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The long control regions (LCRs) of mucosal epitheliotropic papillomaviruses have similar organizations: a
promoter region, an enhancer region, and a highly conserved distribution of E2 DNA binding sites (C.
Desaintes and C. Demeret, Semin. Cancer Biol. 7:339–347, 1996). The enhancer of these viruses is epithelial
cell specific, as it fails to activate transcription from heterologous promoters in nonepithelial cell types (B.
Gloss, H. U. Bernard, K. Seedorf, and G. Klock, EMBO J. 6:3735–3743, 1987). Using the bovine papillomavirus
type 4 (BPV-4) LCR and a bovine primary cell system, we have shown previously that a level of epithelial
specificity resides in a papillomavirus promoter region. The BPV-4 promoter shows an enhanced response to
transcriptional activators in epithelial cells compared with that of fibroblasts (K. W. Vance, M. S. Campo, and
I. M. Morgan, J. Biol. Chem. 274:27839–27844, 1999). A chimeric lcr/tk promoter suggests that the upstream
BPV-4 promoter region determines the cell-type-selective response of this promoter in fibroblasts and kera-
tinocytes. Promoter deletion analysis identified two novel repressor elements that are, at least in part,
responsible for mediating the differential response of this promoter to upstream activators in fibroblasts and
keratinocytes. One of these elements, promoter repressor element 2 (PRE-2), is conserved in position and
sequence in the related mucosal epitheliotropic papillomaviruses, BPV-3 and BPV-6. PRE-2 functions in cis to
repress the basal activity of the simian virus 40 promoter and binds a specific protein complex. We identify the
exact nucleotides necessary for binding and correlate loss of binding with loss of transcriptional repression. We
also incorporate these mutations into the BPV-4 promoter and demonstrate an enhanced response of the
mutated promoter to E2 in fibroblasts. The DNA binding protein in the detected complex is shown to have a
molecular mass of approximately 50 kDa. The PRE-2 binding protein represents a novel transcriptional
repressor and regulator of papillomavirus transcription.

Human papillomaviruses (HPVs) are a family of small dou-
ble-stranded DNA viruses with a strict tropism for the epithe-
lial cell type. HPVs are causative agents of squamous cell
carcinomas. Over 95% of human cervical cancers contain tran-
scriptionally active DNA of the mucosal epitheliotropic papil-
lomaviruses, such as HPV type 16 (HPV-16) and HPV-18,
often integrated into the host genome (41). Papillomaviruses
have a closed circular genome that can be divided into three
regions: regions encoding the early and late gene products
which are separated by a noncoding region of 500 to 1,000 bp
called the long control region (LCR). The LCR is the tran-
scriptional control unit of the virus and contains a number of
binding sites for transcription factors including virus-encoded
E2. One way in which these viruses are restricted to the epi-
thelial cell type is at the transcriptional level. Bovine papillo-
mavirus type 4 (BPV-4) is a mucosal epitheliotropic papillo-
mavirus that infects the upper alimentary canal of cattle.
BPV-4 infection causes benign papillomas with a high risk of
progressing to carcinoma in cattle feeding on bracken fern (6).
Although the overall LCR sequence homology between BPV-4
and HPV-16 and -18 is low, these LCRs have similar organi-

zations: a promoter region, an enhancer region, and a highly
conserved distribution of E2 DNA binding sites (10).

The enhancer of these papillomaviruses is epithelial cell
specific, as it fails to activate transcription from heterologous
promoters in nonepithelial cell types (13). The BPV-4, HPV-
16, and HPV-18 enhancers are of similar sizes and positions
(25). These epithelial cell-specific enhancers contain numerous
binding sites for cellular transcription factors, including AP-1
(7, 32, 38), Oct-1 (15, 27), NF-1 (1, 2, 28), PEF-1 (9, 33), TEF-1
(16), Sp1 (3), YY-1 (31), and the glucocorticoid receptor (24).
No one factor that determines the epithelial cell-specific na-
ture of these enhancer elements has been identified. It has
been proposed that epithelial specificity is brought about by
the cooperative interactions of ubiquitously expressed tran-
scription factors. The mechanism of this activation may involve
synergism between DNA-bound factors that are differentially
expressed or, alternatively, spliced or modified in a cell-type-
dependent manner to establish a pattern of epithelial cell-
specific transcriptional regulation.

The promoter regions of BPV-4, HPV-16, and HPV-18 con-
tain the origin of replication, three binding sites for virus-
encoded E2, a TATA box, and an initiator element. Binding
sites for the cellular factors Sp1 (3), YY-1 (4), CDP/Cut (29),
and C/EBP (5) are also commonly found in HPV promoters.
Sp1 is a positive regulator and YY-1 is a negative regulator of
HPV gene expression. CDP/Cut represses HPV-16 transcrip-
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tion and replication by binding to a conserved element that
overlaps the binding site for the viral replication protein E1
(29). Although the BPV-4 promoter does not contain binding
sites for Sp1, YY-1, and CDP/Cut, C/EBP family members
have been implicated as both positive and negative regulators
of transcription from HPV and BPV-4 LCRs (23).

The cellular factors that BPV-4 uses to achieve epithelial
cell-specific transcriptional regulation are distinct from those
used by the HPVs. However, the conservation of the organi-
zation of E2 binding sites between the BPV-4 and HPV-16 and
-18 LCRs strongly suggests that the mechanism that E2 uses to
regulate transcription from mucosal epitheliotropic LCRs is
conserved (26). Immediately upstream of the TATA box are
two E2 binding sites separated from each other and the TATA
box by 3 or 4 bp. Two additional upstream sites flank the
epithelial cell-specific enhancer: one beside the E1 DNA bind-
ing site involved in the regulation of viral DNA replication and
one a further 300 to 400 bp upstream. This organization of E2
DNA binding sites is not observed in the cutaneous HPV or
BPV LCRs.

Previously, we have demonstrated that HPV-16 E2, which
functions in a manner identical to that of BPV-4 E2 in our
assays, upregulates transcription from the BPV-4 LCR in pri-
mary bovine palate keratinocytes (PalK cells) but not in palate
fibroblasts (PalF cells) (26). PalK cells are the natural target
cell type for transformation by BPV-4. Insertion of multiple E2
sites upstream of the BPV-4 promoter demonstrated that the
BPV-4 epithelial cell-specific enhancer is not required for the
enhanced activity of E2 in epithelial cells (39). The BPV-4
promoter region itself shows an enhanced epithelial response
to activation, not only by E2 but also by several other tran-
scriptional activators. This epithelial preference is not extend-
ed to heterologous promoters such as the thymidine kinase (tk)
promoter. This was the first time that a level of epithelial spec-
ificity has been shown to reside in a papillomavirus promoter
region (39).

The 127-bp BPV-4 promoter region used in our previous
studies contains the TATA box and has the TATA proximal E2
binding sites mutated to prevent E2 binding, as these sites have
previously been shown to mediate downregulation of transcrip-
tion at high levels of E2 (17, 26). The BPV-4 promoter used
does not have the putative initiator element identified in the
BPV-4 LCR (8) or contain any potential binding sites for
cellular factors commonly found in papillomavirus promoters
(18). The results presented here demonstrate that the up-
stream BPV-4 promoter region contains two novel repressor
elements that are, at least in part, responsible for mediating
the differential response of this promoter to upstream activa-
tors in fibroblasts and keratinocytes. One of these elements,
promoter repressor element 2 (PRE-2), is conserved in posi-
tion and sequence in the related mucosal epitheliotropic pap-
illomaviruses BPV-3 and BPV-6. PRE-2 functions in cis to
repress the basal activity of the simian virus (SV40) promoter
and binds a specific protein complex. We identify the exact
nucleotides necessary for binding and correlate loss of binding
with loss of transcriptional repression. Mutation of the PRE-2
site in the BPV-4 promoter results in an elevated response of
this promoter to transcriptional activation by E2 in fibroblasts.
The DNA binding protein in the detected complex is shown to
have a molecular mass of approximately 50 kDa. The results

also demonstrate that a minimal BPV-4 TATA-containing pro-
moter is able to support activated transcription by E2 and
suggest that the TFIID complexes assembled at the BPV-4
TATA and tk TATA boxes are distinct.

MATERIALS AND METHODS

Plasmid constructs and expression vectors. Construction of the PV2 6E2 and
tk 6E2 reporter constructs has been described previously (39). The lcr/tk hybrid
promoter was generated by splicing-by-overlap-extension PCR. The BPV-4 pro-
moter region from nucleotides 184 to 279 and the tk promoter from nucleotides
120 to 199 were PCR amplified. The internal primers used ensured that the
primary PCR products had 20-bp overlapping complementary ends. A second
PCR using primers annealing at the nonoverlapping ends was performed to
generate the hybrid lcr/tk promoter as a BglII-HindIII fragment. This fragment
was then cloned into pGL36E2. pGL36E2 contains six E2 DNA binding sites
cloned into the BglII site of pGL3. The 80bpTATA, 66bpTATA, 41bpTATA,
19bpTATA, and 3bpTATA BPV-4 promoter deletions were PCR amplified as
BglII-HindIII fragments from PV2 6E2. These fragments were then cloned into
pGL36E2. PRO4XPRE-2, PRO4XPRE-2(2), and PRO4XPRE-2mt1 were all
generated in the same manner as described below. Oligonucleotides were syn-
thesized on an Applied Biosystems model 381A DNA synthesizer and are as
follows: PRE-2 upper strand, 59GATCCGCTAGGTAAGTGTTGTACCTA;
PRE-2 lower strand, 59GATCTAGGTACAACACTTACCTAGCG; PRE-2mt1
upper strand, 59GATCCGCTAGGTCCTTGTTGTACCTA; and PRE-2mt1
lower strand, 59GATCTAGGTACAACAAGGACCTAGCG. Oligonucleotides
were separated on a 6% polyacrylamide gel, excised, eluted overnight in a
minimal volume of elution buffer (0.1% sodium dodecyl sulfate [SDS], 0.5 M
ammonium acetate, 10 mM magnesium acetate), and purified by LiCl and ethyl
alcohol (EtOH) precipitation Pairs of these oligonucleotides when annealed
together generate a binding motif with BamHI/BglII-compatible ends. After end
labeling with T4 kinase (Kramel Biotech) and ligation, the double-stranded
oligonucleotides were restriction digested with BamHI/BglII. This ensures that
only concatemers of binding sites facing in the same orientation are generated,
as ligation in the wrong orientation reconstitutes a restriction site. The oligonu-
cleotides were separated on a 6% polyacrylamide gel, and the bands correspond-
ing to four binding sites were excised, eluted, and purified by sodium acetate and
EtOH precipitation. The correct numbers of synthetic binding sites were then
cloned into the BglII site upstream of the SV40 promoter in the pGL3 luciferase
vector. 80bpmt1 was generated by PCR amplifying the corresponding BPV-4
promoter region as a BglII-HindIII fragment from 80bpTATA using a 59 primer
containing the mutation. The amplified fragment was then cloned into pGL36E2.
The fidelity of all plasmid constructions was verified using an Applied Biosystems
373A automated sequencer. pCMVHPV16-E2 and pCGVP16-E2 have been
described previously (39).

Cell culture. PalK cells were prepared from fetal biopsy specimens as de-
scribed previously for human cervical keratinocytes (9). They were cultured on
irradiated Swiss 3T3 feeders under conditions described elsewhere (17). The
Swiss 3T3 feeders were grown in SLM (Gibco) with 10% fetal calf serum and
irradiated with 60 Gy prior to use as feeders. PalF cells were prepared as
described previously (19) from the same palate biopsy specimen used to prepare
the PalK cells and cultured in Dulbecco modified Eagle medium with 10% fetal
calf serum. At least two different sources of these primary cell types were used
in the experiments described.

Transfection. PalK cells were transfected using the Polybrene-dimethyl sul-
foxide technique as described elsewhere (20). Briefly, 5 3 105 cells were seeded
on a 60-mm-diameter tissue culture dish without feeders. On the following day,
the medium was replaced with 10-mg/ml-Polybrene-containing medium and the
DNA was added. After 6 h, the DNA-Polybrene-containing medium was re-
moved and a 35% dimethyl sulfoxide solution was added to the cells for 3 min.
Following this incubation, the cells were washed two times with phosphate-
buffered saline (PBS) and then refed with normal medium. The cells were
harvested 44 to 48 h later. PalF cells were transfected using a standard calcium
phosphate precipitation technique. Briefly, cells were plated out at 2 3 105 per
60-mm-diameter tissue culture disk. On the following day, a calcium phosphate
precipitate containing the DNA was added to the cells and they were incubated
overnight. On the following morning, the cells were washed twice with PBS and
refed with normal medium. The cells were harvested 28 to 32 h later. All
transfection experiments whose results are shown represent the averages of at
least three independent experiments carried out in duplicate. Within each ex-
periment, the total amount of DNA transfected into each sample was made
constant using empty expression vector.
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Transcription assay. PalK and PalF cells were lysed directly on the tissue
culture plates. The medium was removed, and the cells were washed twice with
PBS. Three hundred microliters of reporter lysis buffer (Promega) was added to
the plate and left for 10 min. The cell lysate was then scraped from the dish and
placed in a 1.5-ml centrifuge tube. The lysate was cleared by centrifuging the
sample for 10 min and removing the supernatant to a fresh tube. Eighty micro-
liters of the supernatant was then assayed for luciferase activity using the lucif-
erase assay system from Promega with a Tropix TR717 Microplate luminometer.
To standardize for cell number, the protein concentration was determined.
pGL3CONT (which contains the SV40 promoter and enhancer driving expres-
sion of the luciferase gene) was transfected in parallel to confirm efficient trans-
fection. This construct demonstrates high levels of transcriptional activity in both
keratinocytes and fibroblasts. All transfections were repeated at least three times
in duplicate.

Nuclear extract preparation. PalK and PalF nuclear extracts were prepared as
follows. Approximately 107 cells were washed twice with 5 ml of ice-cold PBS and
removed from the tissue culture dish by scraping. The cells were pelleted and
resuspended in 1.5 ml of ice-cold PBS. The cells were pelleted again, resus-
pended in 400 ml of hypotonic lysis buffer (10 mM HEPES-KOH [pH 7.9], 1.5
mM MgCl2, 10 mM KCl, 0.5 mM dithiothreitol [DTT], and 0.2 mM phenylmeth-
ylsulfonyl fluoride), and allowed to swell on ice for 10 min. Samples were
vortexed for 10 s and pelleted, and the supernatant was removed. The pellet was
resuspended in 50 ml of high-salt buffer (20 mM HEPES-KOH [pH 7.9], 25%
[vol/vol] glycerol, 420 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM DTT,
and 0.2 mM phenylmethylsulfonyl fluoride) and incubated on ice for 20 min. The
cellular debris was removed by centrifuging. The supernatant was removed,
frozen on dry ice, and stored at 270°C.

Band shift assays. PRE-2, PRE-2mt1, PRE-2mt2 (see Fig. 5A), and AP-1
oligonucleotides were synthesized on an Applied Biosystems model 381A DNA
synthesizer. Single-stranded oligonucleotides were electrophoresed on a 6%
polyacrylamide gel, and the bands were excised, eluted overnight in a minimal
volume of elution buffer (0.1% SDS, 0.5 M ammonium acetate, 10 mM magne-
sium acetate), and purified by LiCl and EtOH precipitation. Purified oligonu-
cleotides were annealed using standard methods. Three picomoles of double-
stranded PRE-2 was 32P labeled with T4 polynucleotide kinase (Kramel Biotech)
and electrophoresed on an 8% polyacrylamide gel, and the band was excised and
eluted overnight in 500 ml of distilled H2O.

Electrophoretic mobility shift assay reactions were performed as follows. Ten
to fifteen micrograms of nuclear extract was added to 3 mg of poly(dI-dC) in a
final volume of 30 ml of binding buffer (20 mM HEPES [pH 7.9], 4% Ficoll, 2
mM MgCl2, 40 mM KCl, 0.1 mM EGTA, and 0.5 mM DTT). After 15 min of
preincubation at room temperature, approximately 5 fmol of 32P-labeled PRE-2
probe was added. The binding reaction mixture was incubated for a further 15
min at room temperature and then electrophoresed on a 6% polyacrylamide gel.
Competition band shifts were performed under the same conditions, except that
a 100- or 500-fold excess of unlabeled PRE-2, PRE-2mt1, PRE-2mt2, or AP-1
oligonucleotide was added where indicated. The gel was dried and visualized by
autoradiography.

UV cross-linking. A derivative of the PRE-2 oligonucleotide was synthesized
with bromodeoxyuridine (BrdU) in place of thymine to enhance UV-induced
protein-DNA cross-linking. 32P-radiolabeled BrdU–PRE-2 was used to probe
PalK and PalF nuclear extracts under conditions the same as those described
above. After electrophoresis, the gel was UV irradiated (304 nm) for 45 min at
4°C. The bands were visualized using a phosphorimager, excised, soaked in
SDS-polyacrylamide gel electrophoresis sample buffer for 15 min at 37°C, and
electrophoresed on a 10% SDS gel. The gel was dried and visualized by auto-
radiography.

RESULTS

Identification of the promoter region responsible for the
enhanced epithelial response of the BPV-4 promoter to up-
stream activators. The enhanced epithelial response of the
BPV-4 promoter may be determined by DNA-bound proximal
promoter factors that are either cell type specific, differentially
expressed, alternatively spliced, or modified in a cell-type-de-
pendent manner. Also, cell-type-specific components of the
basal transcription machinery have been identified previously;
for example, TAFII105 is a TATA-binding protein-associated
factor highly expressed in B lymphocytes, indicating that the

TATA box itself might dictate cell-type-specific transcriptional
regulation (11). To identify the BPV-4 promoter region re-
sponsible for the differential response of this promoter in ker-
atinocytes and fibroblasts, a chimeric promoter with six E2
DNA binding sites inserted upstream was generated using a
PCR-based strategy. The region of the heterologous tk pro-
moter containing the tk TATA box and initiator was ex-
changed with the corresponding core BPV-4 promoter region
to generate the lcr/tk chimeric promoter (Fig. 1). The ability of
HPV-16 E2 and VP16-E2, which comprise the DNA binding
domain of BPV-1 E2 fused to the acidic transactivation do-
main of VP16, to upregulate transcription from this construct
was assayed in PalK and PalF cells. Figure 2A shows the
enhanced epithelial response of the BPV-4 promoter to up-
stream activators. E2 upregulates transcription by a maximum
of 7-fold in PalF cells and 60-fold in PalK cells, while VP16-E2
transactivates the PV2 promoter a maximum of 700-fold in
PalF cells and 2,500-fold in PalK cells. The tk promoter shows
no such epithelial preference (Fig. 2B). E2 activates transcrip-
tion from the tk promoter in a cell-type-independent manner.
A maximum of approximately 90-fold activation is observed
with a 0.1:1 ratio of expression vector to reporter plasmid in
both cell types. VP16-E2 activates transcription from the tk
promoter preferentially in fibroblasts. A maximum of approx-
imately 2,500-fold activation in PalF cells and 1,000-fold acti-
vation in PalK cells is observed. The lcr/tk hybrid promoter
retains the enhanced epithelial response of the BPV-4 pro-
moter to activation by E2 and VP16-E2 (Fig. 2C). E2 activates
transcription by a maximum of 2.5-fold in PalF cells and 11-
fold in PalK cells. VP16-E2 upregulates transcription by a
maximum of 130-fold in fibroblasts and 300-fold in keratino-

FIG. 1. E2-responsive promoter constructs. Promoter regions were
PCR amplified as BglII-HindIII fragments and cloned into the pGL3
luciferase vector. Six E2 DNA binding sites were inserted into the BglII
site immediately upstream of these promoters. The PV2 6E2 and tk
6E2 constructs have been described previously (39). The lcr/tk hybrid
promoter, generated by splicing-by-overlap-extension PCR, contains
the BPV-4 upstream promoter region from nucleotides 184 to 279
fused to the tk promoter region from nucleotides 120 to 199. This
region of the tk promoter contains the TATA box and initiator ele-
ment.
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cytes. These results demonstrate that the upstream BPV-4
LCR promoter region is involved in mediating the enhanced
epithelial response of the BPV-4 promoter to upstream acti-
vators. Although the hybrid lcr/tk promoter retains an en-
hanced epithelial response to upstream activators, the overall
levels of response are reduced in comparison with those of the
PV2 promoter, suggesting that the BPV-4 TATA box region is
more responsive than that of the tk promoter.

Identification of the DNA elements responsible for the dif-
ferential response of the BPV-4 promoter to upstream activa-
tors in fibroblasts and keratinocytes. The lcr/tk hybrid pro-
moter result demonstrates that the upstream BPV-4 promoter
region contributes to the differential response of this promoter
to upstream activators in fibroblasts and keratinocytes. A series
of 59 deletions of the papillomavirus promoter were therefore
generated to identify the specific LCR promoter elements that
cooperate with E2 to activate transcription preferentially in
keratinocytes (Fig. 3B). The ability of HPV-16 E2 to upregu-
late transcription from the promoter deletions with six E2

binding sites inserted upstream was assayed in PalK and PalF
cells (Fig. 4A and Table 1). It should be noted that, in each
construct, the E2 DNA binding sites are an extra 6 bp up-
stream from the TATA box due to the restriction enzyme site
used for cloning. Deletion analysis of the papillomavirus pro-
moter identifies two novel repressor elements that are at least
in part responsible for mediating the cell-type-selective re-
sponse of this promoter to activation by E2 (Fig. 4A). Deletion
of the region from 19 to 3 bp from the TATA box results in a
3.5-fold increase in transactivation in PalK cells and a 7-fold
increase in PalF cells. This region defines PRE-1. The PRE-1
region spans the TATA box proximal E2 binding sites that
have been mutated to prevent E2 binding. These sites have
previously been shown to mediate downregulation of transcrip-
tion at high levels of E2. These mutations do not affect the
epithelial cell-specific response of the BPV-4 promoter to E2
(39). Deletion from 80 to 66 bp from the TATA box (PRE-2)
results in a 3-fold increase in transcriptional activation by E2 in
PalK cells and a 6.5-fold increase in PalF cells. Deletion of
either of these regions does not have a significant effect on
basal promoter activity. The PRE-2 region was chosen for
further investigation, as a recently identified repressor element
in the HPV-16 LCR has been described in a similar location
(30). Also, the PRE-2 element is conserved in other BPV
mucosal epitheliotropic papillomavirus promoters, both in lo-

FIG. 2. The lcr/tk hybrid promoter retains the enhanced epithelial
response of the BPV-4 promoter to upstream activators. PalK and
PalF cells were cotransfected with the indicated amounts of pCMV
HPV16-E2 and pCGVP16-E2 expression vectors and 1 mg of either the
PV2 6E2 (A), tk 6E2 (B), or lcr/tk 6E2 (C) reporter construct. The
total amount of DNA transfected was made equal in each case with
pCMV or pCG containing no insert. Results are expressed as fold
transactivation relative to the luciferase activity in the absence of E2 or
VP16-E2 expression vector.

FIG. 3. (A) Sequence of the BPV-4 promoter from nucleotides 184
to 310. The TATA box and potential binding sites for transcription
factors as shown by footprinting studies are shown in boldface (28).
The TATA box proximal E2 binding sites are underlined. Mutations
preventing E2 binding have been introduced into these sites, as these
have been shown to mediate downregulation of transcription at high
levels of E2. Promoter deletions are indicated by arrows. (B) E2-
responsive promoter deletion constructs. A series of 59 deletions of the
BPV-4 promoter were PCR amplified as BglII-HindIII fragments.
These fragments were cloned into pGL36E2, which contains six E2
DNA binding sites inserted into the BglII site of pGL3.
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cation and in sequence (see below). Both of these observations
suggest that PRE-2 is an important element in the regulation
of the BPV-4 promoter.

A core tk promoter must contain at least two elements to be

able to respond to E2, and these elements, the TATA box, the
initiator element, and a binding site for an upstream promoter
factor, are interchangeable (14). In contrast to a minimal tk
TATA box-containing promoter, E2 efficiently activates a min-
imal BPV-4 TATA promoter that contains neither an initiator
element nor a binding site for an upstream factor. E2 upregu-
lates transcription from the 3bpTATA construct approximately
560-fold in keratinocytes and 280-fold in fibroblasts (Fig. 4A).
This minimal promoter contains only 32 bp of the BPV-4
promoter sequence. This result suggests that the TFIID com-
plexes assembled at the BPV-4 and tk TATA boxes are dis-
tinct.

Deletion analysis also demonstrates that the eight- to nine-
fold-enhanced epithelial response of the BPV-4 promoter to
activation by E2, compared with fibroblasts, has been reduced
to only twofold with a minimal BPV-4 TATA-containing pro-
moter (Fig. 4A). This is in agreement with the result observed
with the lcr/tk chimeric promoter, suggesting that the upstream
BPV-4 promoter region contributes to the enhanced epithelial
response of this promoter to upstream activators. To extend
this observation, we determined the levels of activation of the
3bpTATA construct over a range of HPV-16 E2 concentra-
tions (Fig. 4B). Lower levels of E2 activate transcription from
the 3bpTATA construct to similar levels in PalK and PalF
cells. At these levels of E2, the activation of the PV2 promoter
is eight- to ninefold enhanced in epithelial cells. However, high
levels of E2 (1 mg as shown in Fig. 4B) downregulate transcrip-
tion from the 3bpTATA construct in fibroblasts while activa-
tion remains elevated in keratinocytes. Previously, we have
shown that E2 is expressed to similar levels in both PalK and
PalF cells (39). It seems probable that the downregulation of
transcription in fibroblasts at elevated levels of E2 is due to a
squelching mechanism. In keratinocytes, it is possible that E2,
when expressed at elevated levels, can use additional coactiva-
tors to activate transcription from the BPV-4 TATA box or
that the same coactivator is used in both cell types but over-
expressed in keratinocytes compared with fibroblasts. VP16-E2
also activates transcription from PV2 fivefold better in epithe-
lial cells than in fibroblasts (39). We therefore used a range of
VP16-E2 concentrations to activate the 3bpTATA construct to
determine whether the upstream BPV-4 promoter region plays
a role in the cell-type-selective response of this promoter to
VP16-E2. The results of these experiments are shown in Fig.
4B and confirm a role for the promoter repressor elements in
mediating the enhanced epithelial response of the BPV-4 pro-
moter to upstream activators. Over a range of concentrations,

FIG. 4. (A) Transcriptional activation of the BPV-4 promoter de-
letions by HPV-16 E2. PalK and PalF cells were cotransfected with
1 mg of reporter plasmid and 0.1 mg of pCMV HPV-16 E2 expression
vector. This ratio has previously been shown to be optimal for maximal
activation of the LCR promoter by E2. Results are expressed as fold
activation relative to the luciferase activity of each reporter in the
absence of E2. (B) Transcriptional activation of the minimal BPV-4
TATA-containing promoter. PalK and PalF cells were cotransfected
with 1 mg of the 3bpTATA construct, which contains neither an initi-
ator element nor a binding site for an upstream factor, and the indi-
cated amount of either the pCMVHPV16E2 or the pCGVP16-E2
expression vector. pCMV or pCG was used to make the total amount
of DNA transfected equal in all cases. Results are expressed as fold
transactivation over the luciferase activity in the absence of activator.
pGL3CONT, which contains the SV40 promoter and enhancer driving
expression of the luciferase gene, was transfected in parallel in all cases
to confirm efficient transfection. This construct demonstrates high lev-
els of transcriptional activity in both keratinocytes and fibroblasts.

TABLE 1. Response of BPV-4 promoter deletion mutants to
transcriptional upregulation by HPV-16 E2 (Fig. 4A)

Promoter deletion
PalF PalK

Fold TAa SE Fold TAa SE

PV2 6E2 5.06 0.97 36.06 2.97
80bpTATA 3.54 0.82 23.88 1.44
66bpTATA 23.09 4.92 68.83 9.06
41bpTATA 20.86 3.30 122.40 24.15
19bpTATA 40.52 6.85 157.68 12.77
3bpTATA 286.22 12.01 566.55 50.27

a Fold TA, transcriptional activation by HPV-16 E2 over background.
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VP16-E2 upregulates transcription from the 3bpTATA con-
struct more efficiently in fibroblasts than in epithelial cells.
Clearly, this is the reverse of the situation with the PV2 pro-
moter, where the response is four- to fivefold enhanced in
epithelial cells.

The papillomavirus PRE-2 can repress the basal activity of
a strong heterologous promoter. The PRE-2 motif is conserved
in position and sequence in the related mucosal epitheliotropic
papillomaviruses BPV-3 and BPV-6 (Fig. 5A). Also, a YY-1-
independent silencer in roughly the same position as PRE-2 in
the HPV-16 LCR has recently been identified (30). Two func-

tional types of repressor elements exist: negative regulatory
elements (NREs) that are promoter specific and silencer ele-
ments that are able to repress heterologous promoter activity
out of context of the native promoter. To further characterize
the functional properties of PRE-2, oligomers corresponding
to this sequence were multimerized upstream of the SV40
promoter in the pGL3 luciferase vector in both a positive and
a negative orientation (Fig. 5A). The ability of these elements
to direct repression of SV40 promoter activity was assayed in
both PalK and PalF cells. Figure 5B shows that, over a range of
concentrations, four copies of PRE-2 repress SV40 promoter
activity approximately 40 to 80% in PalK cells and 60 to 80%
in PalF cells. The orientation of PRE-2 had no effect on the
extent of repression in both cell types. These results demon-
strate that PRE-2 can repress the basal activity of a strong
promiscuous constitutive promoter and is therefore a silencer.

PRE-2 binds a specific protein complex in both PalK and
PalF cells. In vitro footprinting shows that PRE-2 contains a
DNA binding site for a potential transcription factor (18).
Extensive database searches revealed that PRE-2 does not
contain any known transcription factor binding sites. As func-
tional analysis has identified PRE-2 as a transcriptional si-
lencer, we performed band shift assays to determine whether
PRE-2 could bind a nuclear protein. A double-stranded radio-
labeled oligonucleotide containing the 20-bp PRE-2 motif de-
tected a single protein complex with both PalK and PalF nu-
clear extracts (Fig. 6). Binding to PRE-2 was confirmed to be
specific, as it was competed by a 100-fold excess of nonradio-
active self oligonucleotide but not by the unrelated AP-1 oli-
gonucleotide.

Functional characterization of the PRE-2 binding complex.
To identify the exact nucleotides necessary for in vitro PRE-
2–nuclear protein interaction, we generated two double-strand-
ed oligonucleotides each containing a single PRE-2 motif with
a 3-bp substitution in the footprint (Fig. 7A). The mutant
PRE-2 oligonucleotides were tested for competition using the
band shift assay. Figure 7B demonstrates that binding of the
detected protein complex is not competed by either of the two

FIG. 5. (A) PRE-2 SV40 constructs. Four copies of PRE-2 were
inserted into the BglII site, upstream of the SV40 promoter in the
pGL3 luciferase vector, in both a positive and a negative orientation.
The position and sequence of PRE-2 are conserved among the muco-
sal epitheliotropic papillomaviruses BPV-4, BPV-3, and BPV-6. (B)
PRE-2 strongly represses SV40 promoter activity in an orientation-
independent manner in both PalK and PalF cells. PalK and PalF
cells were transfected with the indicated amounts of pGL3PRO,
PRO4XPRE-2, and PRO4XPRE-2(2). Results are expressed relative
to the luciferase activity of pGL3PRO (set arbitrarily at 100%), which
contains only the SV40 promoter.

FIG. 6. PRE-2 binds a specific protein complex in both PalK and
PalF cells. A single radiolabeled PRE-2 motif was used to probe PalK
and PalF nuclear extracts in a band shift assay. One-hundredfold
excesses of unlabeled PRE-2 and AP-1 oligonucleotides were used as
indicated to assess the specificity of binding.
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mutant sequences, showing these mutated residues to be im-
portant for sequence-specific binding in both PalK and PalF
cells. In Fig. 7B, there is an apparent enhanced binding in PalK
cells to PRE-2. However, this is due to the PalK cell gel being
exposed slightly longer (as can be seen from the residual sig-
nals in the wells and the increased intensity of the free oligo-
nucleotide). Also, the minor band just below the specific major
band was not always observed and may represent a breakdown
or modification product of the major band. To determine the
functional consequences of loss of binding, four copies of
PRE-2mt1 were inserted upstream of the SV40 promoter in
the pGL3PRO reporter vector, generating PRO4Xmt1. The
ability of this construct to relieve PRE-2-mediated repression
of SV40 promoter activity was assayed in both PalK and PalF
cells. Figure 8 shows that loss of factor binding correlates with
loss of transcriptional repression. Over a range of concentra-
tions, the activity of the PRO4Xmt1 construct is similar to that
of the SV40 promoter alone in both PalF and PalK cells. To
confirm a role for PRE-2 in regulation of transcription from
the BPV-4 promoter, the mutations in PRE-2 that lost repres-
sor function and failed to bind the cellular protein were incor-
porated into the 80bpTATA promoter construct, creating
80bpmt1. 80bpTATA has properties similar to those of the
PV2 construct (Fig. 4A and Table 1). In fibroblasts, mutation
of PRE-2 results in a threefold increase in the response of the
papillomavirus promoter to E2 (Fig. 9). This indicates that

PRE-2 acts as a repressor element in the context of the BPV-4
promoter. Also, in keratinocytes mutation of PRE-2 does not
increase the response of the promoter to E2 as dramatically as
is observed in the fibroblasts, indicating that PRE-2 is involved
in the cell-type-specific response of this promoter to activation
by E2. It should be noted that mutation of the PRE-2 element
does not increase the response of the promoter to the levels
observed with 66bpTATA (Fig. 4A and Table 1). This may be
due to other factors that we cannot detect in our assays inter-
acting with the DNA in this region, or perhaps the factor
binding PRE-2 has residual binding capacity for the mutated
PRE-2 site and can therefore still repress the response to E2.
However, it is clear that PRE-2 is involved in regulating the
transcriptional response of the papillomavirus promoter to E2.

PRE-2 specifically binds a 50-kDa cellular protein. UV
cross-linking was performed to determine the molecular mass
of the active DNA binding form of the detected protein com-
plex. A single radiolabeled BrdU-substituted PRE-2 motif was
used to probe PalK and PalF nuclear extracts in a band shift
assay. No difference in binding complexes was observed be-
tween the BrdU and non-BrdU oligonucleotides. The gel was
UV irradiated (304 nm) to cross-link the protein to the DNA,
the bands of interest were excised, and the protein complexes
were resolved by SDS–10% polyacrylamide gel electrophore-
sis. A nonlabeled BrdU PRE-2 motif and the unrelated AP-1
oligonucleotide were used to assess the specificity of binding.
Figure 10 shows that BrdU PRE-2 binds a major species of
approximately 50 kDa in both PalK and PalF nuclear extracts.
Binding of this factor was confirmed to be specific, as it was

FIG. 7. (A) Sequences of PRE-2 mutants. Footprinting studies
demonstrate that PRE-2 contains a potential binding site for a tran-
scription factor (underlined). Two double-stranded oligonucleotides,
each containing a single PRE-2 motif with a 3-bp substitution in this
footprint, were generated and tested for competition in the band shift
assay. (B) PRE-2mt1 and PRE-2mt2 do not compete for binding to the
detected protein complex. A single radiolabeled PRE-2 motif was used
in a band shift assay to probe PalK and PalF nuclear extracts. Cold
competitors were added as indicated at either a 100-fold (1) or a
500-fold (p) molar excess.

FIG. 8. Loss of complex binding to PRE-2 correlates with loss of
transcriptional repression. Four copies of mt1 were inserted into the
BglII site, upstream of the SV40 promoter in the pGL3PRO luciferase
vector, generating PRO4Xmt1. PalK and PalF cells were transfected
with the indicated amounts of pGL3PRO, PRO4XPRE-2, and
PRO4Xmt1. Results are expressed relative to the luciferase activity of
pGL3PRO (set arbitrarily at 100%), which contains only the SV40
promoter.
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competed by excess nonlabeled BrdU PRE-2 but was not com-
peted by AP-1 in either cell type.

DISCUSSION

Previously, we have demonstrated that the BPV-4 promoter
shows an enhanced epithelial response to activation, not only
by E2 but also by VP16-E2 and VP16-LexA (39). In this study,
we demonstrate that the upstream BPV-4 promoter region
contributes to the enhanced epithelial response of this pro-
moter to upstream activators. This is clear from Fig. 2, where
swapping of the tk and LCR upstream elements demonstrates
that the upstream promoter region of the BPV-4 LCR dictates
a cell-type-specific response. Previously, we have shown that
VP16-E2 activates transcription from the BPV-4 promoter
construct PV2 6E2 fivefold better in keratinocytes (39). How-
ever, when the upstream region is removed VP16-E2 activates
transcription from the BPV-4 LCR TATA box better in fibro-
blasts (Fig. 4B). This conclusively demonstrates that the up-
stream promoter region of the BPV-4 LCR contributes toward
the cell-type-specific response of this promoter. The BPV-4
promoter contains a novel silencer element, PRE-2, that re-
presses the transcriptional response to the E2 protein and may
be one component involved in mediating the cell-type-selective
response of the BPV-4 promoter to upstream activators.
PRE-2 functions as an autonomous cis-acting element to re-
press the basal activity of the promiscuous SV40 promoter in a
cell-type-independent manner. Database searches reveal that
PRE-2 shows no homology to any of the published transcrip-
tion factor binding sites. The PRE-2 motif is conserved in
position and sequence in the related mucosal epitheliotropic

papillomaviruses BPV-3 and BPV-6, suggesting functional sig-
nificance. Band shift assays show that PRE-2 binds a specific
protein complex in both PalK and PalF cells. PRE-2 mutants
that do not compete for binding in band shift assays do not
repress transcription when multimerized upstream of the SV40
promoter. Incorporation of these mutations into the BPV-4
promoter region results in an elevation of the transcriptional
response to E2 (Fig. 9). This elevation is more marked in
fibroblasts, suggesting that PRE-2 may be involved in mediat-
ing the cell-type-specific response of the BPV-4 promoter. UV
cross-linking demonstrates that the PRE-2 binding form of the
protein complex has a molecular mass of approximately 50
kDa. None of the transcriptional repressors known to bind
papillomavirus promoters, for example, YY-1 (4), Sp3 (3),
C/EBPb (5), and CDP/Cut (29), are this size. These results
demonstrate that the PRE-2 binding protein is a novel tran-
scriptional repressor and regulator of mucosal epitheliotropic
papillomavirus transcription.

E2 requires the cooperation of at least one additional DNA
binding proximal promoter factor to activate a minimal tk
TATA box promoter (14). The results presented here demon-
strate that a minimal BPV-4 TATA promoter containing nei-
ther an initiator element nor a binding site for an upstream
factor is sufficient to support activated transcription by E2.
This result suggests that the TFIID complexes assembled at
the BPV-4 and tk TATA boxes are distinct. The HPV-16
enhancer-promoter is virtually inactive in normal human dip-
loid fibroblasts but active in human fibroblasts with a deletion
in the short arm of chromosome 11 (del-11 cells). Mutation of
the HPV-16 TATAAAA box to the SV40 TATTTAT sequence
reduces the activity of the HPV-16 enhancer-promoter in
del-11 cells. DNA-protein complexes formed with an HPV-16
promoter fragment are quantitatively different in del-11 and
diploid fibroblasts. This difference disappears upon mutation
of the HPV-16 TATA to the SV40 TATA sequence, indicating
specificity of the HPV-16 TATA box sequence (34). When

FIG. 9. Mutation of PRE-2 results in an elevated transcriptional
response of the BPV-4 promoter. PRE-2mt1 was introduced into the
80bpTATA promoter construct, generating 80bpmt1. One microgram
of 80bpTATA and 80bpmt1 reporter constructs was cotransfected into
PalK and PalF cells with 0.1 mg of pCMVHPV16-E2 expression vector.
pCMV vector was added so that an equivalent amount of DNA was
used in each transfection. Results are expressed as fold transactivation
relative to the luciferase activity of each reporter in the absence of E2.

FIG. 10. Molecular weight determination of the PRE-2 binding
factor. PalK and PalF nuclear extracts were probed with a radiolabeled
BrdU-substituted PRE-2 motif in a band shift assay. After UV expo-
sure, the PRE-2 cross-linked protein complex was electrophoresed on
an SDS–10% polyacrylamide gel. Competition band shift reactions
with either 100-fold nonlabeled BrdU or 100-fold nonlabeled AP-1
were performed as indicated to assess the specificity of binding. Num-
bers at left are molecular masses in kilodaltons.
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these data are considered together with our results, it seems
possible that the mucosal epitheliotropic papillomavirus pro-
moters may be recognized by a distinct TFIID complex. This
possibility is currently under investigation.

In general, transcriptional repressors can work either pas-
sively to antagonize activator function or actively to target
components of the general transcription machinery in such a
way as to decrease the frequency of transcriptional initiation
(21). For example, E2 can repress transcription of the HPV-16
promoter by a passive mechanism displacing Sp1 from a prox-
imal promoter element (37), while the unliganded thyroid hor-
mone receptor a actively represses transcription by targeting
TATA-binding protein (12). The protein interacting with the
papillomavirus promoter repressor element PRE-2 does not
simply displace the binding of a positively acting factor but
directs an active repression mechanism, as PRE-2 can repress
SV40 promoter activity. Active repressors interact to regulate
multiple steps in gene expression from chromatin unfolding
and transcription initiation to processing of the message.
PRE-2 clearly does not act in a cell-selective manner when
placed out of context of the BPV-4 promoter, as it represses
transcription from the promiscuous SV40 promoter in both
fibroblasts and keratinocytes. Also, the protein binding to this
element can be detected in both cell types. This is in common
with other papillomavirus transcriptional control elements
that, when taken out of the context of papillomavirus LCRs,
behave in a cell-type-independent manner. We propose that
cooperative interactions among upstream bound activators,
non-DNA-bound cofactors, repressor molecules bound to the
PRE motifs, and the basal machinery assembled at the BPV-4
TATA box all determine the differential response of the
BPV-4 promoter in keratinocytes and fibroblasts.

Modification of chromatin structure represents another level
of regulation of gene expression. The chromatin organization
of the HPV-16 and -18 genomes suggests important regulatory
roles of nucleosomes during the viral life cycle (35, 36). Two
nucleosomes are precisely positioned on the HPV-16 LCR:
one overlaps the center of the viral enhancer, while a second
nucleosome overlaps the origin of replication and the pro-
moter region. The HPV-18 LCR shows specific assembly of a
nucleosome over the replication origin and the proximal pro-
moter, positioned about 90 bp upstream of the homologous
region of the HPV-16 LCR. E1, the major papillomavirus
replication factor, has been shown to bind hSNF5, a compo-
nent of the SWI-SNF complex (22). SWI-SNF is an ATP-
dependent chromatin-remodeling complex. A number of tran-
scriptional repressors have been shown to recruit histone
deacetylase activity as part of multiprotein complexes. De-
acetylation of histone tails promotes nucleosome assembly,
thereby inhibiting the ability of transcription factors to gain
access to the DNA. Trichostatin A, a specific inhibitor of his-
tone deacetylase activity, upregulates the HPV-11 LCR pro-
moter in undifferentiated primary human keratinocytes. De-
acetylase recruitment is independent of the C/EBPb binding
sites located in the HPV-11 promoter region (40). C/EBPb has
also been implicated as a negative regulator of BPV-4 tran-
scription (23). Recently, a novel YY-1-independent silencer
located in approximately the same position as PRE-2 in the
HPV-16 LCR has been identified (30). The differentiation-
specific factor CDP/Cut binds to this element and represses

HPV-16 transcription by a histone-mediated mechanism (29).
It therefore seems possible that PRE-2 functions by recruiting
deacetylases to the BPV-4 promoter.

The results presented here further our understanding of the
mechanisms underlying not only mucosal epitheliotropic pap-
illomavirus transcriptional control but also cell-type-specific
transcription in general. The PRE-2 binding protein appears to
represent a novel transcriptional repressor and regulator of
papillomavirus transcription. Future work will focus on the
cloning of the gene encoding PRE-2. Also, the mechanism of
repression will be elucidated, whether this is through direct
interaction with the basal machinery, via a corepressor, or by
recruitment of histone deacetylase activity.
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