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Human papillomavirus type 6 (HPV-6) is a low-risk HPV whose replication cycle, like that of all HPVs, is
differentiation dependent. We have previously shown that CCAAT displacement protein (CDP) binds the
differentiation-induced HPV-6 E1 promoter and negatively regulates its activity in undifferentiated cells (W. Ai,
E. Toussaint, and A. Roman, J. Virol. 73:4220-4229, 1999). Using electrophoretic mobility shift assays
(EMSAs), we now report that Yin Yang 1 (YY1), a multifunctional protein that can act as a transcriptional
activator or repressor and that can also inhibit HPV replication in vitro, binds the HPV-6 E1 promoter.
EMSAs, using subfragments of the promoter as competitors, showed that the YY1 binding site is located at the
5’ end of the E1 promoter. When a putative YY1 site was mutated, the ability of YY1 to bind was greatly
decreased. The activity of the mutated E1 promoter, monitored with the reporter gene luciferase, was threefold
greater than that of the wild-type promoter, suggesting that YY1 negatively regulates HPV-6 E1 promoter
activity. Nuclear extracts from differentiated keratinocytes showed decreased binding of YY1 to the wild-type
promoter. Consistent with this, in differentiated keratinocytes, the activity of the transfected luciferase gene
transcribed from the mutated promoter was comparable to that of the wild-type promoter; both promoters were
up-regulated in differentiated keratinocytes compared to undifferentiated cells. These data suggest that YY1
functions in undifferentiated keratinocytes but not in differentiated keratinocytes. Both the wild-type and
mutated promoters could be negatively regulated by overexpression of a plasmid encoding CDP. Thus, both
YY1 and CDP appear to be negative regulators of the differentiation-induced HPV-6 E1 promoter and thereby
the HPV life cycle. In contrast, only binding of CDP was detected using the E1 promoter of the high-risk

HPV-31.

Human papillomaviruses (HPVs) are a large family of DNA
viruses that cause epithelial hyperproliferative lesions. Within
the genital tract, HPVs are classified as high-risk or low-risk
types. While infection with the high-risk viruses results in a
greater-than-200-fold-increased risk for the development of
high-grade squamous epithelial neoplasia, the increase in risk
following infection with the low-risk viruses is approximately
10-fold (58). All HPVs have a covalently closed double-
stranded genome consisting of approximately 8 kbp. They have
essentially the same genomic organization, including the early
region, which encodes the nonstructural viral proteins El
through E7, and the late region, which encodes the two struc-
tural proteins L1 and L2. The genes are arranged in the fol-
lowing order: E6, E7, E1, E2(E4), ES5, L2, and L1. Between the
translation termination codon of L1 and the translational start
site of E6 is the long control region, of approximately 800 bp,
which contains cis elements that regulate viral DNA replica-
tion and transcription. For the high-risk viruses, the most
readily detectable promoters are located upstream of the E6
and E1 open reading frames (ORFs); for the low-risk viruses,
there is an additional promoter upstream of E7.

The HPV life cycle is differentiation dependent and occurs
in two stages. Initial infection is thought to take place in the
undifferentiated basal cell layer. The viral genome is main-
tained at less than 100 copies per cell, viral gene expression is
limited, and no structural proteins or virus is produced. When
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the infected keratinocyte differentiates, there is a change in the
transcription program, the genome is amplified to thousands of
copies, structural proteins are synthesized, and virus is pro-
duced. Analyses of the virus life cycle have been conducted
using tissue sections from human biopsies (11, 32, 65), a variety
of models including infected cells or tissue grown in nude mice
(19, 63, 64), and in vitro induction of differentiation by growth
as organotypic (raft) cultures (8, 16, 29, 45), in medium con-
taining high calcium (4, 21, 33) or in semisolid (methylcellu-
lose) medium (21, 57). The increased transcription detected
during this productive stage requires that the DNA be main-
tained episomally (23). For the high-risk viruses, DNA repli-
cation switches from a theta mode to a rolling-circle mode upon
differentiation (21). However, for low-risk viruses, throughout
the life cycle, only theta replicative intermediates have been
detected (5).

The viral genes required for transient DNA replication are
E1 and E2, which bind to the origin of replication located
upstream of the E6 ORF (9, 12, 13, 22). It has recently been
reported that for stable DNA replication in the nonproductive
stage, the E6 and E7 proteins are required for episomal main-
tenance (66). Their role, however, is currently unclear. In the
nonproductive stage, the E6, E7, El1, and E2 proteins are
translated from unspliced or spliced messages initiated from
the E6 promoter (and possibly from the E7 promoter, de-
scribed only for the low-risk viruses) (11, 29, 49, 50, 54, 62, 65).

In addition, both the E1 and E2 genes are transcribed from
a promoter immediately upstream of the E1 ORF (11, 35, 49).
Utilization of the E1 promoter allows the E1 gene to be tran-
scribed as the first ORF of the transcript rather than as a
downstream ORF. Transcripts from this promoter also encode
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FIG. 1. Schematic illustration of HPV-6 E6, E7, and E1 promoters. The
locations of CDP binding sites for HPV-6 are shown, as are the E6, E7, and E1
transcription initiation sites (arrows) and the oligonucleotides used in the
EMSAS (gel shift assays) and the functional assays. The 5" end of Ela, Elp, and
E1R-1 is at the translation start site of E7 (nt 528). The 3’ end of Ela is at the
Accl site (nt 616); the 3’ end of Elp is just upstream of the E1 transcriptional
start site at the Dral site (nt 670). The E1R-1 sequence ends just upstream of the
E1 translational start site (nt 829).

the late structural proteins (11, 30, 56). Expression from the E1
promoter is highly differentiation specific, in contrast to ex-
pression from the E6 and E7 promoters, which is reported
either to be constitutive or to increase to a lesser extent upon
differentiation (15, 26, 29, 32, 35, 50, 65). DNA amplification
seen in the productive stage correlates with up-regulation of
the differentiation-specific E1 promoter and an increase in the
E1/E2 mRNA ratio (35, 49).

While up-regulation of the E1 promoter during differentia-
tion is well documented, little is known about factors regulat-
ing this promoter. Repression of this promoter in undifferen-
tiated cells would keep the level of E1 and E2 proteins low and
ensure that transcripts able to encode structural proteins were
also low. We recently reported that CCAAT displacement
protein (CDP), the 180-kDa human homologue of the Dro-
sophila Cut protein (28, 46), negatively regulates the E6, E7,
and E1 promoters of the low-risk HPV type 6 (HPV-6) ge-
nome (Fig. 1) (1). When keratinocytes are induced to differ-
entiate, binding of the E6, E7, and E1 promoters by CDP is no
longer detectable and there is an increase in expression from
all three promoters (1). This is consistent with other reports
indicating that CDP functions as a repressor in undifferenti-
ated cells but not in differentiated cells (3, 40, 42, 61).

Preliminary data obtained during the CDP studies (see Fig.
7 of reference 1) suggested that Yin Yang 1 (YY1) might also
bind the E1 promoter. YY1 is a ubiquitously expressed 65-kDa
protein which binds to elements within viral and cellular pro-
moters and functions as both a transcriptional activator and a
repressor (59, 60). It is also reported elsewhere that YY1
functions as an initiator element binding protein that directs
and initiates transcription in vitro (68). The ability of YY1 to
negatively regulate the E6 promoter of HPVs was first re-
ported for HPV-18 (7) and subsequently for HPV-16 (43).
More recently, Kanaya et al. (34) have reported that YY1
binding sites in the 5’ end of the long control region function
as activators of HPV-31 E6 promoter-initiated transcription.
YY1 DNA binding activity decreases upon differentiation of
human teratocarcinoma cells and myoblasts (38, 41). Thus, we
wished to determine whether the HPV-6 E1 promoter was
regulated by the differentiation-dependent factor YY1.

In this study, we demonstrate that YY1 binds to the HPV-6
E1 promoter and negatively regulates the promoter activity in
undifferentiated keratinocytes. When keratinocytes are in-
duced to differentiate, YY1 is no longer functional. This evi-
dence adds YY1 as another differentiation-dependent tran-
scriptional repressor of the HPV-6 E1 promoter.
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MATERIALS AND METHODS

Construction of recombinant plasmids. Cloning of pElp (Elp in pUC19) and
pE1R-1luc from HPV6a,, (20) has been described previously (1) (Fig. 1). To
construct E1p™YY!, two complementary oligonucleotides containing point mu-
tations (underlined) were synthesized: YY1 mutant top, 5’ GATGCCTAAAA
GACAT 3'; and YY1 mutant bottom, 5 TAACATGTCTTITAGGCATCT
GCA 3'. These oligonucleotides were treated with T4 polynucleotide kinase and
annealed to produce a PstI overhang at the 5’ end and a BbsI overhang at the 3’
end. The annealed fragment (containing nucleotides [nt] 528 to 546) was then
ligated into the large fragment of pE1p, generated by cleaving pE1p with PstI and
Bbs1. To construct pEIR-1™Y Y uc, pE1p™Y ! was cleaved with PstI and Accl, as
was pE1R-1luc, and the small fragment of pE1p™Y¥! was cloned into the large
fragment of pE1R-1luc. HPV-31 E1R-1 (the equivalent of HPV-6 E1R-1) was
amplified by PCR from pBR322.HPV31 (obtained from Laimonis A. Laimins,
Northwestern University Medical School, Chicago, Ill.) using the following prim-
ers: 5" primer, 5" GGGCTGCAGATGCGTGGAGAAACAC 3, and 3’ primer,
5" GGGAAGCTTTGTAGTTACAGTCTAG 3'. The restriction sites in the
primers (PstI and HindIII in the 5’ and 3’ oligonucleotides, respectively) are
underlined. Prior to use, the primers were phosphorylated to facilitate ligation
into a dephosphorylated vector. The amplified product was cloned into pUC19,
which was previously digested with Smal and treated with calf intestinal alkaline
phosphatase. The recombinant clone contained nt 560 to 861, from the ATG of
the upstream E7 ORF to the first nucleotide upstream of the ATG of the E1
OREF. 31El1p was excised from p31E1R-1 using PstI (present in the 5’ primer)
and Accl (Fig. 2) digestion, recovered following gel electrophoresis, and quan-
titated by measuring the absorbance at 260 nm. 31Elp was used for probe
preparation as published previously for HPV-6 Elp (1). All recombinant se-
quences were confirmed by DNA sequencing by the Biochemistry Biotechnology
Facility at Indiana University School of Medicine.

Cell culture and transfections. Human keratinocytes were recovered from
newborn foreskins following trypsinization and plated on a feeder layer of mito-
mycin-treated 3T3-J2 fibroblasts in E medium containing 10% fetal calf serum
(HyClone) and 0.4 pg of hydrocortisone per ml, 0.1 nM cholera toxin, 5 pg of
transferrin per ml, 2 nM 3,3’-5-triodo-L-thyronine, 5 ng of epidermal growth
factor per ml, and 1X antibiotic-antimycotic solution (100 U of penicillin per ml,
0.1 mg of streptomycin per ml, and 0.25 wg of amphotericin B per ml) (all
supplements from Sigma) (51, 55). After one passage in serum-free medium
(SFM; Gibco/BRL) containing 100 wM gentamicin, keratinocytes were plated at
1.2 X 107 cells per well into 12-well plates in SFM with 100 uM gentamicin. Cells
were transfected with a total of 2.2 pg of DNA per well, including E1R-1luc and
the internal control plasmid CMVB-galactosidase, using the Polybrene transfec-
tion procedure previously described (1, 51). Where indicated, the CDP expres-
sion plasmid (pCMVCDP) or empty vector containing only the regulatory region
was also included in the transfection. Following transfection, cells were either
maintained as undifferentiated cultures in SFM or switched to Dulbecco modi-
fied Eagle medium (DMEM) (with 1.8 mM Ca®") with 10% fetal calf serum to
induce differentiation, as described previously (1, 4, 21, 33).

Luciferase (luc) and B-galactosidase assays. Keratinocyte extracts were pre-
pared 40 to 48 h after transfection by using the lysis buffer and protocol from the
Tropix Galacto-Light kit (Promega). The luc and B-galactosidase activities were
assayed using the reagents and protocol provided by the kit. All luc activities
were standardized using the B-galactosidase activities as described previously (1).

Nuclear extract preparation and electrophoretic mobility shift assays
(EMSASs). Nuclear extracts from keratinocytes were prepared using the method
of Dignam et al. (14), as modified by Lee et al. (36). Extracts were made either
from cells grown in SFM or from cells grown in methylcellulose, the latter
treatment to induce differentiation, as described previously (1, 21, 57). EMSAs
were performed as described previously (1). Briefly, 2 ug of nuclear extract, 1.0
pg of poly(dI-dC) (Pharmacia), plus or minus competitor double-stranded oli-
gonucleotides, and monoclonal anti-YY1 (Santa Cruz) or a control isotype-
matched antibody, PIN1.1 (a kind gift from Janice Blum, Indiana University
School of Medicine), were incubated on ice for 15 min prior to the addition of
20,000 Cerenkov counts of 3*P-labeled probe. After an additional 10-min incu-
bation on ice, complexes and free probe were separated on 3.5% nondenaturing
polyacrylamide gels. The EMSAs for Fig. 2B and C were performed with minor
modifications. Nuclear extract was mixed with probe and 0.5 pg of poly(dI-dC)
and incubated on ice for 15 min. The unlabeled competitors at a 20- or 200-fold
molar excess, polyclonal anti-CDP antisera (a kind gift from Ellis Neufeld,
Harvard University), or preimmune antisera were added and further incubated
for 10 min on ice, prior to separation of complexes as described above.

RESULTS

The E1 promoter of HPV-31 binds CDP. We previously
reported that CDP negatively regulates the E1 promoter of a
low-risk virus, HPV-6 (1). To determine whether this mode of
regulation of the differentiation-specific promoter is conserved
among low- and high-risk HPVs, the E1 promoter of the high-
risk HPV-31 was radiolabeled and analyzed using EMSAs. The
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FIG. 2. The E1 promoter of HPV-31 binds CDP. (A) The sequence of the
HPV-31 E1 promoter extending from the ATG of E7 at nt 560 through the E1
transcription initiation start site at nt 742 is shown (25). The 31Elp used in
EMSAs extends from the 5’ end at nt 560 to the AccI site at nt 722. Putative CDP
binding sites are double underlined; the Accl site is underlined with a dashed
line. (B) EMSAs were conducted using radiolabeled HPV-31 Elp (31Elp, lanes
1 to 6) or HPV-6 Ela (6Ela, lanes 7 to 12) and either no competitor (—) or a 20-
or 200-fold molar excess of unlabeled 31E1p (lanes 3, 4, 9, and 10) or 6E1a (lanes
5, 6, 11, and 12). (C) EMSAs were conducted using radiolabeled 31Elp and
either antiserum to CDP («CDP) or preimmune serum (PI). C1 and C2, re-
tarded DNA-protein complexes; F, free probe.

sequence of the HPV-31 E1 promoter is shown in Fig. 2A.
Inspection of this regulatory region suggests that putative bind-
ing sites for CDP (ATTA and CAAT) are present (2, 6, 27, 34,
48). A C1 complex was formed on HPV-31 Elp (Fig. 2B, lane
2). The presence of CDP in the HPV-31 Elp C1 complex was
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FIG. 3. YY1 binds the HPV-6 E1 promoter. EMSAs were conducted using
radiolabeled Elp (Fig. 1) and either no competitor (—) or a 20-, 50-, or 200-fold
molar excess of unlabeled oligonucleotide containing a YY1 binding site (YY1),
amutated YY1 binding site (YY1™"), or an AP-4 binding site (AP-4). In lane 12,
antibody to YY1 (Ab) was included in the reaction mixture, and in lane 13, a
control antibody (C) was included. The YY1 and YY1™"* oligonucleotides were
purchased from Santa Cruz. Two complementary oligonucleotides were synthe-
sized (Gibco/BRL) and subsequently annealed to produce the AP-4 competitor
for use in EMSAs. The sequence of the top strand was 5" GTGGTCAGCTGT
AGGGCATCA 3.

verified by addition of CDP antisera to the EMSA (Fig. 2C,
lane 3) and by competition with E36 (2), a CDP-specific oli-
gonucleotide (data not shown). Competition experiments in-
dicated that the affinity of the HPV-31 Elp for CDP was at
least as high as that of HPV-6 Ela (Fig. 2B, lanes 2 to 6 and 8
to 12). The HPV-6 Ela oligonucleotide is smaller than the
HPV-31 Elp oligonucleotide, but the majority, if not all, of the
HPV-6 Elp CDP binding activity is contained within Ela (1).

A second complex, the C2 complex, was formed on HPV-6
Ela but not on HPV-31 Elp. Inspection of the retarded bands
seen with radiolabeled HPV-6 Ela and HPV-31 Elp revealed
a second complex, labeled C2, formed with only HPV-6 Ela.
The C2 complex was competed by an approximately 10-fold-
lower molar excess of HPV-6 Ela than of HPV-31 Elp. This
complex and another, the C3 complex, were previously seen in
EMSAs using the radiolabeled HPV-6 E1 promoter, Elp (Fig.
1 and 3). Since these complexes appeared unique to the low-
risk HPV-6 E1 promoter, we pursued the identity of the pro-
tein present in them.

YY1 binds the HPV-6 E1 promoter. The C2 and C3 com-
plexes were competed by a YY1 oligonucleotide used as an
unrelated competitor (1) (Fig. 3, lanes 2 through 5). When the
sequence of the YY1 oligonucleotide used in competition ex-
periments was screened by an online transcriptional factor
searching program (Matlnspector Version 2.2, http://trans-
fac.gbf-braunschweig.de/TRANSFAC/index.html [52]), a po-
tential AP-4 binding site was found in addition to a YY1
binding site. To test the hypothesis that the C2 and C3 com-
plexes contained YY1, EMSAs were conducted using an oli-
gonucleotide mutated in the YY1 binding site, YY1™"". To
determine whether the C2 and C3 complexes contained AP-4,
an AP-4-specific oligonucleotide was synthesized and used as a
competitor in the EMSA. While the C2 and C3 complexes
were competed with 20X, 50X, and 200X molar excess unla-
beled YY1 oligonucleotide (Fig. 3, lanes 3 to 5), under the
same conditions the YY1™"* oligonucleotide was not able to
compete the binding (Fig. 3, lanes 6 to 8), suggesting that YY1
was present in the C2 and C3 complexes. As indicated in Fig.
3 (lanes 9 to 11), 20X, 50X, and 200X molar excess unlabeled
AP-4 oligonucleotide failed to eliminate binding, indicating
that AP-4 is not present in the C2 or C3 complex. The presence
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of YY1 in the C2 and C3 complexes was further tested using
YY1 monoclonal antibody in the EMSA. The C2 complex was
supershifted by a monoclonal antibody directed to the N ter-
minus of YY1 (Fig. 3, lane 12) but not by a control monoclonal
antibody, PIN1.1 (Fig. 1, lane 13), indicating that YY1 was
present in the C2 complex. The C3 complex, however, was not
supershifted by the YY1 antibody. Given that other studies
have demonstrated that, in addition to intact YY1, some nu-
clear extracts contain a proteolytic cleavage product of YY1
which retains DNA binding ability (44, 73), two further tests
were conducted. First, when polyclonal anti-YY1 was used in
the EMSA, both the C2 and C3 complexes were supershifted
(data not shown), demonstrating that YY1 or its derivative is
present in the C3 complex. Second, the protease inhibitors
leupeptin and aprotinin were used in addition to phenylmeth-
ylsulfonyl fluoride during the preparation of nuclear extracts.
In this case, only the C2 complex was observed, suggesting that
the C3 complex was formed by a cleavage product of the
protein present in the C2 complex (data not shown).
Localization of the YY1 binding site to the 5’ end of the E1
promoter. To determine the minimum fragment of the E1
promoter to which YY1 could bind, the promoter was digested
as described previously with several restriction enzymes to
yield four subfragments, Ela, E1b, Elc, and E1d (1) (Fig. 4A).
When Ela and Elc were used as unlabeled competitors in an
EMSA with radiolabeled E1 promoter, the amount of radio-
labeled C2 and C3 complexes decreased (Fig. 4B, lanes 3 to 5
and 9 to 11). In contrast, addition of unlabeled E1b or E1d had
little or no effect on the amount of radiolabeled C2 and C3
complex formation (Fig. 4B, lanes 6 to 8 and 12 to 14). These
data suggested that the YY1 binding site resided within the
Ela and Elc fragments, nt 528 to 616 and 528 to 585, respec-
tively. In addition, a 51-bp unlabeled competitor containing nt
560 to 610 failed to decrease the amount of radiolabeled C2
and C3 complexes (data not shown). Therefore, we concluded

FIG. 4. The YY1 binding site is at the 5’ end of the E1 promoter. (A)
Fragments used to dissect the E1 promoter for the YY1 binding site(s) are
shown. The nucleotide coordinates of Elp and Ela are provided in the legend to
Fig. 1. Elc extends from nt 528 to 585; E1d extends from nt 586 to 670. (B)
EMSAs were conducted using radiolabeled Elp and unlabeled Elp subfrag-
ments as competitors. The C1 complex contains CDP, most of the binding
activity of which is located in Ela (1).

that the YY1 binding site was located at the 5’ end of the E1
promoter between nt 528 and 560, or overlapping nt 560.
Mutational studies demonstrate that YY1 represses E1 pro-
moter activity in undifferentiated keratinocytes but not in dif-
ferentiated keratinocytes. The sequence CCAT is the most
frequent core sequence of YY1 binding sites (31, 71). A puta-
tive YY1 binding site with this CCAT core sequence is located
at the extreme 5’ end of the Ela fragment, 5" TTCCATGCA
3’ (antisense orientation) (Fig. 5A). A comparison of this site
to the YY1 binding sites in the HPV-16 (48) and HPV-31 (34)
long control region is shown in Fig. 5SB. To determine whether
this site was, indeed, a YY1 binding site, mutations were in-
troduced into Elp as shown in Fig. SA. Both Elp and the E1
promoter mutated in the YY1 binding site (E1p™¥*') were
then used in EMSAs. The pattern of retarded bands visualized
with the radiolabeled promoters was identical with the excep-
tion that, as predicted, no C2 complex was seen using the
mutated promoter (Fig. 5B, lanes 2 and 10). Consistent with
this latter observation, E1p™¥¥! was not able to compete for
formation of the C2 complex (Fig. 5B, lanes 6 to 8). Sequence
analysis suggested that 3’ to the CCAT site might be two
overlapping YY1 binding sites, one on each strand, with
ACAT cores. However, since no YY1-containing complex was
formed on Elp™¥¥!, the significance of the ACAT sites was
not pursued. Both the wild-type and mutated promoters
formed similar quantities of the CDP-containing complex, and
both were equally effective at competing for binding to CDP,
suggesting that the mutations in the YY1 binding site did not
affect the ability of CDP to bind to the E1 promoter (Fig. 5B;
compare lanes 3 to 5 with 6 to 8 and 11 to 13 with 14 to 16).
To determine the functional significance of YY1 binding to
the E1 promoter, the activity of the mutated promoter was
compared to that of the wild-type promoter. As described
previously, the luc reporter gene was cloned at the position of
the E1 translational start site (Fig. 1) (1). Keratinocytes were
transfected and maintained as undifferentiated cells by incu-
bation in SFM. After 48 h, the cells were lysed and assayed for
luc activity. After correction for transfection efficiency, the
relative luc activity of the mutated regulatory region (E1R-
1m¥¥1y was compared to that of the wild-type regulatory re-
gion (E1R-1). There was threefold-greater activity with the
mutated regulatory region, indicating that YY1 acts as a neg-
ative regulator in undifferentiated keratinocytes (Fig. 6A).
The E1 promoter is up-regulated during differentiation. To
determine whether YY1 acts as an activator in differentiated
cells, the activities of the wild-type and mutated regulatory
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FIG. 5. Mutation of the YY1 binding site results in loss of YY1 binding. (A) The sequence of the HPV-6 E1 promoter extending from the ATG of E7 at nt 528
through the E1 transcriptional start site at nt 680 is provided. The YY1 binding site identified in this study is underlined; the mutations are shown above the wild-type
sequence. Putative CDP binding sites on either strand are denoted by a double underline; restriction sites are indicated by a dashed underline. (B) The alignment of
the HPV-6 Elp putative YY1 binding site with CCAT-containing YY1 binding sites in HPV-16 (48) and HPV-31 (34) is shown. Nt, the nucleotide position within the
genome of the first nucleotide shown under Sequence; r, antisense orientation. (C) EMSAs were conducted using radiolabeled Elp (lanes 1 to 8) or E1p™Y¥! (lanes
9 to 16) and unlabeled competitor Elp (lanes 3 to 5 and 11 to 13) or E1p™¥¥! (lanes 6 to 8 and 14 to 16).

regions were compared in cells induced to differentiate. Ker-
atinocytes were transfected as above and incubated under dif-
ferentiating conditions (in DMEM plus fetal calf serum) (1, 4,
21, 33). After correction for transfection efficiency, the activity
of the regulatory regions was compared to that of the wild-type
regulatory region in undifferentiated keratinocytes (Fig. 6A).
In contrast to the increased activity of the mutated regulatory
region in undifferentiated conditions, the activity of both pro-
moters was comparable in differentiated cells. As expected,
both promoters were up-regulated upon differentiation.

These data suggest that YY1 plays a regulatory role in un-
differentiated keratinocytes but not in differentiated keratino-
cytes. To determine whether the YY1 complex is formed in
differentiated cells, nuclear extracts were prepared from cells
transferred to methylcellulose to induce differentiation (1, 21,
57). As shown in Fig. 2 through 5, the C2 complex, which can
be supershifted with antibodies to YY1, is formed in nuclear
extracts from undifferentiated cells (S) (Fig. 6B, lanes 2 to 4).
In contrast, this complex is greatly reduced in extracts from
cells induced to differentiate (M) (Fig. 6B, lanes 5 to 7). As
reported previously, the C1 complex is also formed only in
nuclear extracts from undifferentiated cells (Fig. 6B, lanes 2 to
7 and 9 to 14) (1). In contrast, there are other bands that
remain constant or increase upon differentiation. Thus, the
absence of a functional effect of YY1 in differentiated cells is
consistent with the absence of a YYl-mediated band shift
detectable in EMSAs.

CDP negatively regulates the E1 promoter independently of
the YY1 binding site. Overexpression of CDP decreases ex-
pression from the E1 regulatory region (1). The CDP binding
sites have not been fully defined, but there are at least two
binding sites within Ela (1). The EMSAs shown in Fig. 5B
suggest that the YY1 binding site and CDP binding sites do not
overlap. Functional experiments were conducted as an inde-
pendent verification of this interpretation. Keratinocytes were
cotransfected with the E1R-1luc or EIR-1™YY!luc plasmid and
either empty vector or a CDP-expressing vector. The luc ac-
tivity was normalized to an internal control and subsequently
compared to the activity of the regulatory region cotransfected
with empty vector. Both regulatory regions were negatively
regulated to the same extent in the presence of CDP (Fig. 7).
This indicates either that there is no CDP binding site over-
lapping the YY1 binding site since the mutations introduced
into YY1 do not affect the binding of CDP to that region or
that binding of CDP to this site is not critical to the activity of
CDP on this regulatory region.

DISCUSSION

HPV gene expression is dependent on keratinocyte differ-
entiation. The most differentiation-dependent promoter is the
E1 promoter. Little is known about the factors regulating this
promoter. Presumably, upon differentiation there is a decrease
in the level of transcriptional repressors and/or an increase in
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FIG. 6. YY1 represses the transcription from the E1 regulatory region. (A)
Keratinocytes were transfected with either the wild-type (E1R-1) or the mutated
(E1R-1™YY1) regulatory region promoting expression of the reporter gene luc.
Cells were grown in undifferentiated conditions (SFM) or differentiated condi-
tions (DMEM plus fetal calf serum [FCS]) for 48 h, and cell lysates were
subsequently assayed for luc activity. Activity was corrected for that of the
cotransfected B-galactosidase-encoding control plasmid. Relative luc activity is
plotted comparing all activities to that obtained with E1R-1luc in SFM, with the
latter set to 1.0. (B) EMSAs were conducted using extracts obtained from cells
grown in SFM (S, lanes 2 to 4 and 9 to 11) or in methylcellulose (M, lanes 5 to
7 and 12 to 14). +, anti-YY1; C, control antibody.

the level of transcriptional activators. Data presented here
indicate that YY1, a differentiation-dependent transcriptional
factor, binds to the HPV-6 E1 promoter and negatively regu-
lates it in undifferentiated cells, as shown by mutational anal-
ysis. Upon keratinocyte differentiation, binding of YY1 to the
E1 promoter was significantly decreased and comparable func-
tional activity was seen with the mutated and the wild-type E1
promoters. Previously, we have shown that CDP, another dif-
ferentiation-dependent transcription factor, regulated HPV-6
E1 promoter activity in a way similar to that for YY1. We have
now further shown that the ability of CDP to regulate the
HPV-6 El promoter was independent of a functional YY1
binding site. Thus, two negative regulators of transcription,
which function in undifferentiated but not differentiated kera-
tinocytes, bind the differentiation-dependent E1 promoter of
low-risk HPV-6 (Fig. 8). While the E1 promoter of high-risk
HPV-31 was also shown to bind CDP, no binding by YY1 was
detected.

YY1, as a dual-function transcriptional factor, regulates a
number of cellular and viral promoters (59, 60). There are
several proposed mechanisms for YY1-mediated repression,
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FIG. 7. CDP-mediated negative regulation of the E1 regulatory region is
independent of the YY1 binding site. Keratinocytes were cotransfected with
either an empty vector or the same vector overexpressing CDP and a plasmid
containing either the wild-type or mutated E1R-1 regulatory region upstream of
the luc gene. Cells were grown in undifferentiated conditions (SFM) for 48 h, and
cell lysates were subsequently assayed for luc activity. For each regulatory region,
the activity was corrected for that of the internal control and relative luc activity
was plotted comparing the activity in the presence of CDP to that in the presence
of empty vector, the latter activity being set to 1.0.

which may not be mutually exclusive (see reviews by Shi et al.
[59] and Thomas and Seto [67]. One mechanism of repression
is activator displacement, in which YY1 displaces a transcrip-
tional activator, such as AP-1 in the human gamma interferon
promoter (72), and signal transducer and activator of tran-
scription 5 in the beta-casein promoter (18, 53). Recent data
suggest that, in the HPV-16 long control region, YY1 may
exert part of its repressor activity by competing with Sp1 for
binding (17). Another mechanism of repression is activator
quenching, in which YY1 physically interacts either with a
transcriptional activator or with the basal transcription ma-
chinery normally responsive to that activator. For instance, in
the c-fos promoter there are two YY1 binding sites adjacent to
an ATF/CREB binding site. It has been reported that YY1 can
inhibit CREB-mediated transactivation either by interacting
with CREB (74) or in the absence of binding to CREB (24). In
HPV-16, YY1 exerts its repressor activity by inhibiting the
transcriptional activity of AP-1 (48). O’Connor et al. showed
that YY1 interacted with the histone acetylase CREB binding
protein, a coactivator of AP-1, and postulated that, in so doing,
YY1 quenched AP-1 activity (48). Finally, recent findings sug-
gest that YY1 may function as a repressor by interacting with
cofactors bearing histone deacetylase (HDAC) activity (59, 67,
70). For example, YY1 repressed transcription by tethering
human RPD3, a member of the RPD3 family of HDAC:sS, to a
synthetic promoter (69). Deacetylated histones reflect more
stable chromatin folding, resulting in decreased accessibility
for DNA binding factors. No example of this latter mechanism
has been described for YY1-mediated repression of an HPV
promoter.

It is unknown how YY1 represses the HPV-6 E1 promoter.

P680

i @ F
HPV 6 Elp

52877

FIG. 8. Two negative regulators, YY1 and CDP, bind the HPV-6 E1 pro-
moter. The binding sites for CDP were described previously (1). Data supporting
the presence of a YY1 binding site are provided here.
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An online transcriptional factor searching program (52) did
not detect any other transcription factor binding sites overlap-
ping the YY1 binding site. However, a putative AP-1 site was
detected approximately 68 nt downstream of the YY1 site,
indicating that the mechanism of transactivator quenching
might apply to the E1 promoter. It is also possible that YY1
recruits a cofactor that has HDAC activity, thereby inhibiting
transcription. This model may apply to the other HPV-6 E1
promoter repressor, CDP. Recently, it was shown that the C
terminus of CDP binds HDAC1 and that immunocomplexes of
CDP possess associated HDAC activity (39). Thus, in the case
of the HPV-6 E1 promoter, CDP and YY1 might indepen-
dently recruit HDACs, deacetylate a component of basal tran-
scriptional machinery, and inhibit the transcription.

The extent of HPV DNA replication may be regulated by
affecting levels of functional replication proteins, E1 and E2, or
access of these proteins to the origin of replication. We have
reported that CDP negatively regulates the HPV-6 E6, E7, and
E1 promoters. O’Connor et al. have recently extended these
observations to show that CDP also negatively regulates the E6
promoter of high-risk HPVs, HPV-16, HPV-18, and HPV-31
(47). Here we report that, in addition, CDP binds the HPV-31
E1 promoter. Negative regulation of transcription by CDP
would limit the availability of E1- and E2-containing tran-
scripts, whether the E6, E7, or E1 promoter is used, in both
high- and low-risk viruses and thereby the quantity of replica-
tion proteins. The origin of replication is located within the
HPV E6 promoter (10, 12), and O’Connor et al. have pre-
sented data consistent with the interpretation that CDP also
regulates interactions at the replication origin of HPV-16 and
HPV-31 (47). Finally, by affecting both replication and utiliza-
tion of the E1 promoter, viral DNA amplification and late gene
expression would be coordinately controlled in the nonproduc-
tive environment. Thus, CDP acts as a master switch control-
ling and coordinating viral transcription and replication.

It appears that YY1 may be a second coordinating protein.
Lee et al. (37) demonstrated that YY1 represses both HPV-18
and HPV-11 DNA replication in vitro. While the HPV-18
origin of replication contains a proximal YY1 binding site, the
HPV-11 origin does not. The mechanism of repression appears
to involve the interaction of YY1 with the E2 protein (37). We
have demonstrated here that YY1 represses transcription from
the HPV-6 E1 promoter, presumably thereby limiting the syn-
thesis of replication proteins. Thus, at least for the low-risk
viruses, YY1 may limit replication in undifferentiated cells by
limiting expression of viral replication proteins and limiting
access of those proteins to the replication origin. It would also
ensure that templates for late gene expression, from the El
promoter, were not made in abundance.
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