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The enhancer of human papillomavirus type 16 (HPV-16) is considered to be specific for epithelial cells, in
particular for cervical carcinoma-derived cell lines. We reexamined this hypothesis with the complete enhancer
as well as nonoverlapping subclones and found all clones to be active in epithelial cell lines derived from the
epidermis and from carcinomas of the cervix, mammary gland, and colon, but inactive in fibroblast,
lymphoma, and embryonal carcinoma cells. Although the virus infects only human mucosal epithelia, enhancer
activity was independent of the exact type or of the species of origin of the transfected epithelial cell. In spite
of epithelial cell specificity, we found that the activity of the HPV-16 enhancer varied strongly from a

cytomegalovirus enhancer and the simian virus 40 enhancer in a cell line-dependent manner. This suggests
varying quantitative contributions of enhancer elements rather than regulation by an all-or-none switch. Cell
type specificity was maintained by a 91-bp subclone of the 400-bp enhancer. Most of the enhancer activity of
this fragment was eliminated by alternative mutations in binding sites for the ubiquitous factors AP-1, nuclear
factor 1 (NFl), or TEF-2. These three types of factors bind this 91-bp enhancer without cooperation, although
activation appears to be synergistic. Outside the 91-bp fragment, a motif typical for papillomavirus enhancers,
namely an octamerlike sequence flanked by an NFl-binding site, contributes to enhancer function, as the
activity was strongly reduced upon its deletion. In HPV-16, this motif is bound by the oct-i factor as well as

by a probably novel factor, NFA, whereas a related motif of HPV-1l is recognized only by NFA. On
examination, none of the five types of transcription factors involved in HPV enhancer activation was restricted
to epithelial cells, but NFl, AP-1, and oct-i were present in higher concentration in HeLa cells than in
fibroblasts. Only NFl showed some qualitative cell type-specific differences. We propose that the epithelial
specificity of the HPV-16 enhancer is brought about via binding sites for supposed ubiquitous transcription
factors. The mechanism of this activation apparently involves synergism between factors that vary in
concentration and may include cell-specific functional differences residing outside the DNA-binding domain
of these factors.

Human papillomavirus type 16 (HPV-16) is the most
frequently encountered member of a group of papillomavi-
ruses that infect the epithelia of the female and the male
genital region. Epidemiological studies of genital cancer
suggest that an infectious agent is involved in carcinogenesis
of the cervix uteri (for reviews, see reference 57). Papillo-
maviruses are favored candidates, first because their genome
is present in most if not all cervical cancers (57), and second
since they encode proteins whose mechanism of transforma-
tion is moleculary understood: the products of the genes E5,
E6, and E7 modify responses mediated by tyrosine kinase-
type receptors and form complexes with the products of the
tumor suppressor genes p53 and Rb, respectively (19, 36,
52).
HPVs are strictly epitheliotropic. This selectivity seems to

be at least partially brought about by the viral transcriptional
enhancer, which is active in epithelial cells but not functional
in cell lines of other differentiation types (13, 25). We have
previously found that the HPV-16 enhancer can be activated
by numerous binding sites for apparently ubiquitous tran-
scription factors, namely seven for nuclear factor 1 (NF1)
(27), three for AP-1 (7), one for the progesterone and the
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glucocorticoid receptor (8), and one each for two factors that
we provisionally designated PVF and NFA (11). These data
have been confirmed and extended by the identification of
two or three additional DNase I protections that identify the
binding of undefined factors (12, 39, 56). Figure 1 gives a
summary model based on these studies. The enhancers of
HPV-11 and HPV-18 may be activated by a similar if not
identical composition of factors (9, 23). Confusingly, neither
our own work nor any other study could pinpoint a factor
that binds to HPV DNA in epithelial cells but is absent in
cells in which the enhancer is inactive. In particular, the
conspicuous motif TTTGGCTT of the enhancers of all
genital papillomaviruses and the promoters of cytokeratin
genes is recognized by pure NF1 as well as by a factor in
HeLa nuclear extracts with the same binding specificity
observed for the adenovirus NFl-binding site (12, 26, 27).
The experiments reported here aimed at extending the

identification and characterization of transcription factors
that bind the HPV-16 enhancer and to assess their functional
contribution. Our data do not support the possibility that
activity of the HPV-16 enhancer depends critically on fac-
tors that bind in epithelial cells but are absent elsewhere.
Instead, functional specificity is brought about by transcrip-
tion factors that are ubiquitous and may stem from a
combination of transcription factor synergism, concentra-
tion differences of qualitatively identical factors, and func-
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FIG. 1. The HPV-16 LCR. The upper portion and the blow-up of
the enhancer region show the relative position of transcription
factor-binding sites as previously published (11). The symbols X and
Y refer to footprints derived from unidentified factors (12, 39). This
paper shows that the PVF motifs are bound by the factor TEF-2 and
that the NFA motif is bound by oct-1 and a possibly novel factor,
NFA. The lower part of the figure represents deletions and sub-
clones that were examined in this study.

tional variants of factors through means other than their
sequence recognition specificity.

MATERIALS AND METHODS

Plasmids and oligonucleotides. The HPV-16 enhancer test
plasmids (Fig. 1), as well as the 91-bp enhancer point
mutants (see Fig. 4), were described previously (11, 25). The
plasmids pORFEXCAT (3) and pSV2CAT (38), which had,
respectively, the cytomegalovirus (CMV) enhancer-pro-
moter and the simian virus 40 (SV40) enhancer-promoter
driving the expression of the bacterial chloramphenicol

acetyltransferase (CAT) gene (28), were used as positive
controls in transfection experiments. The construct HPVe/
pOVEC (24) was the internal control plasmid in RNase I
protection assays. Bal 31 deletion generation of the enhancer
NFA deletion mutants was done by following established
protocols (49). The five deletion mutants were cloned in
ptkCATdH/N (53) and sequence verified by the dideoxynu-
cleotide termination reaction (50).

All oligonucleotides (Table 1) used for band shift experi-
ments were synthesized on a Pharmacia gene synthesizer
and obtained from B. Li, Institute of Molecular and Cell
Biology, Singapore. The genomic positions of the oligonu-
cleotides representing segments of HPV-16 are given in
parentheses, and the sequence of the other oligonucleotides
were based on published data: globin CAC (15); SV40 GT-1
(20); adenovirus NF1 (17), octamer/heptamer (37); collage-
nase AP1 (1).

Cell culture and functional assays. All cell lines used to test
for enhancer function were grown in minimal essential
medium supplemented with 10% fetal calf serum. A total of
14 cell lines were tested for their ability to support HPV-16
enhancer function. They include HeLa, SiHa, CaSki,
MCF-7, and NIH 3T3 cells, all used previously in our
laboratory (24, 26). HaCat and HD2 cells were a kind gift of
N. E. Fusenig (5, 21), and the rest were commercially
available: HT-3 (ATCC HTB 32), Colo320HSR (ATCC
220.1), C127 (ATCC 1616), Rat2 (ATCC CRL 1764), F9
(ATCC CRL 1720), Daudi (ATCC CCL 213), and MRHF
(Whittaker M. A. Bioproducts). Transient transfections
achieved by electroporation with the Bio-Rad Gene Pulser
and CAT assays followed procedures standardized in our
laboratory (8); 10 jig of DNA was used for CAT assay
transfection. Each value of CAT activity represents the
average of at least four separate transfections. For analysis
of RNA transcripts, in addition to 10 p,g of plasmid, 10 ,ug of
HPVe(pOVEC) was cotransfected into HeLa cells by elec-

TABLE 1. Oligonucleotides used for band shift experimentsa

Name (genomic position) Oligonucleotide sequenceb Size (bp)

HPV-16 PVF 6e (7697-7710) CTAGATTAGGCACATATTT 23
TAATCCGTGTATAAAGATC

HPV-16 PVF 61 (7212-7199) CTAGACAAGCACATACAAT 23
TGTTCGTGTATGTTAGATC

PVF mutant (7697-7199) CTAGATTAGGatCcTAaTc 23
TAATCCtaGgATtAgGATC

GlobinCAC CTAGAGGAGCCACACCCTT 23
TCCTCGGTGTGGGAAGATC

SV40 GT-1 CTAGACTTTCCACACCCTT 23
TGAAAGGTGTGGGAAGATC

HPV-16 NF1 fp6e (7708-7727) TCGACTCTAGTTTTTGGCTTGTTTTAACTAGAG 37
GAGATCAAAAACCGAACAAAATTGATCTCCTAG

HPV-16 NF1 fp3e (7577-7596) TCGACTCTAGTTGCACTGCTTGCCAACCATTACTAGAG 42
GAGATCAACGTGACGAACGGTTGGTAATGATCTCCTAG

Adenovirus NF1 AATTCTTATTTTGGATTGAAGCCATAATCG 35
GAATAAAACCTAACTTCGGTTATTAGCTTAA

HPV-16 NFA (7728-7741) CTAGACCTAATTGCATAT 22
TGGATTAACGTATAGATC

HPV-11 NFA CTAGAGTTAAAAGCATTT 22
TCAATTTTCGTAAAGATC

Octamer-heptamer CTAGATGCTCATGAATATGCAAATCAATTGT 35
TACGAGTACTTATACGTTTAGTTAACAGATC

Collagenase AP1 CTAGATATAAAGCATGAGTCAGACACCTCTT 35
TATATTTCGTACTCAGTCTGTGGAGAAGATC

a Published DNase I protection experiments (26, 27) have identified the following footprints: HPV-16 PVF 6e and PVF 61, 3 bp 5' and 3 bp 3' of the CACA motif;
HPV-16 NF1 fp6e, the TTTGGCTT motif plus 7 bp in the 3' direction; HPV-16 NF1 fb3e, 7 bp 3' and 3 bp 5' of the TTGGC motif (lower strand).

b Conspicuous sequence motifs believed to be relevant for binding specificity are underlined.
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troporation. The isolation of total RNA by the guanidium
isothiocyanate method, with a subsequent CsCl centrifuga-
tion step, and the generation of SP6 polymerase-synthesized
RNA probe followed by the analysis of the transcripts
obtained were performed as detailed previously (24). A
10-,ug portion of total RNA was used for each reaction in the
RNase protection assay.

Footprint and band shift procedures. Nuclear extracts
were prepared by following published protocols (18). Probes
for footprint reactions (22) were generated by filling in a
polylinker site of the ptkCATdH/N constructs that carried
the prototype and mutant 91-bp HPV-16 enhancer frag-
ments. The end-labeled DNA probe thus generated was gel
purified and incubated with HeLa nuclear extracts for
DNase I footprint titration performed as previously pub-
lished by us (24). Annealed oligonucleotides for band shift
assays were labeled with 32P by filling in the protruding ends
with Klenow polymerase and subsequently purified via gel
electrophoresis. For the band shift assay the incubation
mixture and incubation conditions were similar to those for
footprint reactions. The band shifts were carried out by
using a previously established procedure from our labora-
tory (7): 1 ng of labeled DNA (approximately 5,000 cpm
Cerenkov) were band shifted, and competitions with homol-
ogous or heterologous oligonucleotides were done with a
100-fold excess of unlabeled DNA.

RESULTS

The HPV-16 enhancer and nonoverlapping enhancer sub-
clones are active in epithelial cells but inactive in fibroblasts. It
had been proposed that the HPV-16 enhancer is active in cell
lines derived from cervical carcinomas, or even generally in
keratinocytes, but that it is inactive in cell lines of other
differentiation types (13, 25). We initiated a systematic study
of several enhancer subclones in the hope of getting an
indication of the specific elements in this enhancer which
may be decisive for epithelial or keratinocyte specificity.
We use here the word "keratinocyte" synonymously with

"epithelial cell," although we give preference to the latter
term. The former term is often restricted to cells derived
from squamous epithelia or, even more specifically, to those
from the epidermis, but has been used in the papillomavirus
literature to identify cells that express keratin, thus encom-
passing columnar and simple epithelia.
We selected a total of 14 cell lines as recipient cells. Of

epithelial origin were SiHa, CaSki, and HeLa cells. These
are derived from cervical carcinomas and contain transcrip-
tionally active papillomavirus genomes recombined into
their chromosomes (2, 54). They have the desirable property
of being the most appropriate environment for papillomavi-
rus transcription, but the undesirable property of expressing
papillomavirus gene products with suspected transcriptional
activities, which may alter enhancer properties, namely E6
and E7 (33, 43). To exclude this possibility, we included
HT-3, which is derived from a cervical carcinoma and is free
of endogenous papillomavirus genomes. MCF-7 cells, de-
rived from a carcinoma of the mammary gland, were in-
cluded, although they are not considered to be a natural
target cell of papillomavirus infection, since they have a
keratin gene expression pattern similar to that of cervical
epithelia (42). HaCat cells represent a line derived from a
cornifying human epidermis (5), and HD2 is a similar differ-
entiation type from the mouse (21). The latter cells could
reveal species specificity. A species-specific transcriptional
element has been identified in bovine papillomavirus type 1

(58), although it does not seem to have a functional equiva-
lent in the enhancer of genital HPVs. The cell line
Colo320HSR was included to examine whether we would
find HPV enhancer activity in this type of keratinocyte,
which, just like mammary gland epithelia, has not been
found to be naturally infected by HPV. As cell lines of
nonepithelial origin, we used MRHF fibroblasts and Daudi
Burkitt lymphoma cells from humans, mouse c127 and NIH
3T3 fibroblasts, Rat2 fibroblasts, and mouse F9 embryonal
carcinoma cells.

This screen of cell lines for HPV-16 enhancer activity was
done with expression vectors for the bacterial test gene
coding for CAT (28). The HPV-16 enhancer constructs used
were the full-sized 400-bp fragment (genomic positions 7454
to 7854), a 232-bp subclone (positions 7524 to 7755), and a
91-bp fragment, which was the smallest fragment retaining
significant enhancer activity and containing a composition of
transcription factor-binding sites that seems to be typical for
HPV enhancers, namely two sites for NF1, two for AP-1,
and one for PVF (11).
These fragments were cloned into the vector ptkCATdH/

N. The CAT gene of this vector is expressed from a herpes
simplex virus thymidine kinase promoter. By itself, this
vector gives a very low and sometimes undetectable activity.
Consequently, enhancer strength was not calculated as an
induction ratio relative to the baseline of this vector, but as
a fraction of the activity of a strong cytomegalovirus enhanc-
er-promoter, which is considered to be ubiquitously active
(6). As well as such a reference vector, termed pORFEX-
CAT (3), we transfected as an additional reference the
plasmid pSV2CAT (38), which contains the supposedly
ubiquitously active SV40 enhancer.

Figure 2 summarizes the outcome of these experiments. In
all cell lines, CAT activity was highest under the influence of
the CMV enhancer in pORFEXCAT, whose corresponding
CAT values were set for each cell line as a 100% reference
point. pSV2CAT shows considerable quantitative variability
from 44% of pORFEXCAT in HeLa cells down to 1.3% in
MRHF cells, but without qualitative preference for a differ-
entiation type. It should be noted that the latter 1.3% activity
translated to a more than 10-fold CAT stimulation when
viewed independently of the activity of pORFEXCAT. In
epithelial cells the 400- and 232-bp fragments of the HPV-16
enhancer showed enhancement of 1.1 to 19.5% relative to
the CMV enhancer, but were practically inactive in fibro-
blasts. In this comparison some of these levels appear to be
low, but in absolute numbers they still represent a 10- to
100-fold induction over the basal level (Fig. 2). Interestingly,
the 91-bp fragment shows a similar activity range, although
its activity is quantitatively reduced. The figure does not
contain our findings for HeLa and CaSki cells, which were

similar to those with SiHa cells, and for Colo320HSR cells,
which resembled the HaCat data. The data obtained with
Daudi and F9 cells resembled those for the four fibroblast
lines, namely activity of the CMV and the SV40 enhancers
with lack of activity of the three HPV-16 constructs. We
conclude that the HPV-16 enhancer and its subclones are

specific for epithelial cells irrespective of the species and the
histologic origin. Neither deletion of nearly 80% of the
400-bp enhancer nor any one of numerous other deletions
not shown here (10) results in a gain of ubiquitous activity.
This excludes the possibility that cell type specificity is
brought about by negative regulatory elements.
We next asked whether the 91-bp fragment may be the

only subclone with elements relevant for cell type specificity
or whether parts of the strong 232-bp enhancer clone that are
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FIG. 2. Activity of three different HPV-16 enhancer clones in
five epithelial cell lines (black bars) and four fibroblasts (gray bars).
The diagram represents CAT expression relative to the one induced
by a CMV promoter-enhancer vector and is expressed as a percent-
age of the activity obtained with this vector. The constructs tested
were enhancer-free vector ptkCATdH/N (A), HPV-16 91-bp seg-
ment (B), HPV-16 232-bp segment (C), HPV-16 400-bp segment (D),
and pSV2CAT (E). Although enhancer activities are generally lower
than those obtained with the CMV vector, it is clear that the SV40
vector activates CAT expression in epithelial and fibroblast cells
alike, whereas the HPV-16 clones give significant activity only in
epithelial cells.

not present in this 91-bp segment may also contain specific
functions. We examined a 94-bp segment 5' of the 91-bp
enhancer between a Dral site at position 7524 and a DrallI
site at position 7621. This segment (positions 7524 to 7617)
has two NF1 sites as common elements with the 91-bp
fragment (26) (Fig. 1) and may also bind two additional yet
undefined factors (12, 39) (Fig. 1). Figure 3 shows that this
fragment, as well as a larger one (Dra-Hha, positions 7524 to
7673) that overlaps with the 91-mer and thus includes the two
AP-1 sites, shows cell type-specific activity. However, a

fragment from positions 7611 to 7676, which contains only
the two AP-1 sites but no NF1 sites, does not function as an
enhancer. Hence, at least two, if not several, modules of the
enhancer must be responsible for its epithelial preference.
The 91-bp HPV-16 enhancer is synergistically activated by

AP-1, NF1, and PVF in the absence of cooperativity in DNA
binding. We have shown above that the 91-bp subfragment
of the HPV-16 enhancer has reduced but still cell type-
specific transcriptional activity. Numbers of important tran-
scription factor-binding sites on this fragment in addition to
a glucocorticoid-progesterone response element, are two for
AP-1, two for NF1, and one for a factor binding the novel
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FIG. 3. Keratinocyte-specific enhancer activity of a 94-bp
HPV-16 enhancer fragment (DraI-DraIII) that is located 5' of and
without overlap with the 91-bp core enhancer examined in Fig. 2.
The inactive fragment from 7611 to 7676 contains two of the three
AP-1 sites of the HPV-16 enhancer; the keratinocyte-specific clone
Dra-Hha represents a contiguous segment of the enhancer contain-
ing both the Dral-DraIll and the 7611 to 7676 enhancer. The
enhancer subfragments are graphically represented in Fig. 1. Sym-
bols: *, HeLa; O, MRHF.

motif AGGCACATAT, which we previously termed PVF
(11).
We have published CAT expression data that show that

enhancer function of this 91-bp fragment is dependent on
these three types of binding sites. To examine the role of
these factors in enhancer activation, we decided to deter-
mine first the transcript level under the influence of these
mutations and second the alterations that occurred in bind-
ing of these factors upon mutation. To determine the CAT
mRNA levels, we performed the RNase protection experi-
ments whose results are shown in Fig. 4. The nearly com-
plete loss of transcriptional activity by each of these mutants
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FIG. 4. Transcriptional analysis of HPV-16 enhancer mutants.
Lanes 2, 6, and 7 document the relative activities of the 91-bp, the
400-bp and the 232-bp subclones, respectively; lanes 3, 4, and 5
document the loss of enhancer activity of the 91-bp fragment after
alternative mutation of the AP-1, the NF1, or the PVF motif,
respectively. Lane 1 represents is sequencing lane used as a size
marker. The transcripts r-t and c-t were derived from the contrans-
fected internal control plasmid HPVe(pOVEC) (24), while cat-t
represents the CAT transcripts from the test constructs.
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FIG. 5. DNase I protection analysis of the HPV-16 91-bp en-

hancer fragment with the wild-type sequence and alternative muta-
tions in the PVF, NF1, or AP-1 motifs reveals lack of cooperativity
in the binding of heterologous factors. Upon mutation, protections
are reduced or disappear without influence on unrelated elements.
A+G is the reference sequencing lane. The symbols - and + refer
to DNase I cleavage in the absence and presence, respectively, of
HeLa nuclear extract.

suggests synergistic activation by the combination of these
three factors.
To examine whether functional cooperativity is brought

about by cooperative binding, we examined the 91-bp frag-
ment in a footprint study. Figure 5 shows that the three types
of mutations exclusively eliminate binding of the corre-
sponding factor, while binding of the other factors is re-
tained. We conclude that synergism is brought about by
functional cooperativity rather than cooperativity in the
binding of the factor (34).
The PVF motif binds the factor TEF-2. The activity of the

91-bp clone occurred cell type specifically, although two of
the factors that activate this enhancer, namely NF1 and
AP-1, are not considered to be cell type-specific factors. To
look into the properties of the third element, previously
termed PVF, we examined the factor that binds this element.
The PVF motif has the sequence AGGCACATAT in

HPV-16, HPV-18, and HPV-33, and related motifs occur in
HPV-6, HPV-11, and HPV-31 (11). These elements have the
sequence CACA in common, which is reminiscent of the
CCACACCC promoter element of globin genes and of the
GT-I-binding sites, which has the same sequence in the SV40
enhancer. It has been shown that both sequences bind the
same factor, TEF-2 (14, 15, 20). To examine whether the

U,Vw

FIG. 6. Identity of the factor that binds the HPV-16 PVF motif of
the enhancer, the HPV-16 PVF motifs in the 5' LCR, the SV40 GT-1
motif, and the globin CAC box, and its identification as TEF-2.
Bands A and B were specifically inhibited, whereas band X was
partially resistant to competition by all oligonucleotides, indicative
of an undefined specific factor or an unspecific activity. Upper
panel: band shift of the HPV-16 PVF motif AGGCACATAT of the
enhancer (fp6e) and AAGCACATAC at the 5' segment of the LCR
(fp6l). Lanes 1 and 5, no competition; Slot 2 and 6, homologous
competition; lanes 3 and 7, competition with the respective heter-
ologous oligonucleotide; lanes 4 and 8, competition with a mutant
oligonucleotide (Table 1). Lower panel: lanes 9, 13, and 17, band
shift of the HPV-16 PVF oligonucleotide the SV40 GT-1, and the
globin CAC box oligonucleotide, respectively; lanes 10, 14, and 18,
competition with the PVF oligonucleotide; lanes 11, 15, and 19,
competition with the SV40 GT-1 oligonucleotide; lanes 12, 16, and
20, competition with the globin CAC box oligonucleotide.

PVF motif binds TEF-2, we performed band shifts with
oligonucleotides representing these three sequences. We
included in this study an oligonucleotide with the sequence
AAGCACATAC (Table 1, HPV-16 PVF 61), which is re-
peated five times outside the enhancer at the 5' end of the
HPV-16 long control region (LCR) (26). Figure 6 shows that
each of these four oligonucleotides gives bands at similar
positions and that bands A and B are eliminated by homol-
ogous as well as heterologous competition with suspected or
proven TEF-2-binding sites. We conclude that the HPV-
PVF motifs bind factor TEF-2. An additional band, X,
differed in relative intensity to A and B depending on the
oligonucleotide used and may represent an additional unde-
fined specific factor or a nonspecific DNA binding activity.
The cytokeratin-octamer TTTGGCTT of HPV-16 binds a

factor with properties indistinguishable from the adenovirus
NF1 site. We have previously shown that the two NFl-like
binding sites that strongly activate the 91-bp fragment bind
pure NF1 of heterologous origin and that binding of the
corresponding NFl-like factor in HeLa extracts is inhibited
by the bona fide NF1 site of adenovirus (see Table 1 for
sequences) (27). The uniqueness of one of these two motifs,
TTTGGCTT (positions 7710 to 7717), which occurs in all
enhancers of genital papillomaviruses and in the promoter of
cytokeratin genes (4), has repeatedly led to the hypothesis
that this motif can bind a factor different from NFl. To
elucidate whether this motif binds a factor different from
other NFl-binding sites in HeLa cells, we analyzed this
motif against another, less conspicuous NFl-binding site of
HPV-16 and against the adenovirus NF1 site in a band shift
experiment. Identical band shifts and complete heterologous
competition (Fig. 7) exclude that this motif binds a factor
differing from that bound by the other two NFl-binding
sites, an observation that confirms the results of a similar
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FIG. 7. The HPV-16 enhancer motif TTTGGCTT, a different
HPV-16 NF1 motif, and the adenovirus NF1 site bind the same
factor in HeLa nuclear extracts. (A) Adenovirus sequence. (B)
HPV-16 fp3e motif (26). (C) HPV-16 fp6e TTTGGCTT motif. Lanes
1, 5, and 10 show the shift with HeLa nuclear extracts. The
adenovirus shift can be completely inhibited by its homologous
sequence (lane 2) and strongly (but incompletely, owing to the lower
affinity [30]) by the two HPV-16 motifs (lane 3, fp3e; lane 4,
TTTGGCTT motif). Binding to the two HPV-16 motifs can be
completely inhibited by the adenovirus sequence (lanes 6 and 11) or

the two HPV-16 motifs (lanes 7, 8, 12, and 13). Lanes 9 and 14 show
lack of competition with a nonspecific PVF oligonucleotide.

experiment by Cripe et al. (12). Although NF1 sites partici-
pate in the activation of the cell type-specific enhancer, they
do not seem to bind a factor different from the bona fide
adenovirus NF1 site.
A motif with flanking binding sites for NF1 and oct-l/NFA is

involved in enhancer function. Outside of and 3' to the 91-bp
segment, the HPV-16 enhancer contains a motif typical for
the enhancers of at least six genital HPVs, namely a nonpal-
indromic NFl-binding site that is spaced by exactly 2 bp
from a consensus element that we termed NFA (11). In
HPV-16 the NFA site has the sequence ATGCAATT (lower
strand, positions 7739 to 7732), which is similar to the
octamer sequence, the binding site for the ubiquitous oct-1,

104.5% 100.0%

FIG. 8. Partial loss of enhancer activity during stepwise deletion
of an NF1 and a flanking NFA motif characteristic of genital
papillomavirus enhancers. Clone d7747 was set as a reference point
(100%), after it was found to have a nearly unchanged activity
relative to the 400-bp enhancer, although it was deleted for a
segment of 107 bp, which contained one NFl- and one AP-1-binding
site. CAT activities were determined after transient transfection of
HeLa cells.

NFA

F,ee_

FIG. 9. The NFA motif of HPV-16 binds oct-1 as well as the
potentially novel factor NFA. Lane 1: band shift and homologous
competition (lane 2) of an octamer motif oligonucleotide; bands A
and B are both derived from binding of the oct-1 factor (B owing to
recognition of the octamer target site, A owing to recognition of a
flanking heptamer site). Lanes 3 to 5: shift of the HPV-16 NFA
oligonucleotide without competition (lane 3), homologous competi-
tion (lane 4) and heterologous competition (lane 5) with the octamer
oligonucleotide. Lanes 6 to 8: shift of the HPV-11 oligonucleotide
without competition (lane 6), homologous competition (lane 7) and
heterologous competition (lane 8) with the octamer oligonucleotide.
Shift and competition suggest that the octamer oligonucleotide has
little affinity to the NFA factor, whereas the HPV-11 site has no
affinity for the oct-1 factor. All experiments were done with HeLa
nuclear extracts.

or the lymphocyte-specific oct-2 factor, ATGCAAAT. The
consensus for this NFA motif diverges, however, in other
papillomaviruses such as HPV-6 and HPV-11, in which it is
ATGCTTTT (11).
To examine the contribution of this element to enhancer

function, we created Bal 31 deletions from the 3' side of the
400-bp fragment, which ended at positions 7747, 7746, 7739,
7731, and 7730. The first two, d7747 and d7746, left the NF1
and NFA motifs intact, d7739 completely deleted the NF1
site but left the NFA site intact, and d7731 and d7730 deleted
the NFA motif. To avoid distance effects in the functional
tests, we cloned these mutants into ptkCATdH/N in inverted
orientation such that the natural 5' end of the enhancer at
position 7454 was fused to the 5' end of the thymidine kinase
promoter-CAT fusion gene. This was done to place the
deletions at a constant distance of about 280 bp from the 5'
side of the test promoter.

Figure 8 shows that deletion of the NF1 site decreases
enhancer function by a factor of 2, and loss of the NFA as
well as of the NF1 site decreases enhancer function by a
factor of 6. We conclude that these two motifs contribute to
the HPV-16 enhancer function.
We next examined some of the properties of the factors

that binds the NFA motif. Figure 9 shows a band shift with
oligonucleotides representing the bona fide octamer motif,
the HPV-16 motif, and the HPV-11 NFA motif. The octamer
oligonucleotide gives two bands typical for sites that contain
the octamer as well as the heptamer motif (32). The HPV-16
oligonucleotides shows one of these bands, namely the one
which is obtained with oct-i-binding sites that have only the
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FIG. 10. Band shift of HPV-16 AP-1, NF1, and PVF oligonucle-

otides and an oligonucleotide representing the octamer-binding site
with human MRHF fibroblast (lanes 1, 3, 5, and 7) and HeLa nuclear
extracts (lanes 2, 4, 6, and 8). Relative to the PVF shift, which was

fortuitously of similar intensity to either extract, fibroblast extracts
gave generally a weaker signal. Qualitative differences were ob-
served only for the NF1 oligonucleotide, which, in the absence of
any degradation of the AP-1, PVF, and oct-1 factors, may represent
qualitative differences without changes of binding specificity. The
apparent quantitative difference between lanes 7 and 8 (oct-1 oc-

tamer/heptamer oligonucleotide) has to be interpreted as quantita-
tive difference, since the upper band in lane 8 is indicative of binding
to the heptamer site, which occurs only at high concentrations of
oct-1.

octamer motif but not the flanking heptamer. This band was

completely competed with the oct-1 binding-site oligonucle-
otide. This observation makes it very likely that the HPV-16
NFA motif binds the factor oct-1.

In addition, the HPV-16 oligonucleotide shows a band of
higher mobility that was not observed with the oct-1 oligo-
nucleotide and that was not completely inhibited by the oct-1
oligonucleotide. This same band, but not the oct-1 bands, is
visible in the HPV-11 band shift. We conclude that the NFA
motif binds the oct-1 factor in HPV-16, but that it also binds
a possibly novel factor in HPV-16 and that it exclusively
binds this novel factor in HPV-11. We term this factor NFA
(NFl-associated factor), in keeping with the nomenclature
that we proposed for the binding site. Since our functional
studies are restricted to HPV-16, we cannot answer the
question whether the observed reduction of enhancer activ-
ity is due to oct-1 or NFA, or both factors.

Qualitative and quantitative differences of factors involved
in HPV-16 enhancer function. Previous publications and the
experiments reported here show that TEF-2, NF1, AP-1,
and oct-1/NFA activate the HPV-16 enhancer selectively in
epithelial cells, although they can be detected in DNase I
protections in a similar manner in fibroblasts. However,
these experiments were not designed to reveal potential
qualitative or quantitative differences between these factors.
This possibility was approached by using band shift experi-
ments that compared the different properties of nuclear
extracts from HeLa and MRHF cells (Fig. 10).

Qualitatively, identical band shifts were observed in both
cell types with TEF-2, AP-1, and oct-l/NFA-binding sites
from HPV-16. With awareness of the limited analytical
power of this procedure, we propose that TEF-2, AP-1,
oct-1, and NFA occur in each of these cell types as tran-
scription factors with similar properties. This was also
observed for NFA, which was visible only after longer
exposures than the one shown in Fig. 10. Although band

shifts cannot be reliably quantified, we observed that the
TEF-2 band occurred in both cell types in comparable
strength. Relative to this band, AP-1, NF1, and oct-1 gave a
significantly stronger band shift in HeLa cells. We hypoth-
esize that these quantitative differences may play an impor-
tant role in the apparent cell type specificity.
The NFl-binding site gave only a weak signal with fibro-

blast extracts at the position corresponding to the strong
band shifted in HeLa, but, more significantly, it shifted
several bands of higher mobility. Since none of the other
band shifts are indicative of proteolytic degradation, we
believe that part of NF1 can occur in fibroblasts in a form
qualitatively different from that in HeLa cells.

DISCUSSION

Transcription from the E6 promoter P97 of HPV-16 not
only is regulated by products of the viral E2 gene by a
feedback mechanism (see reference 47 and references there-
in), but also depends on an enhancer that is activated by
cellular transcription factors. All genital HPVs share a
similar structural organization of functional enhancer ele-
ments (11). The HPV-16 enhancer has been proposed to be
selectively active in keratinocytes (13), whereas we had
found a cloned 400-bp LCR segment (positions 7454 to 7854)
to be active in HeLa cells but inactive in the mammary
carcinoma line MCF-7 (25), even though both cell lines were
keratinocytes. On reexamination of this observation (Fig. 2),
we found that this clone has a reduced but still significant
activity in MCF-7 cells, whereas a 232-bp subclone (posi-
tions 7524 to 7755) has an activity in MCF-7 cells similar to
that in cervical carcinoma cells. The HPV-16 enhancer is
thus, as proposed, generally active in keratinocytes, even in
cells originating from tissues in which HPV infection does
not occur naturally. The enhancer is also independent from
the presence or absence of HPV genomes in the recipient
cell and independent of the species of origin of the cells.
Dissection of the two previous enhancer clones revealed that
the cell type-specific function of the HPV-16 enhancer is
retained by a 91-bp fragment (positions 7629 to 7719). We
have shown this segment to be the smallest enhancer unit
with significant function, possibly as a result of a particular
combination of AP-1-, NFl-, and TEF-2-binding sites. Cripe
et al. (12) had proposed a nearly identical segment as a core
enhancer (positions 7631 to 7718). A 66-bp clone (positions
7611 to 7676) deleted for NF1 and TEF-2 binding does not
show any function (Fig. 3); likewise, a fragment encompass-
ing these two types of sites but none for AP-1 (positions 7675
to 7755) (11) was not functional as an enhancer. Deletions
shown in this paper and published elsewhere (10) did not
lead to a gain of ubiquitous enhancer activity. Therefore, we
do not believe that a silencer element is involved in bringing
about cell type specificity.

Synergistic activation by unlike factors is suggested by
these deletions and also by point mutations of the minimal
enhancer unit. Footprint experiments show that alternative
mutations eliminated binding of NF1, TEF-2, or AP-1 with-
out having significant influence on binding of the other
factors. Nevertheless, most or all enhancer activity is lost
upon mutation of either type of transcription factor-binding
site. If one views the difference between mutant and wild-
type minimal enhancers as a gain of function, it could also be
argued that addition of AP-1, NF1, or TEF-2 sites to an

unfunctional fragment containing the other two types of sites
is creating an enhancer that is active in HeLa cells but still
inactive in fibroblasts.
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The experiments whose results are illustrated in Fig. 3
show that this minimal enhancer is not the only segment with
elements critical for epithelial specificity, but that a fragment
between positions 7524 and 7617 (no overlap with the
fragment from positions 7629 to 7719) also exhibits this
specificity. Interestingly, this fragment does not contain an
AP-1 site but does contain two NF1 sites (fp2e and fp3e in
reference 26). The activity of this fragment may depend on

synergistic activation by these NF1 factors, with unidenti-
fied factors revealed by DNase I protections (12, 39, 56).
Another facet of our study was to elucidate qualitative and

quantitative properties of the transcription factors that acti-
vate the HPV-16 enhancer. We had previously identified
binding sites for NF1, AP-1, and glucocorticoid-progester-
one receptors and assigned the terms NFA and PVF to two
motifs that overlap in HPV-16 with footprints and appear as
consensus elements in all genital HPV enhancers. The NFA
motif in HPV-16 has the sequence ATGCAATT (positions
7739 to 7732), which is similar to the sequence ATGCAAAT,
the binding site of the ubiquitous transcription factor oct-1,
and the lymphocyte-specific factor oct-2 (32, 45). However,
in other papillomaviruses the sequence diverges, e.g., to
ATGCTTTT in HPV-11. The octamer motif of the heavy-
chain immunoglobulin enhancer forms two bands with the
nuclear extracts designated A and B in Fig. 9, and the HPV-16
NFA oligonucleotide led to a specifically inhibited shift that
coincided with band B. We conclude that this HPV-16 se-

quence binds the factor oct-1. The lack of band A was

expected: it is known that this shift is due to the low-affinity
binding of a second oct-1 protein to sites that have in
proximity to the octamer sequence a heptamer consensus
element (32, 45), a sequence present on the octamer oligonu-
cleotide but absent from the HPV-16 NFA motif.

In addition to the oct-1 shift, the HPV-16 oligonucleotide
shows another higher-mobility shift that is barely visible
with the octamer oligonucleotide. Although this band may be
specifically inhibited by the homologous oligonucleotide, it
is only partially inhibited by the octamer oligonucleotide.
Interestingly, the HPV-11 NFA oligonucleotide shows this
same high-mobility shift, but no oct-1 binding. Similar find-
ings (data not shown) were obtained with the potential
HPV-31 NFA sequence CTGCAATC (11). These experi-
ments indicate that in HPV-16 and HPV-11 the NFA site
binds a factor different from oct-1, whose binding site
specificity diverges from the octamer motif. We propose to
continue to use the name NFA for this factor. This term
NFA (for NF1 associate) had been coined in reference to the
constant distance of the NFA motif from a single NF1 site.
On examination of oligonucleotides containing the HPV-16
NFA site as well as the flanking NF1 site, we did not detect
interactions between oct-1 and NF1 (10). However, owing to
the intensity of the oct-1 band, these experiments did not
allow the study of potential interactions between NFA and
NF1, a question that must be readdressed by using the NFA
site of HPV-11. In a similar manner, HPV-11 should be used
in future experiments to reexamine whether the functional
contribution of this motif as revealed by our deletions is
brought about by the oct-1 or the NFA factor, or both of
them. In light of the widespread occurrence of this NFA-
NF1 motif and the absence of oct-1 binding in HPV-11, NFA
is likely to bring about a function important for genital HPV
biology. Possibly, NFA is identical to a factor recently
studied by Royer et al. (48) that is supposed to shuttle
between the nucleus and the cytoplasm in a cell cycle-
dependent manner. NFA may be a tool of HPV to couple its
transcription to the cell cycle.

We also examined the properties of the factor that binds
the motif AGGCACATAT of the HPV-16 enhancer (posi-
tions 7699 to 7708). Elements of complete consensus occur
in the enhancers of HPV-18 and HPV-33, and elements of
partial consensus occur in the enhancers of HPV-6, HPV-11,
and HPV-31 (11). The high degree of conservation of this
motif seemed to identify a novel factor involved in papillo-
mavirus transcription that we had provisionally termed PVF.
The experiments in Fig. 6 reveal this factor to be the same
one that binds the sequence CCACACCC, termed the
CACA box of the ,B-globin promoter (15), or the GT-1 motif
of the SV40 enhancer, namely TEF-2 (20). The positions of
bands and the results of specific competitions suggest that
TEF-2 binds with highest affinity to the globin CACA box
and the HPV-16 motif AAGCACATAT in the 5' part of the
LCR and with lower affinity to the SV40 GT-1 motif and the
HPV-16 motif AGGCACATAT in the HPV-16 enhancer.
Differences in intensity and capacity for inhibition of band X
in Fig. 6 leave open the possibility that an additional unde-
fined factor with specific or nonspecific DNA-binding prop-
erties recognizes these oligonucleotides.

Interestingly, the related element AAGCACATAC occurs
in HPV-16 five times downstream of the 3' end of the Li
open reading frame. A functional examination of this latter
segment has not revealed any enhancer function (10). This
finding is not surprising since TEF-2 had been previously
characterized as a factor which does not include enhancer
activity after polymerization of its binding site but, rather,
needs heterologous factors for cooperation (20).
The simplest explanation for cell type-specific transcription

of any particular gene would be if a transcriptional element
was found to bind a factor from nuclear extracts of only those
cells that support promoter function but was unable to bind a
factor in other cells. Unexpectedly, this plausible regulatory
mechanism is rarely found: an example is the dependence of
the hepatitis B virus enhancer on factors dependent on the
differentiation stage of liver cells (55). There is no hint that
this type of mechanism is operative in HPV-16 enhancer
activation as no overt cell-specific element was found: DNase
protection experiments revealed identical footprints with ke-
ratinocyte as well as fibroblast extracts. More significantly, a
fragment of the 400-bp HPV-16 enhancer (91-bp segment)
retained the cell specificity of the larger fragment, and func-
tion of this fragment was wholly dependent on the ubiquitous
factors AP-1, NF1, and TEF-2, as there was no enhancer
activity with loss of binding of these factors.
More often, cell type-specific transcription has been found

to be induced by a factor with specificity for a site that is
normally recognized by a ubiquitous factor. Examples are the
B-cell-specific oct-2 factor, which activates the immunoglob-
ulin G enhancer B cell specifically although it binds to the
same site as the ubiquitous oct-1 factor (32, 45). A similar
mechanism may exist in the liver-specific albumin promoter,
whose D-site is bound by c/EBP, DBP, and LAP, which exert
different functions (see reference 16 and references therein).

Since our data supported a view that specificity of the
HPV-16 enhancer occurs under the influence of cis-respon-
sive elements that bind ubiquitous factors, we used band
shift experiments to examine possible cell type-specific
differences between factors responsible for these ubiqui-
tously observed DNase protections. No qualitative differ-
ences could be found for AP-1, TEF-2, oct-1, and NFA (data
not shown for NFA). These factors may therefore occur in
similar, if not identical, form in keratinocytes and fibro-
blasts. It is possible, however, that small differences derived
from differential splicing, posttranslational modifications, or
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the use of alternative subunits such as those of the jun and
fos gene family would evade our analytical tools but result in
functional differences.
For NF1, we observed only a shift of low intensity with

fibroblast extracts corresponding to the strong shift obtained
with HeLa extracts, whereas several complexes occur with
fibroblasts at higher mobility. These complexes were ob-
served with two independent nuclear extract preparations
from actively dividing human MRHF fibroblasts. Some of
the NF1 factor population in human fibroblasts might there-
fore occur in a form different from the one found in HeLa
cells, a possible correlation with functional differences. Our
experiments do not rigorously exclude the possibility that
these different forms of NF1 originated through proteolytic
degradation. However, such a degradation would have to be
selective for NF1, since no alteration of AP-1, TEF-2, or
oct-1 was seen. NF1-CTF mRNAs that varied as a result of
alternative splicing have been observed (51), and cell type-
specific differences of the NF1 factor population have been
reported (29), but neither of these phenomena has yet been
correlated with functional differences. Posttranscriptional
down-regulation of NF1 transcription factor activity has
been recently proposed as a mechanism involved in modu-
lating feline leukemia virus promoter function (44).

Alternatively, contributions to cell type-specific functions
may derive from quantitative cell type-specific difference
which lead-in particular through synergism of factors that
occur in different quantities-to apparently qualitative dif-
ferences. A concentration-affinity concept was put forward
(31) after proof that a combination of concentration of factor
and varying affinity of the binding site was decisive whether
or not a particular element was functional. Low-affinity
binding sites require a higher concentration of factor to
function. If such a mechanism is operative for the HPV
enhancer, it might explain the somewhat surprising observa-
tion that 34 of 35 NFl-binding sites in the enhancers of six
genital HPVs occur as nonpalindromic half-binding sites
(27), which are believed to have a lower affinity for the
dimeric NF1-CTF factor relative to palindromic elements
(30). To get quantitative estimates of transcription factors,
we made an effort to quantify band shifts, being aware of the
problem that parameters such as contaminations of the
nuclear contents with cytoplasm may alter factor concentra-
tions in an uncontrolled manner. Fortuitously, the factor
TEF-2 yielded shifts of similar intensity with HeLa and
MRHF extracts. Relative to this baseline, the concentrations
of AP-1, NF1, and oct-1 were significantly increased in
HeLa cells relative to fibroblasts. A recent proposal for an
epithelial cell-specific AP-1-binding site (41) may have to be
reinterpreted in the light of the finding, in particular, since
that study did not examine the protection of any bona fide
AP-1 site differentially.

Several speculative aspects of HPV enhancer function
remain recalcitrant to a satisfactory examination. First, tran-
scription of the HPV genome in different layers of the
epithelium is likely to be different from the situation in
cervical carcinoma cell lines such as SiHa or CaSki. Second,
cell type-specific transcription might be influenced by tran-
scriptional coactivators that modulate communication be-
tween transcription factors and the transcription initiation
complex. Recently published results have led to the inference
that such a factor is involved in SpI-dependent transcriptional
activation (46). Lastly, it is not known whether the in vitro
DNA-binding studies ofHPV enhancers are a valid model for
the situation in vivo: a number of transcription factors, for
example some involved in immunoglobulin G enhancer acti-

vation, seem to be ubiquitous but seem to bind their target
sites only in B cells (35), possibly owing to regulation of the
transport into the nucleus (40). Although one could perform in
vivo footprint experiments of the HPV-16 enhancer in SiHa or
CaSki cells, it may be impossible to define an appropnate
negative control: a fibroblast line with transfected HPV
genomes may not activate papillomavirus transcription for
reasons other than lack of enhancer specificity.

In summary, we interpret our data such that keratinocyte-
specific transcriptional activation is brought about mostly, if
not exclusively, by means of transcription factor-binding
sites that are recognized by ubiquitous factors. This may
occur by a combination of synergism, varying factor con-
centrations, and qualitative differences of some factors that
are not determined in experiments that address their se-
quence specificity.
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