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FIG. 5. The purification profile of PSM-BP, as monitored by EMSA, is sim-
ilar to that of the differentiation-specific factor CDP/Cut. (A) Ion-exchange
chromatography purification of HeLa nuclear extracts on a heparin-Sepharose
column demonstrates that PSM-BP binding activity is maximal in the 0.3 M KCl
fraction. FT, flowthrough. (B) Ammonium sulfate precipitation of PSM-BP-
enriched fractions of the heparin-Sepharose chromatography defines PSM-BP
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 PSM-BP is a very large protein of approximately 180 kDa (as defined by the
B-amylase molecular mass marker). V, void volume. The purification profile of
PSM-BP presented here is consistent with that described for the differentiation-
specific transcriptional repressor CDP/Cut (42). FP, free probe.

bined effect of TSA on the histone deacetylase complexed
with both factors. Mutation of the two CDP/Cut sites in E*P-
Luc leads to a threefold increase of the uninduced level and,
through a further 2.5-fold stimulation by TSA, to a total ex-
pression similar to that of the TSA stimulated EP-Luc. In the
absence of CDP/Cut binding sites, this stimulation should stem
from interference with the YYl1-associated histone deacety-
lase. From this we conclude that the ninefold TSA stimulation
of EP-Luc contains two components, namely, the 2.5-fold stim-
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ulation still detectable with E*P-Luc due to YY1, and a further
3- to 4-fold stimulation due to the CDP/Cut associated
HDACI. This amount should be identical to the difference
between the uninduced EP-Luc and E*P-Luc vector. These
observations indicate that CDP/Cut bound to PSM represses
by modifying the nucleosomes established on the HPV LCR.

Overexpression of the CDP/Cut cDNA represses replication
of HPV-16, HPV-31, and BPV-1. The presumed PSMs of all
genital HPVs are found in the same genomic region, overlap-
ping with position 1 of the nucleotide sequence of the respec-
tive genome (Fig. 2). As determined for a number of HPV
types (20, 21, 27, 31, 49, 57) and presumed for a number of

FIG. 6. The repressor PSM-BP of HPV transcription is identical to CDP/Cut.
(A) An EMSA shows similarity of the complexes C1 and C2 generated by an
HPV-16 PSM oligonucleotide and an oligonucleotide representing a known
CDP/Cut binding site of the phagocyte-specific cytochrome heavy-chain gene
gp91-phox. As outlined in reference 45, we interpret the higher intensity of C2 in
the left lane as a reflection of a dimer binding the two repeats of PSM, while only
a partially dimeric CDP/Cut factor population binds the singular binding site of
gp91-phox. The strong complex with higher mobility in the gp91-phox lane
reflects the binding of the CCAAT binding protein CP1, and the fast-migrating
complex in both lanes is a possible CDP/Cut degradation product. The next three
lanes show competition for complex formation by a homologous probe (lane
HPV-16) and probes containing CDP/Cut binding sequences from the gp91-phox
gene and the P. miliaris histone H2B gene. By contrast, a probe containing a
mutated PSM only slightly interferes with C1 and C2 formation (right lane). CP1
identifies the complex formed on the gp91-phox promoter with the CCAAT
binding protein. Bands that migrated faster than CP1 are degradation products
of CDP/Cut. FP, free probe (B) An anti-CDP-specific antibody (a-CDP) abol-
ishes the formation of HPV-16 PSM-BP complexes C1 and C2. This effect is
specific and is not seen upon the addition of a preimmune serum (PI) to the
EMSA reaction.
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FIG. 7. Repression of HPV-16 transcription by CDP/Cut involves a histone-
mediated mechanism. Luciferase expression in HeLa cells transiently transfected
with vectors containing the natural (EP-Luc) and mutated (E*P-Luc) CDP/Cut
binding sites of HPV-16 is stimulated by treatment with the HDACI inhibitor
TSA.

others, this region represents the binding sites of the replica-
tion factor E1 (for an alignment of HPV replication origins,
see reference 44). It is therefore distinctly possible that E1 and
CDP/Cut sites overlap, and it presents the interesting possibil-
ity that CDP/Cut also regulates HPV replication.

To test this possibility, we studied the effect of overexpress-
ing CDP/Cut on HPV replication in vivo. Toward this end, we
used both the HPV-16 replication origin present within the
complete LCR cloned into a bacterial plasmid and the com-
plete recircularized and plasmid-free HPV-31 genome. As re-
cipient cells, we used the cell line Cho4.15, which has been
engineered to express the BPV-1 proteins E1 and E2 under the
influence of heterologous promoters from intrachromosomally
recombined genes. These proteins are known to activate het-
erologous HPV replication origins (15, 48).

Figure 8 shows that the HPV-16 LCR construct was indeed

HPV-16 HPV-31 DNA
[ 1 ]
- + - - - - pMT2
- - 4+ - ——] pMT2CDP
1 2 3 4 5 6

FIG. 8. CDP/Cut inhibits transient HPV replication in vivo. Cho cells stably
expressing E1 and E2 proteins were transfected with pBluescript SK(+) carrying
the HPV-16 LCR or with recircularized HPV-31 DNA. Total cellular DNA was
prepared after 48 h, digested with DpnlI to remove the input bacterially replicated
DNA, linearized with EcoRI (HPV-16) or Hpal (HPV-31), respectively, blotted,
and hybridized with an LCR fragment of HPV-16 (lanes 1 to 3) or of HPV-31
(lanes 4 to 6). The arrow denotes the position of the linearized replication
products, which have molecular sizes of 4 kb in pBluescript SK(+) HPV-16LCR
(arrow in the left panel) and 7.9 kb in the linearized HPV-31 genome (arrow in
the right panel). Cotransfection of the CDP expression vector pMT2-CDP
strongly represses replication for both HPV types (compare lane 1 with lane 3,
and lanes 4 with lanes 5 and 6. The expression vector pMT2 without CDP
sequences does not interfere with the replication of HPV-16 (lane 2).

CDP/Cut REPRESSES HPV TRANSCRIPTION AND REPLICATION 407

(A)

HPV-16 HPV-2 BPV-1

[

(B)

1 23 4 5 6 7

- G D e e e we — 8 kb

FIG. 9. (A) An oligonucleotide representing the replication origin and pre-
sumed CDP/Cut binding sites of BPV-1 generates bandshifts that are indistin-
guishable from those of HPV-16 and HPV-2. (B) Transfection of ID13 cells,
which contain about 100 episomally replicating copies of BPV-1, with increasing
amounts of the CDP/Cut expression vector pMT2-CDP, decreases the copy
number of BPV-1. The cells were electroporated with 4 pg of the empty vector
(slot 1), 0.5 (slots 2 plus 3), 4 (slots 4 plus 5), and 12 pg (slots 6 plus 7) of
pMT2-CDP and grown for 48 h. Then DNA was harvested, cleaved with HindIII,
and processed with a radioactive probe for BPV-1 DNA. The arrow points to the
8-kb band generated by the linearized BPV-1 genome.

able to replicate in these cells (lane 1). Cotransfection of the
empty expression vector pMT?2 (42) had no effect on HPV-16
replication (lane 2). By contrast, coexpression of a pMT2-CDP
construct that contains the full-length CDP/Cut cDNA abol-
ished HPV-16 replication (lane 3). This effect was not limited
to HPV-16, since replication of HPV-31 was also repressed in
a dose-dependent manner by the overexpression of CDP/Cut
(compare lanes 5 and 6 with lane 4). These data and the
intriguing overlap of the E1 and the CDP/Cut binding sites
suggest that CDP/Cut can repress HPV replication and that
CDP/Cut simultaneously regulates both transcription and rep-
lication.

As an alternative to this interpretation, one could suspect
that CDP/Cut influences the expression of E1 and E2 from the
heterologous promoters used in Cho4.15 with the downstream
consequence of repression of replication. To show that CDP/
Cut represses replication independently from such a poten-
tially artifactual system and to extend our study to a papillo-
mavirus type unrelated to the genital HPVs, we also examined
the replication of BPV-1. Figure 2 shows that this virus con-
tains potential CDP/Cut binding sites that overlap with the
binding site of the El protein in a manner similar to the
arrangement of sequences in genital HPVs. EMSA results in
Fig. 9A show that these homologous sequences indeed lead to
band shifts indistinguishable from those with HPV-16 and
HPV-2 sequences. To study the effect of CDP/Cut on the
replication of BPV-1, we transfected ID13 fibroblasts, a mouse
c127 cell-derived line with about 100 stably episomally repli-
cating BPV-1 genomes, with the pMT2-CDP expression vec-
tor. Figure 9B shows stepwise decreasing concentrations of
BPV-1 genomes after application of 0.5, 5, and 12 pg of pMT2-
CDP (slots 2 plus 3, 4 plus 5, and 6 plus 7, respectively) in
comparison with cells transfected only with the empty expres-
sion vector (slot 1). These data prove that CDP/Cut interferes
efficiently with papillomavirus replication, although this exper-
iment does not distinguish between an interference with E1
function, as suggested by us, and a potential repression of the
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homologous E1 and E2 promoters of BPV-1 with the down-
stream consequence of repression of replication.

DISCUSSION

The repressor CDP/Cut binds a nucleotide sequence that is
conserved among many HPV types. We have reported here five
lines of evidence suggesting that PSM-BP is identical to the
transcription factor CDP/Cut: (i) PSM-BP and CDP/Cut are
both transcriptional repressors with a propensity for binding
AT-rich sequences, (ii) PSM-BP and CDP/Cut have identical
purification profiles and similar molecular weight, (iii) the
known CDP/Cut binding site on gp91-phox gives rise to com-
plexes in EMSA studies that have identical mobilities to the
HPV-16 PSM-BP C1 and C2 complexes, (iv) formation of the
HPV-16 C1 and C2 complexes on the PSM can be competi-
tively inhibited by two known CDP binding sites, and (v) a
specific anti-CDP/Cut antibody abolishes the formation of the
C1 and C2 complexes in EMSA experiments with the HPV-16
probe. Collectively, these data leave little doubt that the tran-
scriptional repressor termed PSM-BP in our previous study is,
in fact, CDP/Cut.

CDP was originally described from a study of a histone H2B
gene from the sea urchin P. miliaris. This gene is selectively
expressed in sperm cells but repressed in embryonic cells. Ac-
tivation of the H2B promoter in sperm cells depends on the
complex formation between a CCAAT motif and the CCAAT
binding factor, CP1. However, formation of this complex is
abrogated in embryonic cells by CDP, which binds sequences
overlapping the CCAAT motif, thus blocking DNA binding by
CP1 (8). CDP was consequently named to reflect this initial
observation. Later, it was found that CDP can repress by two
distinct mechanisms, factor displacement (8, 53) and the func-
tion of a silencer domain without displacing an activating tran-
scription factor (36, 63). The recent finding that CDP/Cut
associates with the histone deacetylase HDACI1 provides a
potential explanation for this second activity, namely, struc-
tural alteration of nucleosomes (33). Our observation of the
stimulation of HPV-16 transcription by TSA suggests that this
mechanism is active in genital HPVs.

CDP was found to be a homologue of the Drosophila Cut
homeodomain protein, which plays a role in the determination
of cell fate in various tissues (reference 42 and references
therein); it is now frequently referred to by the combined
abbreviation CDP/Cut. As in Drosophila, CDP is believed to be
a general repressor of developmentally regulated genes in
mammals. Examples include regulation of the cytochrome
heavy-chain gene gp91-phox during myeloid differentiation
(34, 53) and expression of the immunoglobulin heavy chain
during B-cell differentiation (63).

CDP/Cut recognizes defined binding sites, as judged, for
example, by footprint analysis, but it does not specifically rec-
ognize CCAAT boxes or any other clearly recognizable and
conserved sequence motif. Natural and artificial CDP/Cut
binding sites are AT rich and often contain the sequences
5'-TAAT-3" and 5'-CAAT-3" repeated directly or invertedly
with variable spacing (3). Lack of specificity is in part explained
by the finding that the CDP/Cut contains four DNA binding
domains with different but overlapping sequence specificity (6,
25). Multiple 5'-TAAT-3" and 5'-CAAT-3" motifs occur in
each of the PSMs of the seven genital HPV types studied here.

PSM coupling of HPV transcription and epithelial differen-
tiation. The activity of HPV enhancers and promoters depends
upon the cooperation between more than 10 different factors
(for a review, see reference 44). The specificity of HPVs for
epithelial cells is apparently dependent upon only a subset of
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these factors, with most data available from studies of NF-I (4),
AP-1 (60), and Sp1 (5). These three factors are each derived
from multigene families, with the epithelial-cell specificity orig-
inating from the fact that different members of these gene
families differ in function and are expressed in a cell-type-
specific manner. While these three factors appear to bind the
LCRs of all genital HPV types (44, 50), another factor, skn-1,
expressed exclusively in epithelial cells, has so far been found
to activate only HPV-1 and HPV-18 gene expression (2, 66).
Consequently, regulation by skn-1 does not provide an expla-
nation for the general phenomenon of epithelial-cell specificity
of genital HPV enhancers.

It is probably the principal function of these three transcrip-
tion factors (NFI, AP-1, and Spl) to activate HPV gene ex-
pression selectively in an epithelial environment, leaving HPV
genomes dormant in nonepithelial cells. However, other fac-
tors may regulate transcription in a differentiation-dependent
manner during stratification. Differential gene expression in
the different layers of epithelia is well documented for both
cellular (30) and HPV (28, 55) genes. The sequences contained
within the E6 promoter may represent one way by which HPVs
modulate early transcription, since the relative concentration
between the activator Spl and its antagonist Sp3 changes dur-
ing epithelial differentiation (5).

Recent publications have provided new and exciting data
suggesting that CDP/Cut may represent another and quantita-
tively more important factor that couples HPV transcription to
epithelial-cell differentiation (1, 47). This is because the activ-
ity of CDP/Cut strongly decreases during epithelial-cell differ-
entiation and correlates with increased transcription from
three different early promoters of HPV-6. These findings sug-
gest that stratified epithelia are yet another example where
CDP/Cut influences the developmental regulation of gene ex-
pression. The modulation of the HPV-6 E6 promoter observed
by Roman and colleagues (1, 47) is probably derived from the
HPV-6 PSM, since the promoter fragment studied by these
authors includes this motif. Together, these findings, along
with the results presented here, suggest that CDP/Cut, by bind-
ing the conserved PSM of HPVs, may provide an important
regulatory link between epithelial differentiation and HPV
early gene expression.

Roman and colleagues also reported that other regions of
the HPV-6 genome, namely, the 5" part of the LCR, the E6
gene, and the E7 gene, bind CDP/Cut (1, 47), resulting in the
repression of the E6 promoter, the E7 promoter (which is
absent from HPV-16 and most other genital HPVs), and the
E1 promoter. In our ongoing research on the nature of nuclear
matrix attachment regions (MARs) of HPVs (58), we have
found that HPV-16 MARs also contain clusters of CDP/Cut
binding sites (W. Stiinkel, M. J. O’Connor, and H. U. Bernard,
unpublished results). The MARs of HPV-16 are located in the
same genomic positions as the CDP/Cut binding regions of
HPV-6 (1, 47) outside the HPV-6 E6 promoter fragment. The
CDP/Cut binding regions of HPV-6 are, by sequence analysis,
likely to be MARs (58). CDP/Cut has been proposed to be
attached the nuclear matrix (7), suggesting some functional
relationship between MARSs and clusters of CDP/Cut binding
sites. While details of these mechanisms await further re-
search, it is apparent that in addition to the important role
played by the PSM of each HPV type, there are, in the form of
MARs, conserved silencing elements within HPV genomes
with CDP/Cut binding sites. The PSM and MARs together
may form a complex network of cooperations among one an-
other and with other cellular components to achieve synchro-
nization of HPV gene regulation and epithelial differentiation.
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CDP/Cut represses papillomavirus replication and may
couple this process to epithelial-cell differentiation. HPV ge-
nomes are much more abundant in supraepithelial cells than in
basal cells (43), and their efficiency of replication apparently
depends on epithelial-cell differentiation (10). There are a
number of observations suggesting that CDP/Cut binding to
the PSM of HPVs could be partly or wholly responsible for the
differentiation-specific regulation of HPV replication. These
include (i) the overlapping of the PSM (and therefore the
CDP/Cut binding sites) with the HPV E1 binding site, (ii) the
repression of HPV-16 and HPV-31 replication by exogenously
expressed CDP/Cut protein, and (iii) as described above, the
differentiation-specific expression of the CDP/Cut protein it-
self.

While we have provided the first examples of how CDP/Cut
can repress papillomavirus replication in vivo, it is not clear
exactly what mechanism is involved. One obvious possibility is
that CDP/Cut prevents E1 from binding to its cognate sites
within the origin. However, E1 binding to sequences within the
origin is a complex affair in which active E1 complexes depend
upon the correct multimerization of E1 proteins (52). More-
over, E1 has the potential to bind to alternative sites within the
AT-rich sequences that include the origin, although binding to
these sites might not necessarily give rise to active E1 com-
plexes (A. Stenlund, personal communication). Thus, CDP/
Cut binding to the PSM might not prevent the binding of E1 to
the origin of replication but might prevent the formation of an
active E1 complex. Another nonexclusive mechanism could be
invoked that involves the association of histone deacetylase
activity with CDP/Cut (33). In such a mechanism, deacetyla-
tion of the histones of nucleosomes positioned in the vicinity of
the replication origin (56) could result in a chromatin structure
that prevents active replication. The need for nucleosomal
alterations during the initiation of papillomavirus replication
has recently been highlighted by the finding that E1 interacts
with components of the Swi/Snf complex (32b). Future studies
should provide insight into these possible mechanisms.

In summary, we have provided evidence that the PSM orig-
inally identified in HPV-16 is conserved in all genital HPVs
tested. The factor that binds to the PSM has now been iden-
tified as the differentiation-specific repressor CDP/Cut. What
is more, the conservation of positioning within the origin of
replication does not appear to be a coincidence, and we pro-
vide evidence that in addition to transcriptional repression,
CDP can repress HPV replication in vivo. Thus, through one
regulatory motif, both HPV early-gene expression and repli-
cation may be coupled to the differentiation program of the
host stratified epithelia.
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