keratinocytes. J. Virol. 63:4417-4421.
Nasseri, M., R. Hirochika, T. R. Broker, and L. T. Chow. 1987.
A human papilloma virus type 11 transcript encoding an E1.E4
protein. Virology 159:433-439.

Offord, E. A., and P. Beard. 1990. A member of the activator
protein 1 family found in keratinocytes but not in fibroblasts

51.

52.
53.

54.

55.

56.

57.

58.

59.

61.

62.

63.

65.

66.

67.

68.

69.

70.

NOVEL PROMOTERS IN THE HPV-18 GENOME

4305

required for transcription from a human papillomavirus type 18
promoter. J. Virol. 64:4792-4798.

Palermo-Dilts, D. A., T. R. Broker, and L. T. Chow. 1990.
Human papillomavirus type 1 produces redundant as well as
polycistronic mMRNAs in plantar warts. J. Virol. 64:3144-3149.
Pfister, H. 1984. Biology and biochemistry of papillomaviruses.
Rev. Physiol. Biochem. Pharmacol. 99:111-181.

Prakash, S. S., B. H. Horwitz, T. Zibello, J. Settleman, and D.
DiMaio. 1988. Bovine papillomavirus E2 gene regulates expres-
sion of the viral E5 transforming region. J. Virol. 62:3608-3613.
Roggenbuck, B., P. Mose Larsen, S. J. Fey, D. Bartsch, L.
Gissman, and E. Schwarz. 1991. Human papillomavirus type 18
E6*, E6, and E7 protein synthesis in cell-free translation sys-
tems and comparison of E6 and E7 in vitro translation products
to proteins immunoprecipitated from human epithelial cells. J.
Virol. 65:5068-5072.

Scheffner, M., B. A. Werness, J. M. Huibregtse, A. J. Levine,
and P. M. Howley. 1990. The E6 oncoprotein encoded by human
papillomavirus types 16 and 18 promotes the degradation of p53.
Cell 63:1129-1136.

Schneider-Giidicke, 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.

Schwarz, E., U. K. Freese, L. Gissman, W. Mayer, B. Roggen-
buck, A. Stremlau, and H. zur Hausen. 1985. Structure and
transcription of human papillomavirus sequences in cervical
carcinoma cells. Nature (London) 314:111-114.

Seedorf, K., T. Oltersdorf, G. Krimmer, and W. Réwenkamp.
1987. Identification of early proteins of the human papilloma
viruses type 16 (HPV 16) and type 18 (HPV 18) in cervical
carcinoma cells. EMBO J. 6:139-144.

Smale, S. T., and D. Baltimore. 1989. The ‘‘initiator’> as a
transcription control element. Cell §7:103-113.

. Smotkin, D., H. Prokoph, and F. O. Wettstein. 1989. Oncogenic

and nononcogenic human genital papillomaviruses generate the
E7 mRNA by different mechanisms. J. Virol. 63:1441-1447.
Spalholz, B. A., S. B. Vande Pol, and P. M. Howley. 1991.
Characterization of the cis elements involved in basal and
E2-transactivated expression of the bovine papillomavirus P,,,;
promoter. J. Virol. 65:743-753.

Spalholz, B. A., U. C. Yang, and P. M. Howley. 1985. Transac-
tivation 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.
Petterson. 1985. Messenger RNAs from the transforming region
of bovine papilloma virus type 1. J. Mol. Biol. 182:541-554.

. Stoler, M. H., S. M. Wolinsky, A. Whitbeck, T. R. Broker, and

L. T. Chow. 1989. Differentiation-linked human papillomavirus
types 6 and 11 transcription in genital condylomata revealed by
in situ hybridization with message-specific RNA probes. Virol-
ogy 172:331-340.

Stubenrauch, F., J. Maleijczyk, P. G. Fuchs, and H. Pfister.
1992. Late promoter of human papillomavirus type 8 and its
regulation. J. Virol. 66:3485-3493.

Tack, L. C., and P. Beard. 1985. Both trans-acting factors and
chromatin structure are involved in the regulation of transcrip-
tion from the early and late promoters in simian virus 40
chromosomes. J. Virol. 54:207-218.

Tan, S.-H., B. Gless, and H.-U. Bernard. 1992. During negative
regulation of the human papillomavirus-16 E6 promoter, the
viral E2 protein can displace Spl from a proximal promoter
element. Nucleic Acids Res. 20:251-256.

Thierry, F., N. Dostatni, F. Arnos, and M. Yaniv. 1990. Coop-
erative activation of transcription by bovine papillomavirus type
1 E2 can occur over a large distance. Mol. Cell. Biol. 10:4431-
4437.

Thierry, F., J. M. Heard, K. Dartmann, and M. Yaniv. 1987.
Characterization of a transcriptional promoter of human papil-
lomavirus 18 and modulation of its expression by simian virus 40
and adenovirus early antigens. J. Virol. 61:134-142.

Thierry, F., and P. M. Howley. 1991. Functional analysis of
E2-mediated repression of the HPV18 P105 promoter. New



4306

71.

72.

73.

74.

KARLEN AND BEARD

Biol. 3:90-100.

Thierry, F., G. Spyrou, M. Yaniv, and P. M. Howley. 1992. Two
AP1 sites binding junB are essential for human papillomavirus
type 18 transcription in keratinocytes. J. Virol. 66:3740-3748.
Thierry, F., and M. Yaniv. 1987. The BPV-1 E2 trans-acting
protein can be either an activator or a repressor of the HPV-18
regulatory region. EMBO J. 6:3391-3397.

Vaillancourt, P., T. Nottoli, J. Choe, and M. R. Botchan. 1990.
The E2 transactivator of bovine papillomavirus type 1 is ex-
pressed from multiple promoters. J. Virol. 64:3927-3937.
Vousden, K. H. 1989. Human papillomaviruses and cervical
carcinoma. Cancer Cells 1:43-50.

75.

76.

77.

J. VIROL.

Werness, B. A., A. J. Levine, and P. M. Howley. 1990. Associ-
ation of human papillomavirus types 16 and 18 proteins with
p53. Science 248:76-79.

Wettstein, F. O., M. S. Barbosa, and M. Nasseri. 1987. Identi-
fication of the major cottontail rabbit papillomavirus late RNA
cap site and mapping and quantification of an E2 and minor E6
coding mRNA in papillomas and carcinomas. Virology 159:321-
328.

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



