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Two nuclear matrix attachment regions (MARs) bracket a 550-bp segment of the long control region (LCR)
containing the epithelial cell-specific enhancer and the E6 promoter of human papillomavirus type 16 (HPV-
16). One of these MARs is located in the 5* third of the LCR (5*-LCR-MAR); the other lies within the E6 gene
(E6-MAR). To study their function, we linked these MARs in various natural or artificial permutations to a
chimeric gene consisting of the HPV-16 enhancer-promoter segment and a reporter gene. In transient trans-
fections of HeLa cells, the presence of either of these two MARs strongly represses reporter gene expression.
In contrast to this, but similar to the published behavior of cellular MARs, reporter gene expression is
stimulated strongly by the E6-MAR and moderately by the 5*-LCR-MAR in stable transfectants of HeLa or
C33A cells. To search for binding sites of soluble nuclear proteins which may be responsible for repression
during transient transfections, we performed electrophoretic mobility shift assays (EMSAs) of overlapping
oligonucleotides that represented all sequences of these two MARs. Both MARs contain multiple sites for two
strongly binding proteins and weak binding sites for additional factors. The strongest complex, with at least
five binding sites in each MAR, is generated by the CCAAT displacement factor (CDP)/Cut, as judged by
biochemical purification, by EMSAs with competing oligonucleotides and with anti-CDP/Cut oligonucleotides,
and by mutations. CDP/Cut, a repressor that is down-regulated during differentiation, apparently represses
HPV-16 transcription in undifferentiated epithelials cells and in HeLa cells, which are rich in CDP/Cut. In
analogy to poorly understood mechanisms acting on cellular MARs, activation after physical linkage to
chromosomal DNA may result from competition between the nuclear matrix and CDP/Cut. Our observations
show that cis-responsive elements that regulate the HPV-16 E6 promoter are tightly clustered over at least 1.3
kb and occur throughout the E6 gene. HPV-16 MARs are context dependent transcriptional enhancers, and
activated expression of HPV-16 oncogenes dependent on chromosomal integration may positively select tu-
morigenic cells during the multistep etiology of cervical cancer.

Human papillomavirus type 16 (HPV-16) and several re-
lated HPV types cause cancer as a consequence of persistent
infection of epithelial cells of the transformation zone of the
uterine cervix. Three oncoproteins, products of the genes E5,
E6, and E7, deregulate the cell cycle and intracellular signal-
ing, induce immortalization, and increase mutation rates by
forming complexes with cellular factors which include p53,
E6-AP, E6-BP, Rb, and paxillin (for reviews, see references 30,
53 and 70, for recent references; 40). The expression of E6 and
E7 is controlled by a promoter upstream of the E6 gene, which
is called P97 in the case of HPV-16. It is generally believed that
the strength of transcription from P97 will determine the con-
centration of the oncoproteins E6 and E7 in situ and that
increases or decreases in the concentration of these proteins
will favor or disfavor the carcinogenic process.

The activity of P97 and of the homologous E6 promoters of
other genital HPV types is under the control of about a dozen
different transcription factors (for a review, see reference 46)

and the chromatin structure surrounding P97 (61). These var-
ious factors modulate P97 in correlation with the identity of
the infected epithelial cell (13, 15, 26, 27), the differentiation
state of this cell (1, 22, 50), the physiology of the host (12, 51),
and viral feedback loops (17, 63). An example of how en-
hanced expression of E6 and E7 may favor cellular transfor-
mation is the transcriptional stimulation of P97 by progester-
one (12), which leads to increased transformation in cell
culture (51) and may be the molecular mechanism underlying
the epidemiological observation that the number of parturi-
tions a women has undergone positively correlates with the
likelihood of developing cervical cancer (56). Another example
is that P97 is repressed by a negative feedback loop exerted by
the viral E2 protein. In tumor cells, the HPV genomes have
frequently recombined with cellular DNA downstream of the
E7 gene. As such a rearrangement leads to a shutoff of E2
expression, disruption of this negative feedback is considered
to be important for progression of neoplasia (58). Here, we
report that two nuclear matrix attachment regions (MARs)
also influence P97 activity in a manner relevant for carcino-
genesis.

The cellular nucleus contains, in addition to the chromatin,
a variety of substructures, which establish spacially defined
compartments with specialized functions (8, 36, 60). One of
these structural elements has been described as the nuclear
matrix based on biochemical fractionation (7, 8), and it is
apparently identical to a ribonucleoprotein containing network
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of fibrils and granules identified by electron microscopy (45).
One of the functions of the nuclear matrix is to serve as an
anchor for the attachment of chromatin loops, and such at-
tachments are thought to isolate a loop-internal gene from
surrounding genetic elements. DNA segments with a high af-
finity for the nuclear matrix are called MARs. MARs have
functions beyond the anchoring of chromatin loops, as they
often occur close to transcriptional enhancers and promoters.
Most enzymatic machineries that handle DNA and RNA as-
sociate with insoluble nuclear structures (see references 33 and
67 and references therein), and MARs seem to bring together
cis-responsive elements, the nuclear matrix, and its attached
enzymatic machineries, topological changes that eventually
would result in transcriptional modulation.

HPV-16 P97 activity is modulated by transcriptional activa-
tors and repressors that bind a DNA segment with a size of
about 550 bp, roughly between genomic positions 7450 and 97.
This DNA segment is flanked by two MARs, one in the 59 third
of the LCR, approximately from positions 7150 to 7450. The
second MAR overlaps with the coding sequence of the E6 gene
(62). Our research addresses the question of whether these
MARs affect the function of the enhancer-promoter segment.
In studies of the function of cellular MARs, it has been ob-
served that enhancers and promoters linked to MARs can be
transcriptionally repressed in transient transfections, where
DNA mostly occurs in episomal form, but stimulated in stable
clones, where the same constructs have become integrated into
the chromosomal DNA of the recipient cell (9, 10, 14, 34, 57).
We report similar regulatory phenomena for HPV-16 MARs,
have begun to unravel the underlying molecular mechanisms,
and discuss the implications of this regulation for cervical car-
cinogenesis.

MATERIALS AND METHODS

Plasmid constructs. For all cloning procedures we used Escherichia coli JM109
(recA). All HPV-16 subclones were derived from the HPV-16 reference genome,
subcloned into the BamHI site of pSP65 (Promega). Contiguous segments of the
HPV-16 genome containing either the epithelial cell-specific enhancer plus pro-
moter (positions 7450 to 100, EP segments) or the same segment plus the MAR
in the 59 part of the LCR (59-LCR-MAR) (positions 7150 to 100, L-EP segments)
were amplified by PCR, subcloned into the SrfI site of pCR-ScriptT-SK(1)
(Stratagene, San Diego, Calif.), and recloned in the form of KpnI-SacI fragments
into the luciferase expression vector pGL3 basic (Promega). Additional MARs of
HPV-16 were cloned in the form of BamHI-SalI fragments into the pGL3 basic
derivatives downstream of the luciferase gene. This second MAR was either the
E5 gene including the early late intergenic region (E5-MAR, genomic positions
3536 to 4337), the E6 gene (E6-MAR, positions 105 to 560), or the 59-LCR (long
control region)-MAR (positions 7150 to 7450). For generation of the construct
E6EP-Luc-E6, the 59-LCR-MAR was cut out with EcoRI and replaced by the E6
gene in the form of a PCR-generated EcoRI fragment. All constructs are sche-
matically represented in Fig. 1A. Three deletion mutants of the E6-MAR (L-
EP-Luc-delmut1 to 3) were generated by PCR (Fig. 1B). Descriptions of
CCAAT displacement protein the CDP expression vector pMT2-CDP and the
parental vector pMT2 (44) have been published elsewhere.

Generation of stable cell lines. For analyses of MAR functions, we transfected
HeLa and C33A cells. Both cell lines are derived from cervical cancers; HeLa
contains chromosome internal copies of HPV-18 genomes, while C33A is free of
HPV genomes. All cells were grown under standard conditions in Dulbecco’s
modified Eagle medium with 10% fetal calf serum. Plasmid pXJ418, which
confers resistance against the neomycin homologue G418, served as a selection
marker for stably transfected cells.

Stable transfectants were generated by electroporation of HeLa or C33A cells
with 10 mg of XmnI-linearized HPV-16–luciferase test vectors mixed with 1 mg of
pXJ418, linearized with BamHI. At 48 h after transfection, the cells were split
and selection was started by adding G418 (500 mg/ml) to the medium. The
resistant colonies were pooled after 2 weeks of selection and subjected to anal-
yses of the copy number and expression level of the reporter gene. To investigate
stably transfected clones, individual G418-resistant colonies were picked and
expanded. The copy number of the reporter gene was determined by Southern
blotting after preparation of genomic DNA according to standard protocols. Five
micrograms of genomic DNA was blotted onto a Hybond N membrane by slot
blotting. The blot was dried at 80°C for 2 h and hybridized against a 32P-random-
primed luciferase gene.

Transient transfection studies and luciferase assays. HeLa cells were trans-
fected using the Lipofectamine reagent (Gibco-BRL) according to the instruc-
tions of the manufacturer. Cells (2 3 105) were seeded into six-well plates in a
volume of 2 ml of Dulbecco’s modified Eagle medium DMEM; 5 to 10 mg of
plasmid DNA was mixed with 15 ml of Lipofectamine reagent and adjusted to a
total volume of 200 ml with serum-free medium. After complexes had formed
during a 30-min incubation, 800 ml of serum-free medium was added, and the
samples were added to the cells. Eight hours later, the mixture was removed;
after a wash with phosphate-buffered saline (PBS), new medium containing 10%
fetal calf serum was added. The cells were harvested after 48 h by removal of the
medium, washing with PBS, and lysis in 200 ml of 13 cell lysis buffer (Promega).
The plates were rocked for 20 min at room temperature, and the lysates were
transferred to 1.5-ml Eppendorf tubes. The activity of the firefly luciferase was
measured using a Turner TD-20/20 luminometer as instructed by the manufac-
turer (Promega); 10 ml of cell lysate was mixed with 50 ml of luciferase assay
substrate (Promega), and luciferase activity was recorded as the mean of three
independent transfections. As an internal standard, the cells were cotransfected
with a plasmid encoding b-galactosidase, and luciferase activity was standardized
against the activity of this enzyme.

Oligonucleotides and EMSAs. The sequences of all synthetic oligonucleotides
are presented in Table 1. For use in electrophoretic mobility shift assay (EMSA),
approximately 50 ng of each annealed oligonucleotide of the 59-LCR-MAR was
labeled with [a-32P]dATP and [a-32P]dCTP with Klenow polymerase (Boehr-
inger), while E6-MAR oligonucleotides were labeled with [g-32P]ATP and
polynucleotide kinase; 20,000 cpm of the labeled oligonucleotides was used in an
EMSA in the presence of 1 mg of poly(dI-dC) (Boehringer) (49). Samples were
loaded onto 4% polyacrylamide gels and run in 0.253 Tris-borate-EDTA buffer
for 2 h at 150 V; the gels were transferred onto Whatman blotting paper, dried
under vacuum, and autoradiographed overnight at 280°C. For competitions, a
100-fold excess of either specific or unspecific nonradioactive oligonucleotide
was incubated with the protein fraction prior to the addition of the labeled
oligonucleotide.

Purification of proteins by column chromatography. To identify any factor(s)
binding to oligonucleotide 10 (59-AATACAACAAACCGTTGTGTGATTTGT
TAATTAGGTGTAT-39) of the E6 gene (E6-10), HeLa nuclear extracts were
separated by chromatographic methods, and activities were monitored by
EMSA. Nuclear extracts were either prepared from HeLa cells (21) or purchased
from the Computer Cell Culture Center (Brussels, Belgium). Ten milliliters of
nuclear extract (protein content of 150 mg) was applied to a heparin-Sepharose
column (Pharmacia), previously equilibrated with 5 volumes of buffer D (0.1 M
KCl, 20 mM HEPES [pH 7.9], 20% [vol/vol] glycerol, 0.2 mM EDTA, 1 mM
dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride). Subsequently, the column

FIG. 1. Schematic structures of test vectors to examine transcription regula-
tory functions of three different MARs of HPV-16 (A) and deletions of the
E6-MAR (B). The recombinant reporter gene (uppermost scheme) consisted of
a contiguous genomic segment of the HPV-16 LCR with the epithelial cell-
specific enhancer (E) and the E6 promoter P97 (P) fused to the luciferase gene
(Luc). This reporter gene was linked in natural or artificial sequence to the
MARs in the 59 part of the LCR (L), in the E6 gene (E6), or overlapping with
the E5 gene and the early-late intergenic region (E5). Details of the constructs
are described in Materials and Methods.
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was washed with 2 volumes of buffer D. Column-bound proteins were eluted with
stepwise increases of KCl concentrations in buffer D. Band shift activity was
found in the 0.3 M fraction. After dialysis of active fractions against buffer D, we
further fractionated the preparation by ammonium sulfate precipitation. Activity
was found in the 40% ammonium sulfate precipitate, as determined after over-
night dialysis against buffer D. Active fractions (200 ml) were subjected to gel
filtration (Sephacryl S400; Pharmacia) in the presence of buffer D, where the
activity eluted near the void volume of the column with an apparent molecular
mass of 200 kDa.

RESULTS

Three MARs of HPV-16 suppress transcription from the
HPV-16 enhancer-promoter in transient transfections. Two
short segments of the HPV-16 genome have strong affinity to
the nuclear matrix: the 59 third of the LCR and the E5 gene
together with the early-late intergenic region downstream of
E5. A third segment, with moderately strong affinity, overlaps
with the E6 gene. Computer-based sequence analysis makes it
likely that MARs in similar positions are conserved in many or
even all genital HPVs. This suggests that they play an essential
role during the life cycle of genital HPVs (62). In this paper, we
refer to these three nuclear MARs as 59-LCR-MAR, E6-
MAR, and E5-MAR; in the names of recombinant plasmids,
we further abbreviate them as L, E6, and E5. Some other
portions of the HPV-16 genome have low affinity to the nu-

clear matrix, and we have not included them in this study.
MARs are typically identified through attachment to nuclear
matrix preparations in vitro and in vivo, but investigations
going beyond binding studies have measured functional corre-
lates, e.g., influences on the transcription of linked genes. Sev-
eral studies have reported diverging effects on the transcription
during transient and stable transfections (9, 10, 14, 34, 57).

First, we addressed the question of whether the MARs of
HPV-16 may influence the transcription by the HPV-16 en-
hancer and E6 promoter P97 in transient transfection studies.
We compared the expression of the luciferase reporter gene
directed by the HPV-16 enhancer and promoter with the ex-
pression from constructs containing in addition to the en-
hancer and promoter either one or two HPV-16 MARs, posi-
tioned upstream or downstream or on both ends of the
enhancer-promoter-luciferase (EP-Luc) segment (e.g., we re-
fer to a construct with the 59-LCR-MAR upstream and the
E6-MAR downstream of this chimeric reporter as L-EP-Luc-
E6). Some of these constructs reflect the natural relative po-
sition of these MARs, while others are artificially permutated.
All constructs are listed in Fig. 1A; deletion mutants (see
below) are depicted in Fig. 1B.

Figure 2A shows luciferase expression after transient trans-

TABLE 1. Overlapping oligonucleotides that completely represent the 59-LCR-MAR and the E6-MARa

Name Genomic position Nucleotide sequence

LCR-1 7132–7162 59-gatccTAAACGCAAAAAACGTAAGCTGTAAGTATTGa-39
LCR-2 7147–7177 59-gatccTAAGCTGTAAGTATTGTATGTATGTTGAATTa-39
LCR-3 7163–7193 59-gatccTATGTATGTTGAATTAGTGTTGTTTGTTGTGa-39
LCR-4 7178–7208 59-gatccAGTGTTGTTTGTTGTGTATATGTTTGTATGTa-39
LCR-5 7194–7224 59-gatccTATATGTTTGTATGTGCTTGTATGTGCTTGTa-39
LCR-6 7209–7239 59-gatccGCTTGTATGTGCTTGTAAATATTAAGTTGTAa-39
LCR-7 7225–7255 59-gatccAAATATTAAGTTGTATGTGTGTTTGTATGTAa-39
LCR-8 7240–7270 59-gatccTGTGTGTTTGTATGTATGGTATAATAAACACa-39
LCR-9 7256–7286 59-gatccTGGTATAATAAACACGTGTGTATGTGTTTTTa-39
LCR-10 7271–7301 59-gatccGTGTGTATGTGTTTTTAAATGCTTGTGTAACa-39
LCR-11 7287–7317 59-gatccAAATGCTTGTGTAACTATTGTGTCATGCAACa-39
LCR-12 7302–7332 59-gatccTATTGTGTCATGCAACATAAATAAACTTATTa-39
LCR-13 7318–7348 59-gatccATAAATAAACTTATTGTTTCAACACCTACTAa-39
LCR-14 7333–7363 59-gatccGTTTCAACACCTACTAATTGTGTTGTGGTTAa-39
LCR-15 7349–7379 59-gatccATTGTGTTGTGGTTATTCATTGTATATAAACa-39
LCR-16 7364–7394 59-gatccTTCATTGTATATAAACTATATTTGCTACATCa-39
LCR-17 7380–7410 59-gatccTATATTTGCTACATCCTGTTTTTGTTTTATAa-39
LCR-18 7395–7425 59-gatccCTGTTTTTGTTTTATATATACTATATTTTGTa-39
LCR-19 7411–7441 59-gatccTATACTATATTTTGTAGCGCCAGCGGCCATTa-39
LCR-20 7426–7456 59-gatccAGCGCCAGCGGCCATTTTGTAGCTTCAACCGa-39
LCR-21 7442–7472 59-gatccTTGTAGCTTCAACCGAATTCGGTTGCATGCTa-39
E6-1 104–143 59-ATGTTTCAGGACCCACAGGAGCGACCCAGAAAGTTACCAC-39
E6-2 134–173 59-AAGTTACCACAGTTATGCACAGAGCTGCAAACAACTATAC-39
E6-3 164–203 59-ACAACTATACATGATATAATATTAGAATGTGTGTACTGCA-39
E6-4 194–233 59-GTGTACTGCAAGCAACAGTTACTGCGACGTGAGGTATATG-39
E6-5 224–263 59-AGGTATATGACTTTGCTTTTCGGGATTTATGCATAGTATA-39
E6-6 254–293 59-GCATAGTATATAGAGATGGGAATCCATATGCTGTATGTGA-39
E6-7 284–313 59-CTGTATGTGATAAATGTTTAAAGTTTTATTCTAAAATTAG-39
E6-8 314–343 59-CTAAAATTAGTGAGTATAGACATTATTGTTATAGTTTGTA-39
E6-9 344–373 59-ATAGTTTGTATGGAACAACATTAGAACAGCAATACAACAA-39
E6-10 374–403 59-AATACAACAAACCGTTGTGTGATTTGTTAATTAGGTGTAT-39
E6-11 404–433 59-TTAGGTGTATTAACTGTCAAAAGCCACTGTGTCCTGAAGA-39
E6-12 434–463 59-GTCCTGAAGAAAAGCAAAGACATCTGGACAAAAAGCAAAG-39
E6-13 464–493 59-AAAAGCAAAGATTCCATAATATAAGGGGTCGGTGGACCGG-39
E6-14 494–523 59-GGTGGACCGGTCGATGTATGTCTTGTTGCAGATCATCAAG-39
E6-15 524–553 59-GATCATCAAGAACACGTAGAGAAACCCAGCTGTAATCATG-39

a These oligonucleotides span genomic positions 7132 to 7472 and 104 to 553, as indicated. The 59-LCR-MAR is represented by 31-mers that overlap by 15
nucleotides, and the E6-MAR is represented by 40-mers with a 10-nucleotide overlap. In the case of the 59-LCR-MAR, the nucleotides represented by lowercase letters
were added to create artificial restriction sites for experiments unrelated to this study. For this research, they were used for radioactive labeling by the alpha
deoxynucleotides and Klenow polymerase. Double-stranded E6 oligonucleotides were blunt ended and labeled with gamma deoxynucleotides and polynucleotide kinase.
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fection of six of these recombinant clones into HeLa cells.
With L-EP-Luc, a vector that had the 59-LCR-MAR posi-
tioned upstream of the enhancer, the natural organization in
HPV-16, we observed expression 3.5-fold lower than that gen-
erated by the MAR-free vector EP-Luc. Complementation of
this clone with E6-MAR or E5-MAR downstream of the lu-
ciferase gene further suppressed luciferase expression. Sup-
pression was also profound when, in an unnatural alignment,
two identical MARs were present upstream and downstream
of the EP-Luc segment (Fig. 2B). We conclude that MARs act
in transient transfections on the HPV-16 enhancer-promoter
as cis-responsive repressors of transcription.

Strong and moderate stimulation of transcription from the
HPV-16 enhancer-promoter in stable transfectants by the E6-
MAR and 5*-LCR-MAR, respectively. It is difficult to examine
details of the molecular organization of transiently transfected
DNA. While during such a short experiment most of the trans-
fected DNA will exist episomally rather than recombined with
host chromosomal DNA, it can only be speculated whether, in
the case of a virus, such an episomal state is mimicking the
natural episomal maintenance and allows for the natural tran-
scription biology. On the other hand, in stably transfected
clones, the transfected DNA has become integrated into the
host’s chromosomal DNA, just as it occurs with HPV DNA in
the majority of malignant cervical lesions. As MARs are known

to modulate linked enhancers and promoters after chromo-
somal recombination in a manner differing from that during
transient transfection, we studied HPV-16 MAR–EP-Luc re-
combinants in stably transfected HeLa and C33A cells.

C33A cells are derived from a cervical cancer but do not
carry endogenous HPV genomic copies, while HeLa cells carry
endogenous HPV-18 genomes. Both cells were investigated to
exclude potential influences of integrated HPV genomes or its
gene products on transfected vectors. To obtain cell lines har-
boring stably integrated copies of the EP-Luc constructs with
and without MARs, we transfected these cells by electropora-
tion with linearized DNA in the presence of a G418 selectable
vector. Linear DNA was chosen to ensure integration through
the DNA termini without disruption of the fusion genes during
the process of integration. G418-resistant colonies were har-
vested, pooled, and prepared for luciferase assays. Dot blots
confirmed that different pools of transfectants contained sim-
ilar numbers of genomes (e.g., top of Fig. 3). Because of this,
and because of the randomness of the integration in pools of
transfectants, differences in luciferase expression must origi-
nate from the nature of the recombinant molecule rather than
from a gene dosage effect.

Compared with transient transfections, luciferase activity of
the basic construct was found low due to low copy numbers
(EP-Luc constructs in Fig. 3A to D). Complementation of
EP-Luc with the 59-LCR-MAR or the E5-MAR led to an
approximately threefold stimulation in C33A cells (Fig. 3C)
but had no strong effect in HeLa cells. There was no alteration
by supplying two copies of the 59-LCR-MAR or the E5-MAR
on either side of the reporter construct. In contrast, constructs
having the E6-MAR downstream or on either side of the EP-
Luc segment were stimulated by about 2 orders of magnitude
in HeLa cells and by a factor of 5 to 10 in C33A cells. This
activity does not require the complete E6 gene but only se-
quence elements 39 of position 246, as a deletion mutant of
sequences between positions 104 and 246 leads to a small
increase, but further deletion to position 356 leads to a com-
plete loss of function (Fig. 1 and 3E). These observations
identify the E6-MAR as strong and the 59-LCR-MAR and
E5-MAR as weak cis-responsive activators whose functions
depend on the physical organization of the DNA as part of
cellular chromosomes. This observation was intriguing, as we
had not anticipated a regulatory element within an HPV gene,
nor did the moderate nuclear matrix affinity of the E6-MAR, in
contrast to the strong affinity of the other two MARs, suggest
the possibility of such a function.

Stimulation of reporter gene expression depends on the
E6-MAR but not on the site of chromosomal integration. The
recombination of transfected vectors normally occurs at ran-
dom sites throughout various chromosomes. In the previous
experiments, we had used pools of stable transfectants to av-
erage out the effect that the site of chromosomal integration
may have on expression of the reporter gene. To further study
the contributions of the constructs and of the site of insertion,
we picked individual G418-resistant clones from a similar
transfection of HeLa cells and determined the luciferase ac-
tivity for each of these clones separately (Fig. 4). Four clones
which contained EP-Luc showed barely detectable luciferase
activity. Four additional clones with the 59-LCR-MAR in the
natural position (L-EP-Luc) had luciferase activities signifi-
cantly above background. Eight clones, having the 59-LCR-
MAR upstream and the E6-MAR downstream of the E6 gene,
had activities much greater than those of the EP-Luc clones
and even 10- to 20-fold above those of the L-EP-Luc clones,
although they differed by up to a factor 3 among one another.
We conclude that the increased activity of the individual clones

FIG. 2. MARs of HPV-16 in the 59 LCR, the E6 gene, and the E5 gene
repress transcription from the HPV-16 enhancer-promoter in transient transfec-
tions of HeLa cells. The presence of the MAR in the 59 part of the LCR in its
natural position relative to the EP segments (L-EP-Luc) represses luciferase
reporter gene expression by 68%, while various artificial constructs reduce en-
hancer-promoter activity by 60% (L-EP-Luc-L) to 87% (L-EP-Luc-E5). Sche-
matic structures of the test vectors are shown in Fig. 1.
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FIG. 3. The E6-MAR strongly stimulates transcription from the HPV-16
enhancer-promoter in stable transfectants. Luciferase values were determined
for pools of stably transfected HeLa cells (A and B) and pools of C33 A cells (C
and D). The reporter gene EP-Luc is only weakly expressed in either cell line,
and these expression levels are augmented slightly (L-EP-Luc and L-EP-Luc-E5
in C33A cells) or not at all by linkage to the MAR in the 59 part of the LCR or
overlapping with the E5 gene. In contrast, expression from a construct with the
E6 MAR in its natural position downstream of the EP segment, but separated
from it by the luciferase reporter gene (L-EP-Luc-E6), and from an artificial
construct having two E6 MARs upstream and downstream from the reporter
gene is stimulated 100-fold in HeLa cells and 3.5- to 7-fold in C33A cells. At the
top is an example of dot blot experiments that we performed for each of these
pools of transfectants to ascertain comparable HPV-16 genomic copy numbers.
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as well as of the pools of clones originates mostly from the
MARs and is little influenced by the chromosomal environ-
ment. These experiments further identify the E6-MAR as
strong and the 59-LCR-MAR as weak physical context-depen-
dent transcriptional enhancers.

An EMSA screen of oligonucleotides representing the 5*-
LCR-MAR and the E6-MAR reveals numerous binding sites
for soluble nuclear proteins. MARs are typically AT-rich re-
gions with a high propensity for stable base unpairing under
superhelical strain. They are bound by numerous proteins with
little sequence specificity that are intrinsic components of the
nuclear matrix, such as topoisomerase II, nucleolin, lamins,
SAF-A, and even cell-type-specific factors such as SATB1 (19).
These proteins are candidates for being responsible for the
activation function of MARs. Unfortunately, it is technically
difficult to map the interactions between MARs and these
intrinsic matrix proteins.

There are only few reports about intrinsic matrix proteins
with the properties of typical transcription factors, such as the
B-cell-specific factor Bright (66). On the other hand, it has
been noted that many sequence-specific transcription factors
(for a review, see reference 11) as well as components of the
general transcription machinery, including the RNA polymer-
ase II holoenzyme (33), have high affinity to the nuclear matrix.
By binding to their DNA target sequences, such proteins may
generate some affinity of this DNA sequence to the nuclear
matrix. Here, we decided to investigate whether the HPV-16
MARs can bind any of these soluble and sequence-specific
factors.

Toward this end, we dissected the 59-LCR-MAR and the
E6-MAR into short segments, represented by overlapping oli-
gonucleotides, and used these oligonucleotides in EMSAs with
soluble proteins from nuclear extracts (21). Table 1 shows
oligonucleotides with lengths of 31 bp representing the com-
plete 59-LCR-MAR, from the L1 gene on the 59 side to the
epithelial specific enhancer on the 39 side (LCR-1 to LCR-21),
and oligonucleotides with lengths of 40 bp representing the
complete E6 gene (EP-1 to EP-15). Figure 5 shows the out-
come of an EMSA analysis of these oligonucleotides with

HeLa nuclear extracts. As can be seen, there are at least seven
bands, labeled A to F, which are apparently derived from
specific protein-DNA interactions, as they appear only with
some but not with other oligonucleotides.

We decided to study in detail complex C, as it occurs at least
five times with high affinity in each of the two MARs (LCR-2,
LCR-6 to LCR-9, and LCR-12 to LCR-15; E6-3, -5, -7, -10, and
-13), and as these complexes include some of the strongest
signals of this experiment. The weak formation of complex C
with some additional oligonucleotides may stem from the high
AT content of the HPV-16 genome, which appears to favor the
formation of this complex (see below). To identify complex C,
we used in this figure the terms C1 and C2 (the latter term
designating the weak trailing band visible in some slots), as it
became clear later during this research that this complex is
identical to one that we detected binding HPV-16 sequences
elements elsewhere (47, 48) (see below). Two complexes, A
and B, form on one oligonucleotide each. In experiments not
shown here (reference 49 and data not shown), we identified A
and B as being derived from the binding of the transcription
factors USF and YY1, respectively. Yet four other, often weak
complexes, D to G, also occur with oligonucleotides derived
from either MAR and multiple times in each MAR. The na-
ture of these complexes is not known. Complex C also formed
with some oligonucleotides representing the E5-MAR but not
strongly with oligonucleotides representing the epithelial cell-
specific enhancer (data not shown).

Biochemical purification, EMSA competition, and super-
shift analyses identify a principal factor binding to both
HPV-16 MARs as CDP/Cut. To identify the nature of the
factor in complex C1, we used the E6-10 as a reference for all
10 binding sites of the C1 factor in both MARs. HeLa nuclear
extract was loaded onto a heparin-Sepharose column, and frac-
tions with EMSA activity on E6-10 were eluted at a salt con-
centration of 0.3 M (Fig. 6A). These fractions were further
processed by a fractionated precipitation with ammonium sul-
fate. The band shift activity was retained in the 20 to 40%
fraction (Fig. 6B). To estimate the molecular mass of the
protein, the ammonium sulfate precipitate was dissolved and
loaded onto a Sephacryl S400 gel filtration column. The band
shift activity eluted shortly after the void volume with an esti-
mated molecular mass of around 200 kDa (Fig. 6C). A lower-
molecular-mass protein that also bound to E6-10 may be a
degradation product of the C1 factor, as it was not detectable
after ammonium sulfate fractionation.

One of the few known transcription factors with such a high
molecular mass is CDP/Cut. CDP/Cut has a molecular mass of
180 kDa and, reminiscent of the repressor function of these
MARs in transient transfections, is one of the few well-char-
acterized mammalian repressors of transcription (44). Also,
CDP/Cut has been found to bind the 59 part of the LCR of
HPV-6 as well as sites in early genes of this virus (1, 52).
Against this background, we performed EMSA competitions
and supershift analyses to determine whether CDP/Cut could
be the C1 factor. Figure 7A shows that the band shift gener-
ated with E6-10 is abolished by competition with two oligonu-
cleotides harboring known binding sites for CDP/Cut, namely,
one of the gp91phox gene (59) (slots 6 and 7) and one of the sea
urchin sperm histone H2B-1 gene (6) (slots 6 to 9). It is also
eliminated by an oligonucleotide representing the HPV-16
papillomavirus silencing motif (PSM) (slots 2 and 3), which we
found to bind and functionally depend on CDP/Cut (47). In
contrast, competition with an E6-MAR oligonucleotide which
did not form complex C1 (slots 10 and 11) or with a mutant
version of PSM (slots 4 and 5) did not affect complex forma-
tion. Complex C1 is also eliminated by antiserum raised against

FIG. 4. Transcription of the luciferase reporter gene in individual stable
transfectants is slightly stimulated by the MAR in the 59 LCR and strongly by the
E6 MAR and does not significantly depend on the site of chromosomal integra-
tion. Four individually isolated stable transfectants of EP-Luc into HeLa cells
showed nearly undetectable levels of luciferase expression, which is significantly
stimulated by the presence of the MAR in the 59 LCR (L-EP-Luc) in four
individual clones. Fusion of these constructs with the E6 MAR leads to a further
10- to 20-fold stimulation of luciferase expression in eight independent stable
transfectants (L-EP-Luc-E6).
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CDP/Cut but not by preimmune serum (Fig. 7B). We conclude
from this that the transcriptional repressor CDP/Cut is the
factor that gives rise to complex C1 with the E6-10.

To investigate whether the slowly migrating complexes seen
with other oligonucleotides of the 59-LCR-MAR and the E6-
MAR that comigrated with E6-10 complex C1 are also caused
by CDP/Cut, we also analyzed the behavior of these C1 com-
plexes. Figure 7C is an example of several EMSAs, and shows
competitions with LCR-6. As can be seen, the oligonucleotide
derived from the gp91phox promoter and that from the HPV-16
PSM site are both able to compete for CDP/Cut binding, while
a PSM mutant oligonucleotide has no effect on complex for-
mation (compare lanes 2 to 5 with lanes 6 and 7). From this
observation and similar data for other oligonucleotides (data
not shown), we conclude that all C1 complexes of the 59-LCR-
MAR and the E6-MAR are generated by the binding of CDP/
Cut and that CDP/Cut binds strongly to at least five sites within
each of the two MARs.

Mutations of an oligonucleotide derived from E6 gene se-
quences identify an AT-rich segment as CDP/Cut binding site.
To identify a binding motif for CDP/Cut, we performed
EMSAs with the wild-type version of E6-10 (Fig. 8B, slots 1
and 8) and with six different mutated derivatives thereof (Fig.
8A slots 2 to 7). As can be seen, binding of the factor that

generates C1 depends on an AT-rich stretch in the 39 part of
the oligonucleotide. CDP/Cut is known not to have a long and
highly conserved target sequence rather, it bind to AT-rich
sequences which normally include the sequence 59-TAAT-39
(3, 28). This behavior is reflected in our EMSA results. Alter-
ation of the TAAT element in the 39 part of this oligonucleo-
tide either eliminates (V and VI) or reduces (II and III) CDP/
Cut binding, while alteration of two other AT-rich stretches (I
and IV) has no effect on the CDP/Cut band shift. We take this
as additional support for the identification of these 10 CDP/
Cut binding sites. Similarly, among the oligonucleotides used
to scan the 59-MAR and the E6-MAR (Table 1; Fig. 5), all 11
oligonucleotides that gave particularly strong CDP/Cut band
shifts were particularly AT rich. Nine of them contained the
sequence 59-TAAT-39 (LCR-2, -6, -7, -8, and -12; E6-3, -7, -10,
and -13), while the remaining two (LCR-15 and E5-5) con-
tained sequence elements deviating in one position from 59-
TAAT-39.

Effect of CDP/Cut overexpression on transient and stable
transfectants. To confirm that CDP/Cut represses HPV-16
transcription during transient transfection, we cotransfected
HeLa cells with the construct E6-EP-Luc-E6 and two different
concentrations of the CDP/Cut expression vector pMT2-CDP
(Fig. 9A, columns 2 and 3) and the parental vector pMT2

FIG. 5. EMSA screen of oligonucleotides derived from the 59-LCR-MAR and the E6-MAR, showing strong binding sites for several nuclear proteins, some of which
are common to both MARs. (A) Band shifts obtained with HeLa nuclear extracts and overlapping 31-mer oligonucleotides representing the 59 third of the HPV-16
LCR from the L1 gene to the E2 binding site most distal from the E6 promoter; (B) band shifts with 40-mer oligonucleotides representing the complete E6 gene. For
details, see the footnote to Table 1 and Materials and Methods. The control (Co) is band shift of an oligonucleotide of the CDP/Cut binding site of the gp91phox gene
promoter (59). The slowest-mobility complex was termed C1, as it became clear later in this study that it is identical to the complex forming on the PSM, which we
termed C1 in a previous study (48). The weak complex C2 that migrated even slower than C1 and is visible only in some slots may be a dimer of the protein giving
rise to the C1 complex but could also be a heteromer. It forms efficiently on PSM, which has two flanking binding sites for C1, but only weakly on nonrepeated binding
sites. Band B represents binding of YY1 to a previously described site (49), and band A represents binding of the transcription factor USF (data not shown). This study
did not make an attempt to identify the proteins giving rise to bands D to G. FP, free probe.
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(column 1); we observed more than 95% repression of lucif-
erase activity with the higher amount of the CDP/Cut expres-
sion vector (Fig. 9C). This suggests that the high concentration
of CDP/Cut factor in HeLa cells does not saturate the corre-

FIG. 6. Biochemical enrichment of a principal factor binding numerous sites
in the 59LCR-MAR and the E6-MAR. The purification profile of the factor
binding E6-10, as monitored by EMSA, is similar to that of the differentiation-
specific factor CDP/Cut. (A) Ion-exchange chromatography purification of HeLa
nuclear extracts (N.E.) on a heparin-Sepharose column demonstrates that PSM
binding protein activity is maximal in the 0.3 M KCl fraction. FT, flowthrough.
(B) Ammonium sulfate precipitation of E6-10 binding fractions of the heparin-
Sepharose chromatography defines the activity in the 20 to 40% fraction. (C) A
gel filtration experiment, with the 20 to 40% ammonium sulfate fraction from the
heparin-Sepharose column, indicates that the protein binding E6-10 is a very
large protein of approximately 180 kDa (as defined by the b-amylase molecular
weight marker). V0, void volume; FP, free probe. The purification profile pre-
sented here is consistent with that described for the differentiation-specific tran-
scriptional repressor CDP/Cut (44).

FIG. 7. Band shift competition and supershift analyses identify CDP/Cut as
the factor that binds at least 10 sites in the 59LCR-MAR and the E6-MAR. (A)
E6-10 generates a strong C1 band shift as well as the weak trailing band C2 (lane
1). Formation of both complexes is eliminated by competition with an oligonu-
cleotide representing the HPV-16 PSM (lanes 2 and 3) (47, 48) and the well-
studied CDP/Cut binding sites of the promoters of the gp91phox gene (lane 6 and
7) (59) or the histone H2B gene (lanes 8 to 9) (6) but not by a mutant PSM
oligonucleotide (lane 4 and 5). As outlined by O’Connor et al. (48), we interpret
complex C2 as reflection of a bound dimer binding. FP, free probe. (B) An
anti-CDP antibody (a-CDP) abolishes the formation of the C1 and C2 complexes
on E6-10. This effect is specific and is not seen upon the addition of a preimmune
serum (PI) to the EMSA reaction. (C) LCR-6 produces C1 and C2 complexes
similar to those seen with E6-10. The band shift is eliminated by the CDP/Cut
binding sites of the gp91phos promoter, the HPV-16 PSM, and E6-10 but not by
a mutated PSM oligonucleotide (PSM*). This experiment is representative of
numerous crosswise competitions which identify at least five CDP/Cut binding
sites in each of the two HPV-16 MARs.
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sponding binding sites on HPV-16 and is in line with an earlier
study where we failed to detect CDP/Cut binding in footprint
experiments (27). We next examined whether the repression by
CDP/Cut can still act on chromosomally integrated copies al-
though it is overridden by the MAR-dependent stimulation.
Under these conditions, CDP/Cut can still function as a weak
repressor by reducing reporter gene expression by 35% (Fig.
9B and C) which is reminiscent of the ability of SATB1 to
repress transcriptional stimulation by a chromosomally inte-
grated MAR (35).

In both of these experiments, CDP/Cut may act through the
five binding sites in the E6-MAR as well as through the two
binding sites in the PSM. To separate these effects, we con-
structed CDP/Cut binding site mutants of the PSM (E*P-Luc),
and tested them in transient transfections of constructs that
contained or lacked the E6-MAR. Figure 9D shows that the
mutant E*P-Luc with mutated CDP/Cut binding sites of the
PSM and no MAR sequences is not affected by CDP/Cut
overexpression. In contrast, CDP/Cut overexpression represses
30% of the activity of the mutant E*P-Luc-E6, which is void of
the two CDP/Cut binding sites of PSM but contains the CDP/
Cut sites within the E6-MAR.

DISCUSSION

CDP/Cut, a transcriptional repressor that is down-regu-
lated during differentiation, binds conserved clusters of sites
in most genital HPV types. Activity of the epithelial specific

enhancer and the E6 promoter of genital HPV types depends
on a dozen different transcription factors, which induce epi-
thelial specificity and couple transcription to physiological sig-
nals from the host. In the model systems HPV-6, -11, -16, -18,
and -31 (for a review and references, see reference 46), and
probably in all genital HPVs, most of the binding sites for these
factors are positioned in a 550-bp segment between the E2
binding site most distal from the E6 promoter, at position 7450
in the case of HPV-16, and the transcription start site. In spite
of sequence divergence among these HPVs, this genomic re-
gion is similar in composition to the most conspicuous tran-
scription factor binding sites. Outside this 550-bp region, only
few cis-responsive elements have been found upstream of the
promoter-distal E2 binding site (2, 29, 32, 65); until recently,
no cis-responsive element has been detected downstream of
the E6 promoter.

This traditional view has been completely altered by our
findings and by reports from Roman and colleagues (1, 52), as
it emerges that large genomic segments outside the classical
EP segment, including protein-encoding sequences, are bound
by numerous nuclear proteins. These segments are cis-respon-
sive elements and exert dramatic influences on HPV transcrip-
tion. The most prominent factor among these nuclear proteins
is, with about 10 binding sites, the factor CDP/Cut. Beyond
this, our EMSA screens point to several other, not yet identi-
fied soluble factors, while interactions with the nuclear matrix
suggest the binding of yet other little soluble proteins.

CDP/Cut is a repressor of transcription that acts by two
alternative mechanisms, through displacement of activators (6,
42, 66, 69) and by binding the histone deacetylase HDAC1,
whose activity changes nucleosomes such that it becomes dif-
ficult for the transcriptional machinery to access the DNA (38).
CDP/Cut is regulated during the differentiation of a variety of
cell types, having high activity in stem cells that decreases
during differentiation to the target cell type. Consequently,
genes that are repressed in stem cells become derepressed
during differentiation (42, 44). This behavior of CDP/Cut has
been extended to epithelia by studies of Roman and colleagues
(1), who showed that CDP/Cut is abundant in undifferentiated
and down-regulated in differentiated epithelial cells. As a con-
sequence, CDP/Cut represses in undifferentiated epithelial
cells three HPV-6 promoters by binding to promoter-flanking
regions, and this repression is released in differentiating cells.
One of these promoters is the E6 promoter, whose homologue
we studied in HPV-16, the second is the E7 promoter, which
does not exist in HPV-16, and the third is the E1/E4 promoter
downstream of the HPV-16 sequences that we investigated.
HeLa cells (44) and probably other cervical carcinoma-derived
cell lines (our unpublished observations) have high CDP/Cut
activity and in this respect resemble undifferentiated epithelial
cells. This property leads to low enhancer-promoter activity of
transiently transfected genital HPVs (55).

Roman and colleagues used large genomic segments of
HPV-6 for the study of CDP/Cut binding, which did not allow
exact localization and quantification of the binding sites. De-
spite this limitation, comparison of their research on HPV-6
with ours on HPV-16, and alignments of the LCRs and E6
genes of many other genital HPVs (43), suggest that these
viruses contain a cluster of CDP/Cut binding sites in the 59
LCR, a directly repeated site between the enhancer and the
promoter overlapping with the replication origin (47, 48), and
another cluster of CDP/Cut binding sites in the E6 gene. These
three elements appear to cooperate to repress HPV, probably
through interaction of CDP/Cut with HDAC1 (38), which
leads to deacetylation and structural changes of nucleosomes
resulting in decreased transcription factor access. This mech-

FIG. 8. Mutational analysis of one of the CDP/Cut binding sites within the
E6 MAR of HPV-16. CDP/Cut does not bind to a particular highly conserved
sequence but rather binds to AT-rich sequences that normally include the se-
quence 59-TAAT-39 (3, 28). This behavior is confirmed by an EMSA analysis of
mutations of the CDP/Cut binding site within E6-10. Alteration of the TAAT
element in the 39 part of this oligonucleotide either eliminates (V and VI) or
reduces (II and III) CDP/Cut binding, while alteration of two other AT-rich
stretches (I and IV) has no effect on the CDP/Cut band shift.
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anism appears to apply to HPV-16, as we recently observed
release of repression by the CDP/Cut-dependent silencer PSM
in response to the HDAC1 inhibitor trichostatin A (47), prob-
ably due to alteration of two specifically positioned nucleo-
somes that limit transcription factor access to the HPV-16
enhancer and promoter (61). This finding can probably be
extended to the transcription of HPV-11 and the replication of
all genital HPVs, as there are reports on the stimulation of
HPV-11 transcription under the influence of trichostatin A
(68) and inhibition of papillomavirus replication by nucleo-
somes (37a) and its release by association of the E1 protein
with components of the SWI-SNF complex (37). The upper
part of Fig. 10 summarizes the repression of HPV-16 by coop-

eration of CDP/Cut, HDAC1, and nucleosomes in the form of
a model. The lower part of Fig. 10 shows the binding of tran-
scription factors in the absence of nucleosomes and proposes
an additional somewhat more speculative activation mecha-
nism by displacement of CDP/Cut through unknown compo-
nents of the nuclear matrix.

The MARs of HPV-16 are context-dependent transcriptional
enhancers. The clusters of CDP/Cut binding sites in the 59 part
of the LCR and in E6 (but probably not the CDP/Cut binding
sites of PSM) function in many genital HPVs as MARs, as
judged by attachment assays, clusters of topoisomerase II tar-
gets, and computerized sequence analyses (62). The data in
this paper do not answer the questions of what kind of DNA-

FIG. 9. Effect of CDP/Cut overexpression on transient and stable transfectants. (A) Transient transfection of HeLa cells with 1 mg of E6-EP-Luc-E6 and 4 mg of
pMT2 (column 1) and 4 and 12 mg of pMT2-CDP (columns 2 and 3). (B) Pools of HeLa cells stably transfected with E6-EP-Luc-E6 were transiently transfected with
4 mg of pMT2 (column 1) and 4 and 12 mg of pMT2-CDP (columns 2 and 3). (C) Repression by CDP/Cut in stable and transient transfection, as expressed by
comparison of columns 1 and 3 in panels A and B. (D) CDP/Cut binding site mutants of PSM (E*P-Luc) without or with the E6-MAR tested in transient transfections
of HeLa cells.
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protein interactions (i) give rise to the affinity of the HPV-16
MARs to the nuclear matrix and (ii) lead to transcriptional
activation after integration of HPV-16 into the cellular DNA.
It is unlikely that CDP/Cut itself is responsible for these activ-
ities, as it is a soluble factor, not an intrinsic part of the nuclear
matrix, and as repression is its only known function.

CDP/Cut is sometimes referred to as a component of the
nuclear matrix (5) based on the observation that it binds cer-
tain MARs (5, 66). The assumption that MAR behavior and
CDP/Cut binding are expressions of the same underlying
mechanism may require further investigation, as two laborato-
ries presented evidence for an alternative scenario, in which
CDP/Cut is a soluble repressor that prevents MARs from
interacting with the nuclear matrix, which would induce tran-
scription. Wang et al. (66) demonstrated that the activity of the
immunoglobulin heavy-chain enhancer depends on the inter-
action between a MAR and the matrix-bound activator Bright
and that this interaction is inhibited by CDP/Cut. In another
study, it was found that SATB1 and CDP/Cut can both bind a
MAR at the promoter of a mouse mammary tumor virus,
thereby repressing it (39). SATB1 and CDP/Cut are able to
bind to one another in the absence of DNA binding sites. The
authors proposed that equimolar concentrations of SATB1
and CDP/Cut annihilate their DNA binding ability, and tran-
scriptional induction may result from the interaction of the
vacant SATB1 and CDP/Cut sites with the nuclear matrix.
Similar mechanisms could apply to HPV-16, and CDP/Cut

might not only repress through the HDAC1 pathway but also
limit matrix access.

There is presently no general explanation for the transcrip-
tional activation by MARs. MARs have been reported to alter
nucleosomal organization, to bring a gene into regions of the
nucleus with high concentrations of transcription factors, RNA
polymerases and topoisomerases, and to cause topological
stress of flanking regions due to local unwinding (9, 10, 24, 41,
66). To achieve this, the nuclear matrix and MARs interact
through DNA binding proteins other than typical transcription
factors, such as SAF-A (54), SATB1 (19), nucleolin (20), or
lamins (41). These proteins have neither nucleotide recogni-
tion specificity nor transcription activation domains, and tar-
geting and unwinding of MARs are possibly a cause of tran-
scriptional induction. It is unclear why this mechanism is
efficient when a MAR is part of the chromosomal DNA, and
why transient transfection may not allow the MAR to exert this
function. Against this general lack of knowledge, we do not
know whether transcription from transiently transfected HPV
DNA resembles the gene expression from a stable episome.
Alternatively, it is quite possible that episomally replicating
HPV DNA is regulated by the nuclear matrix in the same
manner as we observed only in stable transfectants. These
alternatives require further research, as do the molecular prop-
erties that make the E6-MAR an strong enhancer and the
59-LCR-MAR a weak one, although the latter one binds the
matrix more strongly.

FIG. 10. Model of a switch of the HPV E6 promoter between repression by CDP/Cut, HDAC1, and two specifically positioned nucleosomes (top) and activation
by interaction between unknown components of the nuclear matrix and cellular transcription factors (bottom). The figure shows 12 CDP/Cut binding sites in two MARs
flanking the EP segment of HPV-16 and in a silencer motif that overlaps with the binding site of the viral replication origin, as well as the binding site of the replication
protein E1 and of the most extensively researched transcriptional regulators. Elements identified previously are the MAR (62), the enhancer and its elements (46), the
silencer elements (47 and 48), the replication origin (46), and the promoter elements (17 and 63). Abbreviations for genes: L1, L1 gene; E6, E6 gene; E7, E7 gene.
Abbreviations for transcription factor binding sites: AP1, activator protein 1; CDP, CCAAT displacement factor/Cut; GR, glucocorticoid receptor; NFI, nuclear factor
1; TF1, transcription enhancer factor 1; oct, octamer binding factor 1.
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While the nuclear matrix consists of structural proteins with
little sequence specificity, sequence-specific transcription fac-
tors such as YY1, nuclear factor I, and steroid receptors (for a
review, see reference 11) and the RNA polymerase II holoen-
zyme (33) can associate with the nuclear matrix. Should CDP/
Cut also be able to associate with the nuclear matrix (39), one
could envisage a scenario where HPV MARs are alternatively
bound by structural matrix proteins or by matrix attached
CDP/Cut, resulting in a surface-bound switch between an ac-
tive and an inactive state.

MARs, cis-responsive elements, and transcription factor
binding sites are located within HPV genes. In cellular genes,
MARs, cis-responsive elements, and transcription factor bind-
ing sites are normally in nontranscribed regions or in introns.
Papillomaviruses provide an increasingly impressive example
of how the lack of space on condensed viral genomes has led to
deviations from such paradigms. Papillomaviruses diverge
from most cellular genes by having no noncoding introns, by
using some cistrons for more than one protein, and by having
polycistronic mRNAs with very short nontranslated leaders.
Published studies (1, 52, 62) and our data reported here show
that they have (i) MARs in the E6, E5 gene, and other genes
and (ii) transcription factor binding sites and cis-responsive
functions in the E6, E7, and E5 genes. The combination of
these observations raises the possibility that 50% or even more
of the viral genome may make contact with DNA binding
nuclear factors that modulate the HPV life cycle. These factors
may influence other aspects of HPV biology such as replica-
tion, partition, and particle maturation, as pointed out for the
nuclear compartmentalization of simian virus 40 (18).

Is HPV-16 transcription induced during carcinogenesis by
integration into cellular chromosomes? As the normal life
cycle of HPVs involves only episomal genomes, transcriptional
induction during integration into cellular chromosomes cannot
be a natural function of viral MARs. However, even in HeLa
cells with their high concentration of CDP/Cut (44), chromo-
somal integration of HPV-16 MARs, and of the endogenous
HPV-18 copies, overcomes the repression by CDP/Cut, possi-
bly by bringing the viral genome into nuclear territories favor-
able to transcription. This suggests that transcriptional induc-
tion may also occur when HPV genomes integrate into cellular
DNA in situ, with the result of higher expression of the E6 and
E7 oncoproteins and increased oncogenic properties of the
affected cell.

In malignant lesions, HPV-16 genomes are more frequently
chromosomally integrated than in episomal form (16, 64). In-
tegration occurs most often between the E7 and E2 genes,
leaving oncoprotein expression intact but annihilating expres-
sion of E2 (4, 58). As the HPV-16 and HPV-18 E2 proteins are
repressors of E6 and E7 transcription (17, 63), such a recom-
bination derepresses the oncogenes and may contribute to a
more aggressive cancer cell phenotype. Although this concept
is most likely valid, we propose that MAR-dependent tran-
scriptional stimulation might precede the release of E2-depen-
dent repression. In a lesion containing only episomal copies,
some viral genomes, but not simultaneously all of them, may
integrate into a chromosome of any individual cell. While these
integrated genomes would cease to transcribe E2, the E2 re-
pressor is still made from the remaining episomes, leaving the
cellular phenotype unaltered. Only MAR-dependent transcrip-
tional stimulation of intrachromosomal copies constitutes a
dominant genotype that may overcome E2 repression, estab-
lish enhanced E6 and E7 expression, and confer a phenotype
favorable to carcinogenesis.
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