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The activity and epithelial tropism of the human papillomavirus type 18 P105 early promoter, which directs
the synthesis of the E6 and E7 transforming genes, are controlled by cis elements included in the viral long
control region. To identify potential cellular regulators of this promoter, we mutagenized one or both of the
5'-TGACTAA-3' cis elements capable of interacting with the AP1 transcription factor, which is composed
either of homodimers or heterodimers of the Jun products or of heterodimers of Jun and Fos. Mutation of both
elements completely abolished P105 promoter activity in human keratinocytes. We show that either AP1 site can
interact efficiently in vitro with any of the three different Jun products as heterodimers with c-Fos. However,
in nuclear extracts prepared from human keratinocytes, JunB was the predominant Jun component bound to
the DNA probe containing this cis element. These results implicate JunB as an important factor in human
papillomavirus type 18 transcription in keratinocytes and strongly suggest a potential role of this Jun gene
product in the tissue-specific transcription of the genital papillomaviruses.

Several human papillomaviruses (HPVs), including types
16, 18, and 33, are associated with anogenital carcinomas. In
many cases, the malignant cells express the viral transform-
ing functions, which are encoded by the E6 and E7 open
reading frames (42, 46, 48). These products are together
necessary and sufficient for immortalization of human nor-
mal keratinocytes in culture, although in certain conditions,
E6 alone or E7 alone can immortalize keratinocytes (2, 22,
32).

Transcription of the HPV-18 E6 and E7 RNAs initiates
upstream of the E6 open reading frame at nucleotide (nt) 105,
very close to the E6 initiation codon (42, 46, 50). The PI05
promoter has been shown to exhibit stringent cell type
specificity, since it can function only in certain human
epithelial cells. These include human keratinocytes and
cervical carcinoma cell lines, two cell types commonly used
to study transcriptional regulation of genital papillomavi-
ruses. A transcriptional enhancer, contained in a 200-bp
subfragment of the upstream regulatory region, situated 230
bp upstream of the P105 initiation site and containing one
AP1 binding site, also exhibits cell specificity, although not
as stringently as does the whole promoter region (4, 17, 49,
52).

Binding sites for several nuclear proteins have been iden-
tified in the HPV-18 and HPV-16 regulatory regions by
DNase I footprinting experiments (17, 21, 38, 47). Some of
the protected sequences could be attributed to known fac-
tors either by sequence homology or by binding competi-
tions. Among these known factors are the ubiquitous NFl/
CTF, OCT1, AP1, and SP1 transcription factors. cis
elements interacting with these factors are found in the
regulatory regions of HPV-16, HPV-18, and HPV-11, al-
though at different locations and in varying numbers. Func-
tional analyses to investigate the role of these elements in the
cell-type-specific transcription of this class of virus have
indicated that these ubiquitous transcription factors may all
be involved in a very complex interplay. Notably, an impor-
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tant role of AP1 in the enhancer activities of the HPV-16 (9,
12) and HPV-18 (34) regulatory regions has been suggested.
The HPV-18 regulatory region contains two putative API

binding sites, as shown by footprinting experiments using
nuclear extracts from various cell types (17). The two
binding sites, located at nt 7795 and 7613, at positions -171
and -349 with respect to the P105 start site, contain identical
sequences 5'-TGACTAA-3'. Although in inverted orienta-
tions, these sequences are closely related to the AP1 binding
consensus tetradecanoyl phorbol acetate (TPA)-responsive
element (TRE) sequence. Binding to these sequences could
be abolished by an excess of a DNA probe containing the
consensus TRE sequence 5'-TGACTCA-3' (17). Sequences
similar to that of HPV-18 and binding AP1 (PEA1) were
found in the polyomavirus or simian virus 40 (SV40) regula-
tory regions, where they play a crucial role in the control of
viral transcription as well as replication (28, 31, 35). AP1,
which mediates transcriptional stimulation by tumor promot-
ers such as TPA, is a heterodimer of the products of two
proto-oncogenes, jun and fos. Both jun and fos constitute
multigene families; three and four different members, re-
spectively, have been identified for each of them: c-jun,
junB, andjunD, and c-fos,fosB,fral, andfra2 (reviewed by
Vogt and Bos [53]). While the different members of the jun
andfos families seem to bind identical cognate sequences on
the DNA with rather similar specificities, their regulation
and tissue distribution are different.

In this study, we analyzed the role played by the AP1
factor binding to the cis elements contained in the regulatory
region of HPV-18 in the transcriptional activity of the P105
promoter. Promoter regions mutagenized in their AP1 cis
elements were assayed in human keratinocytes and cervical
carcinoma cell lines for transient expression. These experi-
ments revealed the crucial role of the AP1 sites for P105
transcription in these two cell types. The two cis elements of
the HPV-18 regulatory region were shown to act as bona fide
AP1 binding sequences in in vitro binding experiments as
well as in transactivation assays. In human keratinocytes,
the predominant Jun protein, determined by in vitro super-
shift experiments and Western immunoblot analysis, was
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JunB. Our results are thus consistent with a mechanism in
which JunB is involved in the transcription of the HPV-18
transforming genes in keratinocytes. However, although
essential for P105 transcription, this factor alone does not
appear to be sufficient to confer the keratinocyte-restricted
transcription of HPV-18.

MATERIALS AND METHODS

Cell culture, transfections, and CAT assays. C33, HaCaT
(7), and HeLa cells were grown in Dulbecco's modified
Eagle medium containing 7% fetal calf serum. Normal fore-
skin human keratinocytes were maintained as previously
described (41). Cells were kept in KGM medium and pas-
saged by trypsinization followed by centrifugation through
medium containing serum for trypsin inactivation. C33, F9,
and HaCaT cells were transfected by the standard calcium
phosphate coprecipitation technique (55) in 6-cm dishes with
5 ,ug of chloramphenicol acetyltransferase (CAT) reporter
plasmids. Human keratinocytes were transfected with Lipo-
fectin (Bethesda Research Laboratories) as previously de-
scribed (37). Cells were harvested 48 h after transfection for
CAT and 3-galactosidase analysis as described previously
(50). Cotransfections were done with 4 jig of CAT reporter
plasmids and 0.5 jig of each of the Jun and Fos expression
plasmids.
Recombinant DNAs. The proximal AP1 binding site to the

P105 promoter was mutated by oligonucleotide reconstruc-
tion as already described (51). The distal AP1 binding site
was mutated by the use of an oligonucleotide containing
overlapping point mutations in the AP1 binding sequence as
indicated. This oligonucleotide contains two point mutations
in the AP1 DNA sequence and three additional point muta-
tions creating a new endonuclease restriction site, ApaI
(GGGCC/C); these oligonucleotides contain, respectively,
60 nucleotides (5'-TTGAACAATTGGCGCGCCTCTlTTlG
GCGCATATAGGGCCCACCTGGTATTACTTATTTlCC
-3') and 23 nucleotides (5'-TCAAAGCGCGCCATAGTAT
TGTG-3') with unique BssHII sites (G/CGCGC) used for
cloning in the CAT expression plasmids. We designed an
additional oligonucleotide which contains the mutations to
create the new ApaI endonuclease restriction site but no
mutations in the AP1 binding site. This oligonucleotide was
used to construct the CAT plasmid pl8APwt (5'-TTGAA
CAATTGGCGCGCCTCTTTGGCGCATATAGGGCCCAC
CTGGTATTAGTCATTFTTCC-3'), used as the wild-type ref-
erence in the transfection experiments.

Reconstructed fragments have all been confirmed by se-
quence analysis.
Jun and Fos expression plasmids were previously de-

scribed (24).
Nuclear extracts and gel shift assays. Nuclear extracts were

prepared as previously described by Schreiber et al. (43).
Briefly, confluent cells from a 10-cm petri dish were scraped
in 1 ml of Tris-buffered saline, pelleted, and then resus-
pended in 400 RI of a buffer containing 10 mM N-2-hy-
droxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES; pH
7.9), 10 mM KCI, 0.1 mM EGTA, 1 mM dithiothreitol
(DTT), and 0.5 mM phenylmethylsulfonyl fluoride (PMSF).
Cells were gently resuspended on ice and allowed to swell on
ice for 15 min, then 15 ,u of a 10% solution of Nonidet NP-40
was added, and the tube was vigorously vortexed for 10 s.
After centrifugation, the nuclear pellet was resuspended in
50 [lI of ice-cold buffer containing 20 mM HEPES (pH 7.9),
0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, and 1
mM PMSF, and the tube was vigorously rocked at 4°C for 15

min on a shaking platform. The nuclear extract was then
centrifuged for 10 min at 4°C, and the supernatant was frozen
in aliquots. Protein content was determined by Bradford
assays and was usually around 5 ,g of protein per Rl of
extract. Gel shift assays were performed according to the
method of Fried and Crothers (15) with 1 or 2 AI of the
nuclear extracts incubated with the A18 probe end labelled
by filling with the Klenow fragment of Escherichia coli DNA
polymerase I in the presence of [o-32P]ATP. Extracts wcre
preincubated in the presence of 3 ,ul of poly(dI-dC) and 1 RI
of salmon sperm DNA for 30 min on ice before addition of
the labelled probe for 5 min and loading of the gels. For
supershift experiments in the presence of antisera, 1 or 2 RI
of the antipeptide antiserum was added in the prcincubated
nuclear extracts and further incubated at room temperaturc
for 15 min before addition of the labelled probe and loading
of the gels. Induction was done by incubation of the cell
culture in the presence of 1 ng of TPA per ml for 5 h.
The various Jun and Fos RNAs were synthesized by using

T7 expression plasmids and T7 RNA polymerase, and the
proteins were synthesized with a rabbit reticulocyte lysatc
system (Amersham N90) as described elsewhere (24). For
the Jun/Fos heterodimers, both Jun and Fos RNAs were
translated totcther in the same reaction mixture to ensure
better forma- in of the heterodimers.

Antisera. Anti-Jun rabbit polyclonal antibodies were gen-
erated against the following peptides: c-Jun, SYGAAGLAF
PSQPQQ; JunB, ISYLPHAPPFAGG; and JunD, GCQ
LLPQHQVPAY. These peptides are 100% homologous in
mouse and human Jun proteins for JunB and JunD. For
c-Jun, only one amino acid differs in the 15-amino-acid-long
peptide (S versus A at position 11). Prior to supershift
experiments, the antisera were precipitatcd by ammonium
sulfate.
Western blotting. Ten micrograms of nuclear extracts from

HaCaT cells or primary human keratinocytes was fraction-
ated on denaturing polyacrylamide gels and analyzed with
specific antibodies after Western blot as previously de-
scribed (13). Cell cultures were treated for 5 h with 1 ng of
TPA per ml.

RESULTS

Mutations in the putative API binding sites of the HPV-18
regulatory region. Mutations were introduced into the 230-bp
proximal fragment of the P105 promoter in the CAT expres-
sion plasmid p18/42, which contains the entire long control
region (LCR) of HPV-18 cloned in front of the bacterial CAT
gene (50). Mutations of the wild-typc 5'-TGACTAA-3' se-
quence to 5'-TAAGTAA-3' were introduced in the proximal
API binding site, 171 nt upstream of the P105 initiation sitc,
by reconstructions with combinations of oligonucleotides as
previously described (37, 51). Identical mutations were made
in the distal AP1 binding site 5'-TTAGTCA-3', which is the
same sequence as the proximal 5'-TGACTAA-3' on the
opposite DNA strand, 349 nt upstream of the P1(5 initiation
site, by polymerase chain reaction amplification using a
60-nt-long primer containing mutations in the overlapping
API binding sequence as shown in Fig. 1. The mutated distal
API binding site was introduced, either in the background of
the wild-type P105 promoter sequences or in the promotcr
containing the mutated proximal API binding site. Thesc
various combinations generated the four different CAT
expression plasmids depicted in Fig. 1.

Basal transcriptional activities of the mutated P105 promot-
ers in the human keratinocytes and cervical carcinoma cell
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FIG. 1. (A) Schematic representation of the HPV-18 LCR. The sites of interaction with cellular and viral transcriptional factors are
indicated. The four E2 binding sites are represented by gray squares, and NF1/CTF interactions are represented by vertical bars; SP1 (20)
and the TATA box are indicated. The two horizontal black bars indicate putative glucocorticoid-responsive elements (GRE?) (10), and the
gray ovals represent putative OCT1-binding elements (16, 38). The two putative AP1 binding sites (17) are represented by triangles. The
230-bp fragment (nt 5709 to 7739) that has been shown to contain an intrinsic enhancer activity restricted to human epithelial cells (49) is
underlined. (B) Site-directed mutagenesis of the putative AP1 binding sites. The locations of the two oligonucleotides used for the polymerase
chain reaction amplification are represented by arrows at the top. Triangles represent the two AP1 binding sites; the white triangles represent
wild-type sequences, and the black triangles represent sequences mutated as indicated. The proximal AP1 binding site was mutated by
oligonucleotide reconstruction (51). Sequences of the putative AP1 sites are given 5' to 3' on the upper DNA strand and are therefore identical
in opposite orientations.

lines. The activities of the four CAT plasmids described
above were studied in the C33 and HeLa cervical carcinoma-
derived cell lines, in the HaCaT keratinocyte cell line, and in
normal human keratinocyte cultures. The activity of the
reconstructed wild-type HPV-18 LCR plasmid was similar to
the activity of the original wild-type expression plasmid
p18/42 (51), which represents about 10% of the transcrip-
tional activity of the SV40 early promoter-CAT plasmid. As
shown in Fig. 2, mutations in the putative AP1 binding sites
dramatically affected the basal level of transcription of the
P105 promoter in each of the cervical carcinoma cell lines, in
human foreskin keratinocytes, and in the HaCaT kerati-
nocyte cell line. In the cervical carcinoma cell lines, plasmid
pl8APmpd, containing mutations in both AP1 binding sites,
expressed about 10% of the wild-type transcriptional activ-
ity, while in keratinocytes, no residual activity above back-
ground could be detected. In agreement with these results,
the plasmids containing single mutated sites, pl8APmp and
pl8APmd, exhibited decreased transcriptional activities in
each of the cell types, although the decrease was particularly
marked in the HaCaT keratinocyte line and in normal
foreskin keratinocytes (10 to 20% of the wild-type transcrip-
tion level [Fig. 2]). Various keratinocyte cell lines which
were either immortalized by HPV-16, HPV-18, or SV40 T
antigen (2, 32, 41) were also assayed for their ability to
support HPV-18 P105 expression. In each of these cell lines,
the AP1 site mutations induced a drastic decrease of the
basal activity of the P105 promoter comparable to the effects
observed for the foreskin keratinocytes and the HaCaT cell
line (data not shown).
The HPV18 5'-TGACTAA-3' sequence is functionally

equivalent to the consensus TRE. Both putative APi-binding

cis elements of the HPV-18 regulatory region contain the
identical sequence (5'-TGACTAA-3') referred to in this
study as A18, which is close to the consensus TRE sequence
(5'-TGACTCA-3'). This sequence has previously been
shown to interact as efficiently as the consensus TRE with
Jun/Fos complexes (36) or with a partially decreased affinity
(23). Such differences are probably due to the effect of
sequences flanking the heptamer. We compared binding of
the three different Jun products, synthesized in vitro as
heterodimers with c-Fos, to the two types of sequences and
found that all three types of Jun/Fos heterodimer bound
efficiently the A18 sequence, although three- to fourfold less
efficiently than they bound the TRE consensus sequence in
in vitro gel shift assays (Fig. 3A and B). When cloned in a
reporter plasmid upstream of the thymidine kinase (TK)
promoter, the A18 sequences increased the activity of the
TK promoter in a variety of cell lines, including the cervical
carcinoma cell lines and keratinocytes examined in this
study (results not shown).

Cotransfections of the mouse F9 cell line, which expresses
very low levels of endogenous Jun, with these plasmids and
the three Jun expression plasmids together with a c-Fos
expression plasmid resulted in a 30-fold activation of tran-
scription of the TK promoter in the presence of five copies of
the A18 binding sequences (Fig. 4). It is interesting to note
that in the same cell line under similar experimental condi-
tions, the HPV-18 P105 promoter was completely inactive
and could not be activated by the various combinations of
the Jun and Fos products. The differences could not be
attributed to the number of copies of the A18 AP1 cis
elements in the two promoters (two versus five), since TK
chimeric plasmids, with one or two AP1 binding sites, were
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FIG. 2. Basal activities in various cell lines of the P105 promoters containing mutations in the AP1 binding sites. Five micrograms of each

of the CAT expression plasmids was transfected in either HaCaT, HeLa, or C33 cells by the calcium phosphate coprecipitation technique or

by lipofection in foreskin keratinocytes (HK). Transfection efficiencies were normalized by cotransfection with a Rous sarcoma

virus-p-galactosidase plasmid, and the corrected CAT and ,B-galactosidase activities are given as percentages of the activity of SV40 early
promoter for each cell type. The results are means of at least three independent transfection experiments. Schematic representations of the
mutated promoters are indicated; the black triangles represent mutated AP1 binding sequences.

also efficiently activated (10- to 20-fold) in F9 cells (18).
Promoters of genes such as the collagenase gene (24) con-
taining a single AP1 binding site can also be efficiently
activated by Jun/Fos in cotransfected F9 cells. The inability
of the HPV-18 promoter to be activated in Jun/Fos-trans-
fected F9 cells could reflect the location of the AP1 sites in
the LCR, the effect of the other cis elements in the LCR
which negatively regulate transcription in F9 cells, or the
absence of other positive factors essential for P105 expres-
sion in this cell line. These results, however, are consistent
with previous studies indicating a stringent cell specificity
for HPV-18 P105 transcription.

Characterization of the specificity of the Jun antipeptide
antisera. To examine the identity of the Jun product(s)
present in nuclear extracts from keratinocytes and cervical
carcinoma cell lines, we used antipeptide antisera. Rabbit
polyclonal antibodies were raised against peptides unique to
each of the three different mouse Jun proteins, c-Jun, JunB,
and JunD. The amino acid sequences used are identical in
the homologous human Jun proteins. The supershift exper-
iments shown in Fig. 3C demonstrate the specificity of each
antipeptide antiserum to its corresponding in vitro-translated
Jun protein, since no cross-reactions could be detected.
Efficiencies of the supershifts, however, were variable.
While the interaction of the shifted complex containing JunD
with its specific antiserum led to its complete disappearance,
with part of the complex being supershifted high in the gel,
the two other antisera were less efficient, and increased
volumes of antiserum were necessary to fully shift the
DNA/protein complexes. In both cases, however, a clear
decrease in the intensity of the shifted complexes, after
incubation with the specific antisera, was detected along
with a partial supershift. These quantitative differences in
the supershifts of in vitro DNA/protein-bound complexes
could be due to a number of factors, including the affinity
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FIG. 3. (A and B) Comparative binding of the in vitro Jun/Fos
heterodimers to the TRE and the HPV-18 AP1 binding sequences.
Oligonucleotides containing the consensus TRE sequence (5'-
TGACTCA-3') and the putative HPV-18 AP1 binding sequence
contained in a 17-mer oligonucleotide, AP18 (5'-CTAGAATAI
GACTAAGCT-3'), were used in gel shift assays with in vitro-
cotranslated Jun and Fos proteins (1 Ill of the cotranslated Jun/Fos
mixtures). Comparison of the intensities of the binding of the
Jun/Fos complexes to the TRE probe (A) and the HPV-18 probe (B)
indicates a three- to fourfold decrease in efficiency for the latter
probe. (C) Analysis of the Jun antipeptide antibodies. Supershift
experiments were done in the presence of specific Jun antipeptide
antibodies added to incubation mixtures containing in vitro Jun and
Fos proteins and the labelled HPV-18 AP1 probe. C, c-Jun; F,
c-Fos; B, JunB; D, JunD.
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FIG. 4. Lack of Jun/Fos activation of transcription of the P105
promoter in mouse embryonic F9 cells. Cotransfection experiments
in F9 cells were done by the calcium phosphate coprecipitation
technique with 5 ,ug of the CAT expression plasmids and 0.5 p.g of
each of the Jun and Fos expression plasmids. HPV-18 P105 is the
wild-type promoter linked to the CAT gene, and TK-A5 contains
five copies of the HPV-18 AP1 binding sequence (5'-TGACTAA-3')
cloned upstream of the TK promoter. Activations were 30-fold for
either of the cotransfected TK-A5 plasmids with the c-Jun/c-Fos,
JunB/c-Fos, or JunD/c-Fos combinations. The CAT assays shown
are representative of several independent transfection experiments
leading to comparable high activation of the TK plasmid by the three
Jun/Fos combinations and no detectable effect on P105 promoter
activity.

and relative stability of the different types of complexes
involving interactions between the antibodies and the pro-
teins or the interactions of the proteins with the DNA probe.

Specific binding of nuclear factors from keratinocytes and
cervical carcinoma cell lines to the A18 cis elements. We
examined, by gel shift assays, the binding of nuclear factors
to the A18 cis elements of the HPV-18 regulatory region.
Nuclear extracts were prepared according to Schreiber et al.
(43) as described in Materials and Methods. A specific
complex binding to this sequence was found in nuclear
extracts from HaCaT human keratinocytes, which was com-
peted for by an excess of the wild-type unlabelled probe but
not by the mutated sequences (Fig. 5 and results not shown).
Upon TPA treatment, this specific binding to the AP1 probe
increased three- to fourfold in the HaCaT cell line. This
increase was specific for the complex bound to the A18
sequence, since no change in the amount of complex bound
to an SP1 probe could be detected upon identical experimen-
tal conditions (Fig. 5).
The specific antipeptide antibodies were used in gel shift

experiments to determine the type of Jun present in the AP1
complexes binding A18. With the human HaCaT kera-
tinocytes, the JunB antipeptide antiserum significantly dis-
placed part of the complex (Fig. 6B). A clear decrease in the
intensity of the retarded band was reproducibly observed,
which corresponded to more than half of the total shifted
complex, regardless of whether the cells were TPA treated
(Fig. 6B and results not shown). Although very faint, the
supershifted band was often visible (arrow in Fig. 6A). In
contrast, with the c-Jun antipeptide antibody, no decrease in
the intensity of the bound complex and no appearance of a
supershifted complex could be detected. A slight but repro-
ducible decrease was observed with the anti JunD antipep-

FIG. 5. Gel shift assays with HaCaT and C33 nuclear extracts.
Two DNA probes were used. AP18 contains the HPV-18 putative
AP1 binding sequence in a 17-mer oligonucleotide (5'-CTAGAA
TAjGACIAAGCT-3'), and SP1 contains the TK distal SP1 binding
site in a 20-mer oligonucleotide (5'-GATCTAAACCCCGCCCA
GCG-3'). Nuclear extracts (N.E.) were studied at similar protein
concentrations (indicated above the lanes), whether or not the cells
were treated with TPA. A 10-fold-higher concentration of proteins
was needed for AP1 binding than for SPI binding, as indicated.
Specific binding competitions were done with a 20-fold excess of the
corresponding unlabelled oligonucleotides.

tide antibody. When both anti-JunB and anti-JunD antibod-
ies were used together, the retarded complex was almost
completely displaced (Fig. 6). We conclude from these
experiments that JunB is the predominant Jun component
associated with Fos in human keratinocytes. Only a small
portion of the bound complex could be attributed to JunD,
and little or no c-Jun could be detected.

In the HPV-negative cervical carcinoma cell line C33, the
AP1 complex bound to A18 sequence was very faint, about
20 times less abundant than in keratinocytes when compared
with the binding of an SP1 probe (Fig. 5). TPA treatment
induced a severalfold increase in DNA binding specifically to
the A18 probe compared with the SP1 probe (Fig. 5). Studies
using the antipeptide antibodies (not shown) indicated that
the retarded complex was more clearly displaced by both
antipeptide C and antipeptide D and less by antipeptide B.
However, it was very difficult to define a precise pattern of
Jun expression in this cell line, and we tentatively propose
that the three Jun factors are expressed at low levels in this
cell line. In contrast, we found that keratinocyte cell lines
transformed by HPV-18 or by the SV40 T antigen, as well as
the cervical carcinoma cell line HeLa, which contains
HPV-18 sequences, exhibited high levels of JunB, although
c-Jun and JunD were also present (data not shown).
To confirm the predominance of JunB in keratinocytes, we

examined the Jun proteins present in nuclear extracts pre-
pared from HaCaT cells or from normal foreskin human
keratinocytes by Western blot analysis. The JunB antipep-

J. VIROL.
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FIG. 6. Gel shift assays with HaCaT nuclear extracts in the
presence of specific Jun antipeptide antibodies. Two different ex-

periments are presented. The probe used is the HPV-18 AP1
sequence (A18), incubated with 5 ,ug of nuclear proteins from
HaCaT cells. Cells were either not treated (A) or pretreated with
TPA (1 ng/ml) for 5 h (B). Incubations were done in the presence of
the indicated Jun antipeptide antibodies. The two gels are from two
independent experiments, and the times of exposure of the autora-
diograms are different. The arrow indicates the new supershifted
band corresponding to the triple antibody/APl/DNA complex.

tide antiserum revealed a detectable band in these cells
which was further increased by TPA treatment (Fig. 7). A
faint band could also be seen with JunD antipeptide anti-
body, with a weaker activation by TPA. c-Jun could not be
detected in these extracts (results not shown). Western blots
using nuclear extracts from NIH 3T3 cells have indicated
that the three Jun antipeptide antibodies were able to detect
their corresponding Jun product with similar efficiencies
(results not shown). These results are consistent with those
of the antibody supershift experiments shown in Fig. 6 and
implicate JunB in the regulation of HPV-18 P1os promoter
transcription in human keratinocytes, since it is the Jun
family member present at a high level in these cells.

DISCUSSION

Transcription of the HPV-18 P105 promoter, which con-
trols expression of the E6 and E7 transforming genes, is
regulated by a combination of viral and cellular factors. This
transcription depends upon keratinocyte differentiation in a

way that is not yet understood. This very tight relationship
between viral gene expression and cell differentiation is
reflected by the cell specificity of the P105 promoter, which is
active only in certain human epithelial cells. We show here
that the ubiquitous transcription factor AP1 is essential for
the activity of this promoter. Mutations which abolish AP1
binding drastically reduce transcription from this promoter
in keratinocytes. Results of these experiments indicate that
both of the AP1 binding sites of the HPV-18 regulatory
region contribute equally to the final level of transcription

B
- +

C
_

q Jun-B - Jun-D

FIG. 7. Western blot analysis of Jun in keratinocyte nuclear
extracts with the specific antipeptide antibodies. (A) Western blot
with 10 Wg of HaCaT nuclear extract in the absence (-) or presence
(+) of TPA treatment, revealed with the anti-JunB antibody. (B)
Western blot with 10 p.g of total cellular extract from primary
foreskin keratinocytes in the absence (-) or presence (+) of TPA
treatment. The antibody used to reveal the blot is the specific JunB
antipeptide antiserum. (C) Same as panel B, but the antibody used is
the JunD antipeptide antiserum. Arrowheads indicate the specific
Jun bands.

despite their different locations within the control region,
one site being located in the cell-type-specific enhancer (Fig.
1). Multiple molecular species constitute the AP1 factor,
which has been implicated in the control of fibroblast prolif-
eration. The fact that different combinations of Jun ho-
modimers or of Jun/Fos heterodimers can be formed in the
cell and bind to the same cognate sequence creates an
important diversity. The three members of the Jun family,
c-Jun, JunB, and JunD, were described in, and isolated
from, mouse cells (25, 29, 39, 40) and human cells (1, 3, 6,
45). The different members of the Jun family are coexpressed
in many tissues, although at different levels. The three Jun
proteins, c-Jun, JunB, and JunD, have about 50% overall
homology, and their N-terminal regions contain the tran-
scriptional activation domains (24). As heterodimers with
Fos, these three Jun products appear to be comparably
efficient transcriptional transactivators. The finding that the
jun genes differ in their sites of expression in adult mice (23,
39) raises the possibility that their products contribute to
tissue-specific expression of target genes regulated by AP1.
Here we have shown that although AP1 is necessary for

the basal level of expression of the HPV-18 P105 promoter, it
is not sufficient since no activity could be detected in
Jun/Fos-cotransfected mouse embryonic F9 cells. An addi-
tional cell-type-specific factor or factors that remain to be
identified must be involved. The effect of mutations of the
AP1 sites on P105 transcriptional activity was particularly
drastic in keratinocytes, raising the question as to which Jun
product(s) constituted the AP1 complex in keratinocytes. In
the spontaneously immortalized human keratinocyte cell line
HaCaT, the result was quite clear, since the major Jun
expressed is JunB, with very little JunD and no detectable
c-Jun. Furthermore, JunB was the major Jun product acti-
vated by TPA, as shown by retardation assays as well as by
Western blot analysis of the nuclear extracts. However, our
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attempts to show direct transactivation of the P105 promoter
by JunB in cotransfection experiments in cervical carcinoma
cell lines or in keratinocytes were not successful. It is
probable that the JunB concentration present in these cells is
not limiting. In contrast, we found that c-Jun not only was
unable to activate P105 but actually repressed its transcrip-
tional activity (not shown). One interpretation of these
experiments was that JunB but not c-Jun is able to specifi-
cally activate the P105 promoter. This specificity would be
due to interaction with one or more other factors, the
combination of these interactions being specific to the kera-
tinocyte, while c-Jun, for example, would be unable to do so.
In this hypothesis, JunB would be the Jun factor specifically
able to interact with a more restricted transcriptional fac-
tor(s) yet to be identified. Experiments to address this
question are in progress. This hypothesis, however, is sup-
ported by a study of the expression of the three Jun products
during organogenesis of the mouse (5, 56) which shows that
the skin and, most particularly, the epidermis of the mouse
specifically express JunB. Furthermore, this specific expres-
sion is linked to terminal differentiation of the epidermis,
since JunB appears more abundant in the upper layer, which
consists of terminally differentiated keratinocytes. This find-
ing would be in accordance with a critical role of JunB in the
tissue-specific expression of the genital papillomaviruses,
since their expression appears to be dependent on terminal
differentiation of the keratinocyte.
An interesting situation, however, stems from the study of

the transcription of this promoter in the C33 cervical carci-
noma cell line. We found that only a very low amount of AP1
was capable of binding to the A18 DNA sequences in this
cell line and yet, despite this low expression of AP1, and
especially of JunB, the P105 promoter was active in C33 cells.
Mutations in one or the other of the cis elements in the
upstream regulatory region resulted in only a 50% loss of
transcriptional activity in C33 cells, which is much less
drastic than the effect observed in keratinocytes. Altogether,
these results indicate that efficient transcriptional activity of
P105 could be achieved with low amounts of the API com-
plex and that other factors can substitute for AP1 in this
environment.
The importance of AP1 in the keratinocyte-specific tran-

scriptional activity of P105 was suggested by results of an in
vitro transcription study (34). The authors concluded from
their experiments that AP1 was more abundant in extracts
from human epithelial cells than in extracts from fibroblasts
in which the promoter is inactive and that these quantitative
differences would explain the cell specificity. We show in
this study that despite a low amount of AP1, the P105
promoter is active in the C33 cell line, while it is inactive in
F9 cells expressing excess AP1, indicating that quantitative
differences are not sufficient to explain the cell type speci-
ficity. More precisely, these results indicate that the cell
specificity of the P105 promoter is a multifactor phenomenon.
Factors interacting with the AP1 binding sites are essential
for the transcriptional activity of the promoter in kerati-
nocytes, but some other factor(s) is also necessary. One
interpretation of the differences between keratinocytes and
the C33 carcinoma cell line would be that the other factors
involved in P105 transcription play a more predominant role
in C33 cells than in keratinocytes. It is easy to interpret these
results by the presence of different subsets of transcriptional
factors in both cell types, P105 being activated by different
combinations of factors in C33 cells or in keratinocytes. In
conclusion, AP1 could be considered as necessary but not
sufficient for specific activation of the P105 promoter. Mem-

bers of the fos gene family could also be involved in this
specific recognition of the HPV-18 regulatory region by AP1,
but answering this question goes beyond the aim of this
study.
JunB and c-Jun have been shown to be antagonists in the

way they transactivate certain genes. In particular, c-Jun is
an efficient activator of the c-Jun and collagenase promoters,
while in some experiments, JunB inhibits activation of these
promoters (11, 45). There are also differences in the mech-
anisms of transactivation, since JunB transactivates in a
more synergistic manner than does c-Jun, requiring binding
to more than one DNA binding site in the promoter in order
to be able to activate efficiently (11). Our data, on the
contrary, show that in human keratinocytes, JunB is essen-
tial for the HPV-18 P105 promoter activation. The HPV-18
regulatory region also contains one and possibly two of the
DNA binding sequences (glucocorticoid-responsive ele-
ments) for the glucocorticoid hormone receptor (Fig. 1). The
regulation of the HPV-18 P105 promoter by glucocorticoid
hormones is not well understood, but the negative interfer-
ence between steroid hormone receptors and AP1 has been
documented in other systems (13, 26, 30, 44, 57). We cannot
rule out the possibility of such a negative interference for
P105 regulation.
The E6 and E7 RNAs, which code for the two viral

oncoproteins, are transcribed from the HPV-18 P105 pro-
moter. HPV infection induces cell proliferation which is
probably due, at least in part, to specific interactions of the
viral E6 and E7 products with the cellular p53 and Rb
proteins, respectively (14, 32, 33, 54). On the other hand, cell
proliferation is associated with elevated AP1 activity, which
will activate promoters containing APi-responsive elements
(8, 27). It is therefore probable that cell proliferation, in-
duced by E6/E7 gene expression will, in turn, activate AP1,
which is a positive transactivator of E6/E7 P105 promoter
transcription, thus creating a positive regulatory loop during
the viral cycle.
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ADDENDUM IN PROOF

After the completion of this work, Mack and Laimins
(D. H. Mack and L. A. Laimins, Proc. Natl. Acad. Sci.
USA 88:9102-9106, 1991) described a keratinocyte-specific
factor interacting with AP1 to activate HPV-18 transcription
in keratinocytes.
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