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Human papillomaviruses (HPVs) infect keratinocytes of skin and mucosa. Homeostasis of these constantly
renewing, stratified epithelia is maintained by balanced keratinocyte proliferation and terminal differentiation.
Instructions from the extracellular matrix engaging integrins strongly regulate these keratinocyte functions.
The papillomavirus life cycle parallels the differentiation program of stratified epithelia, and viral progeny is
produced only in terminally differentiating keratinocytes. Whereas papillomavirus oncoproteins can inhibit
keratinocyte differentiation, the viral transcription factor E2 seems to counterbalance the impact of oncopro-
teins. In this study we show that high expression of HPV type 8 (HPVS8) E2 in cultured primary keratinocytes
leads to strong down-regulation of [34-integrin expression levels, partial reduction of 31-integrin, and detach-
ment of transfected keratinocytes from underlying structures. Unlike HPV18 E2-expressing keratinocytes,
HPV8 E2 transfectants did not primarily undergo apoptosis. HPV8 E2 partially suppressed (34-integrin
promoter activity by binding to a specific E2 binding site leading to displacement of at least one cellular DNA
binding factor. To our knowledge, we show for the first time that specific E2 binding contributes to regulation
of a cellular promoter. In vivo, decreased 34-integrin expression is associated with detachment of keratinocytes
from the underlying basement membrane and their egress from the basal to suprabasal layers. In papilloma-
virus disease, 34-integrin down-regulation in keratinocytes with higher E2 expression may push virally infected
cells into the transit-amplifying compartment and ensure their commitment to the differentiation process

required for virus replication.

Human papillomaviruses (HPVs) infect keratinocytes of
skin or mucosa, leading to the induction of proliferative le-
sions. They play a key role in anogenital cancer, head and neck
cancer, and squamous cell skin carcinomas arising in patients
suffering from epidermodysplasia verruciformis (EV), a rare
genetic disease. Recently, it has been shown also in immuno-
competent individuals that seroreactivity to the cutaneous
high-risk EV-associated HPV type 8 (HPVS) is correlated with
a significantly higher risk for nonmelanoma skin cancer (11,
26).

HPV infection targets basal keratinocytes in stratified epi-
thelia. A balanced keratinocyte proliferation rate and terminal
differentiation maintain homeostasis of these constantly re-
newing tissues. Both proliferation and differentiation are
strongly regulated by instructive signals from the underlying
extracellular matrix. These signals are conveyed to the cells by
integrins. Three major keratinocyte integrins, a2p1, a381, and
a6B4, have been defined (summarized in references 2, 45, and
48). While the «2B1 and «3B1 integrins are localized to focal
contacts at apicolateral surfaces of basal keratinocytes, a634
integrins are unique and atypical in that they do not localize to
focal contacts like most other integrins (in particular B1-inte-
grins). Rather, they localize to hemidesmosome-like struc-
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tures. The morphologies of focal contacts and hemidesmo-
some-like structures are quite different. The first appear as thin
elongated structures at the tips of actin stress fibers, while the
second appear as large patches organized in ring-like struc-
tures underneath the cells. The first are connected to actin
stress fibers, and the second connect intermediate filaments to
the underlying extracellular matrix component laminin-5 (4,
15, 25, 44). The anchorage of keratinocytes to extracellular
matrix suppresses keratinocyte differentiation (1, 24, 49). Con-
versely, loss of anchorage in vitro withdraws keratinocytes from
the cell cycle and is thought to initiate terminal differentiation
(16).

The papillomavirus life cycle parallels the differentiation
program of stratified epithelia, and viruses are produced only
in terminally differentiating keratinocytes. In basal cells the
early viral genes are weakly expressed, and only maintenance
copy numbers of the viral genome are established. Since HPV
lacks a viral polymerase for vegetative DNA replication, the
viral oncoproteins E6 and E7 interfere with cell cycle control
factors and ensure cellular DNA polymerase activity also in
suprabasal keratinocyte layers, thus delaying terminal keratin-
ocyte differentiation (29, 34, 35, 51). The viral transcription
factor E2 plays a major role in viral transcription and the
initiation of viral replication. It consists of an N-terminal trans-
activation domain and a C-terminal dimerization and DNA
binding domain which recognizes the ACCN,GGT sequence
motif. E2 is expressed at only low levels in basal keratinocytes.
In HPV16-positive cervical intraepithelial neoplasia I and II
lesions, E2 is found mainly in suprabasal layers, whereas in
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squamous cell carcinomas, the E2 function is mostly lost (40).
HPVS5 E2-specific mRNA was detected mainly in the upper
two-thirds of the epidermis in a benign cutaneous lesion of a
patient suffering from EV (19). It is still unclear how low E2
expression is regulated in basal keratinocytes and high E2
expression is induced in suprabasal cell layers.

The E2 protein seems to counterbalance the impact of on-
coproteins on keratinocyte function. It negatively regulates the
promoters for E6/E7 gene expression of genital papillomavi-
ruses. Repression appears to be mediated by displacing cellular
factors from the viral promoter (9, 43). E2 proteins from gen-
ital high-risk HPV or bovine papillomavirus induce G, cell
cycle arrest, senescence, or apoptosis in HPV-positive cells (7,
8, 20, 50). Moreover, E2 proteins from different HPVs coop-
erate with cellular transcription factors involved in keratino-
cyte differentiation. These include C/EBP factors, p300, and
p53 (17, 23, 27, 28, 32). It has recently been demonstrated that
the E2 protein of the genital high-risk virus HPV18 even in-
duces apoptosis in primary keratinocytes lacking other viral
proteins (6).

In line with these observations, our own attempts to estab-
lish a continuously growing cell line expressing E2 of the cu-
taneous high-risk virus HPV8 have repeatedly failed (S. Smola-
Hess, unpublished data). We were therefore interested in
investigating the consequences of HPVS8 E2 expression in ker-
atinocytes in comparison with those of HPV18 E2.

Here we show that primary keratinocytes expressing the E2
protein of the EV-associated cutaneous high-risk HPV8 do not
primarily undergo apoptosis, as is observed for HPV18 E2.
High expression of HPVS8 E2 led to strong down-regulation of
the B4-integrin and detachment of transfected keratinocytes
from underlying structures in vitro. E2 partially suppressed
B4-integrin promoter activity by specifically binding to a low-
affinity E2 binding site, leading to displacement of at least one
cellular DNA binding factor. To our knowledge, we show for
the first time that specific E2 binding contributes to regulation
of a cellular promoter.

MATERIALS AND METHODS

Plasmid constructs. The expression constructs pPEYFP-HPVS8-E2 and pEYFP-
HPV18-E2, encoding full-length E2 fusion proteins, and pEYFP-HPV8-E2C,
encoding enhanced yellow fluorescent protein (EYFP) fused to the DNA binding
and dimerization domain of HPV8 E2, have previously been described (17). The
L5.5K luciferase reporter construct containing a fragment (—5197 to +333) of
the human B4-integrin promoter region fused upstream of the firefly luciferase
gene in the pGL3-basic vector (Promega, Madison, Wis.) was a generous gift
from S. Hirohashi (42). L5.5K-BS-II-mut was constructed by using the Quick-
Change XL site-directed mutagenesis kit (Stratagene, La Jolla, Calif.) according
to the manufacturer’s instructions. Ten nanograms of plasmid template L5.5K
and 125 ng of primers containing three single-nucleotide mismatches (under-
lined) in the putative E2 binding site II (BS-II-mut) (5'-GCAGAACAGCTCT
CAGATGGCGAGGAAAGGCGGCGACTCACAC-3' [the positions of the E2
consensus binding site are shown in boldface]) were incubated in a final volume
of 50 pl for mutagenesis. Sequencing confirmed the incorporated mutations.

Cell culture and transfection. Primary human foreskin keratinocytes (HFKs)
(BioWhittaker, Vervier, Belgium) were cultured under low-calcium (0.15 mM)
conditions in KGM-2 medium (BioWhittaker) containing insulin, epidermal
growth factor, hydrocortisone, epinephrine, and bovine pituitary extract accord-
ing to the supplier’s instructions. Second- to fourth-passage keratinocyte cultures
were seeded at a density of 3.7 X 10* cells/cm?. Twenty-four hours later a total
amount of 0.2 ug of DNA/cm? was transfected with TransFast transfection
reagent (Promega, Southampton, United Kingdom) according to the manufac-
turer’s protocol. Cells were analyzed 24 to 48 h after transfection. All experi-
ments were performed at least three times, with keratinocytes from three dif-
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ferent donors. Nuclear extracts were isolated as described by Schreiber et al.
37).

293T cells (31) were grown in Dulbecco’s modified Eagle’s medium (with
Glutamax I) supplemented with 8% fetal calf serum, 100 U of penicillin per ml,
0.1 mg of streptomycin per ml, and 1 mM sodium pyruvate (all from Invitrogen,
Karlsruhe, Germany). For transfection, FuGene6 transfection reagent (Roche,
Indianapolis, Ind.) was used according to the manufacturer’s instructions.
Briefly, 293T cells were plated in 15-cm-diameter tissue culture dishes at 8.7 X
10° cells per dish and grown for 24 h prior to the addition of 70 ug of pPEYFP-C1
or pEYFP-HPVS-E2C DNA. After 48 h, nuclear extracts were isolated.

Detachment assay. To quantify the detachment of transfected HFKs from the
culture dish, floating cells were collected from the supernatants 48 h after
transfection, centrifuged, and resuspended in 50 pl of culture medium. The
numbers of EYFP-positive and -negative cells were counted by using a Neubauer
chamber under a fluorescence microscope (Axiovert 135; Zeiss, Jena, Germany).
Transfection efficiencies were determined by counting pooled adherent and
nonadherent cells. The numbers of EYFP-positive cells in the supernatants were
normalized to the respective transfection efficiencies. Results from transfections
containing only pEYFP-C1 were set as the reference (value of 1). Experiments
were performed twice in quadruplicate.

Immunofluorescence microscopy. HFKs were grown on glass coverslips and
transfected with pEYFP-HPVS-E2, pEYFP-HPV18-E2, or pEYFP-C1 control
vector, with maximum transfection efficiencies of 4 to 5% for the E2 expression
constructs and 8% for the control vector. At 48 h after transfection, cells were
washed (leading to a further loss of E2-transfected cells), fixed with 2% (wt/vol)
paraformaldehyde in phosphate-buffered saline (PBS) for 15 min, and perme-
abilized in 0.2% (vol/vol) Triton X-100 for 1 min. Cells were rinsed three times
with PBS and incubated in 1% (wt/vol) bovine serum albumin (BSA) in PBS for
45 min, followed by a 1-h incubation with primary anti-human B4-integrin anti-
body (3E1, murine immunoglobulin G1 [mIgG1]) (Chemicon, Temecula, Calif.)
diluted 1:200 in blocking buffer (2% BSA-PBS). After washing six times with
PBS, Cy3-conjugated secondary antibody (Jackson Immunoresearch Laborato-
ries, West Grove, Pa.) diluted 1:400 in blocking buffer was applied for another 45
min together with a solution of 1 pg of DAPI (4',6'-diamidino-2-phenylindole)
(Sigma, St. Louis, Mo.) per ml for nuclear staining. F-actin was labeled with
phalloidin AlexaFluor 633 (Molecular Probes, Eugene, Oreg.), using 3 U per
coverslip, according to the manufacturer’s protocol. All steps were performed at
room temperature. After washing six times with PBS, coverslips were mounted
on microscope slides with Aquatex (Merck, Darmstadt, Germany) and visualized
with a Leica TCS-NT confocal laser scanning microscope or a Nikon fluores-
cence microscope. In the case of B4-integrin staining, all pictures were recorded
at the focal plane corresponding to the cell-substrate interface. In some exper-
iments analyzed with the latter microscope, strong EYFP expression was also
seen with the filters for Cy3 detection.

Cell staining and flow cytometry. HFKs were harvested 48 h after transfection,
resuspended in blocking buffer, and centrifuged. Cells (4 X 10°) were incubated
with anti-B4-integrin antibodies diluted 1:200 in blocking buffer or hybridoma
supernatant containing anti-1-integrin (P5D2, mIgG1) (Developmental Studies
Hybridoma Bank, University of Iowa) or anti-major histocompatibility complex
(MHC) class I (W6/32, mIgG2a) (ATCC HB-95) antibodies for 45 min at 4°C.
Cells were then washed, stained with allophycocyanin-conjugated goat anti-
mouse IgG (BD PharMingen, San Diego, Calif.) for 45 min at 4°C, and fixed in
1% paraformaldehyde. Flow cytometry analysis was performed with a FACS-
Calibur instrument (Becton Dickinson, San Jose, Calif.). Control experiments
were carried out with isotype-matched antibodies. Mean fluorescence intensities
were calculated with the CellQuest program (Becton Dickinson).

Luciferase assay. Cell lysis and luciferase quantifications were performed 48 h
after transfection. The cells were washed twice in PBS and lysed by adding 300
wl of luciferase extraction buffer containing 0.1 M potassium phosphate buffer
(pH 7.5) and 0.5% NP-40. Luciferase activity was determined with a Berthold
(Wildbad, Germany) luminometer and normalized to protein concentrations in
the respective extracts. Mean values = standard deviations from three experi-
ments with triplicate determinations each were calculated.

EMSA. Double-stranded synthetic oligonucleotides were synthesized as fol-
lows: BS-I, CTTAGTGAGACCTCCCTGGGTTGACATCTCGCC (nucleotides
[nt] 3133 to 3144); BS-II, TCTCAGATGACCAGGAAAGGTGGCGACTC
ACAC (nt 3590 to 3601); BS-III, CTGCTATGCACCAGGCATGGTGCTAGG
TGCTAG (nt 3753 to 3764); BS-II-mut, TCTCAGATGGCGAGGAAAGGCG
GCGACTCACAC; and HPV18 control E2-BS, CGGTCGGGACCGAAAAC
GGTGTATATAAA (nt 50 to 78). (Numbering for BS-I to -III is according to
GenBank accession number AB012286; consensus binding sites are shown in
boldface, and point mutations introduced into the consensus binding sites are
underlined. HPV18 E2-1 represents the first E2 binding site within the HPV18
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long control region [accession number AY262282].) For electrophoretic mobility
shift assay (EMSA) oligonucleotides were labeled with [a-*P]dATP by using
Klenow fragment (Invitrogen, Carlsbad, Calif.). Nuclear extracts prepared from
transfected 293T cells or untransfected HFKs were incubated with 3*P-labeled
DNA probe in the presence of 20 mM HEPES-K (pH 7.9), 60 mM KCI, 4 mM
MgCl,, 1 mM spermidine, 0.1 mM EDTA, 1 mM dithiothreitol, 1 mg of BSA per
ml, 50 pg of poly(dI-dC) (Amersham Pharmacia, Piscataway, N.J.) per ml, 10%
glycerol, 1.5 mM phenylmethylsulfonyl fluoride, and 0.3 g of aprotinin (Sigma)
per pl in a final volume of 30 wl on ice for 30 min. Reaction products were then
separated in a 5% polyacrylamide gel in 0.5X Tris-borate-EDTA. The gels were
dried and exposed to autoradiographic films.

For supershift experiments, anti-EYFP polyclonal rabbit antibody (BD Bio-
sciences Clontech, Palo Alto, Calif.) was used at dilutions of 1:5, 1:10, 1:20, and
1:40. Baculovirus-generated His-tagged HPV8-E2 (41) was used in competition
assays.

RESULTS

HPVS8 E2- and HPV18 E2-transfected primary keratinocytes
detach from culture dishes. In order to identify E2-positive
cells under the fluorescence microscope, expression vectors
encoding full-length E2 from HPVS8 or HPV18 fused to EYFP
were used for transfection of primary human keratinocytes.
These fusion proteins were transcriptionally active, since they
were both able to activate an E2-dependent luciferase reporter
construct (data not shown). We observed that E2-expressing
cells displayed a greater tendency to detach spontaneously
from culture dishes compared with transfection controls. This
effect was noticeable already at 24 h posttransfection and pro-
gressed during the next 24 h. To quantify detachment, the
number of EYFP-positive cells among floating cells was
counted and normalized to transfection efficiency in each
group. Detachment of HPV8 E2-expressing primary keratino-
cytes was about fivefold higher, and detachment of HPV18
E2-expressing cells was threefold higher, than that of controls
expressing only EYFP (Fig. 1A).

To characterize the potential morphological changes of E2-
expressing keratinocytes, adherent cells were stained with
phalloidin. Confocal microscopy analysis of F-actin staining
revealed pronounced changes in the morphology of the actin
skeleton of E2-transfected cells. The cells displayed loss of
cell-cell contacts and rounded up. These changes were accom-
panied by a considerable reduction in cell size, particularly in
HPV18 E2-expressing keratinocytes (Fig. 1B). Phalloidin
staining of control EYFP-positive cells revealed a typical dis-
tribution of actin filaments for normal keratinocytes and did
not display any differences compared with surrounding un-
transfected cells.

HPV18 E2 but not HPV8 E2 induces apoptosis in primary
keratinocytes. Increased detachment of HPVS E2-positive
cells might be a result of apoptosis, as previously demonstrated
for HPV18 E2. To address this question, we analyzed DAPI-
stained nuclei of E2-expressing cells under the fluorescence
microscope. Primary human keratinocytes expressing EYFP
or treated with staurosporine, an apoptosis-inducing agent,
served as controls. Staurosporine-treated cells revealed nu-
clear fragmentation in most examined cells (Fig. 2, column 2).
Characteristic chromatin condensation or nuclear fragmenta-
tion was also consistently observed in the nuclei of HPV18
E2-expressing cells. In contrast to these cells, keratinocytes
transfected with pEYFP-HPV8-E2 or with pEYFP-C1 vector
alone did not display any signs of nuclear fragmentation (Fig.
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FIG. 1. (A) Detachment of HPV E2-expressing keratinocytes from
culture dish. Primary human keratinocytes were seeded in 12-well
plates and transfected with 0.77 pg of pEYFP-C1, pEYFP-HPVS-E2,
or pEYFP-HPV18-E2 expression construct. After 48 h, the number of
fluorescent cells floating in the supernatants was counted. The data
were normalized to the transfection efficiencies in each group. Shown
is the relative detachment compared with the EYFP control in two
independent experiments. Error bars indicate standard deviations. (B)
HPV E2-expressing keratinocytes display distinct morphological fea-
tures. Keratinocytes seeded on glass coverslips were transfected as de-
scribed above. After 48 h, cells were fixed, permeabilized, and stained
with AlexaFluor-633—phalloidin (red fluorescence) and DAPI (blue
fluorescence). EYFP- or EYFP-E2-expressing cells (two independent
stainings) (green fluorescence) were analyzed by confocal microscopy.
Overlays are shown in the right panels. (C) HPV E2-expressing kera-
tinocytes can be found on top of nontransfected cells. Keratinocytes
transfected with pEYFP-HPV8-E2 and stained as described above
were analyzed by confocal microscopy (left panel). A section (gray
line) through a nontransfected cell (right cell, nucleus in blue) and an
EYFP-HPVS E2-expressing cell lying above (left cell, nucleus in blue
with EYFP-fluorescence in green) is shown in the right panel.

EYFP-
8E2.3

1 and 2, second columns). Interestingly, HPV8 E2-positive
cells were found on top of nontransfected cells. One example
is documented in Fig. 1C.

PB4-integrin expression is down-regulated in HPV8 E2-
transfected keratinocytes. Since induction of apoptosis did ob-
viously not account for HPV8 E2-mediated cell detachment,
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FIG. 2. HPV18- and HPV8 E2-expressing keratinocytes both lose
B4-integrin expression, but only HPV18 E2-positive cells display apo-
ptotic nuclei. Primary human keratinocytes were seeded in 24-well
plates; transfected with 0.4 wg of pEYFP-C1, pEYFP-HPVS-E2, or
pEYFP-HPV18-E2 expression constructs (green fluorescence); fixed;
permeabilized after 36 h; and stained with DAPI (blue fluorescence)
and anti-B4-integrin primary antibody and Cy3-conjugated secondary
antibody (red fluorescence). The overlays are shown in the right panel.
Due to low transfection efficiencies of the pEYFP-E2 constructs, only
single cells could be recorded at a 400-fold magnification. EYFP-8E2.1
to -3 represent the results from three independent pEYFP-HPVS-E2
transfections. The lower panels represent untransfected cells treated
with 1 wM staurosporine for 5 h as a control.

we analyzed integrin expression mediating cellular adhesion.
In fact, E2-transfected cells displayed low or absent B4-integrin
expression as judged from immunocytochemistry (Fig. 2, col-
umn 3). Reduction of B4-integrin expression was observed in
HPVS8 E2- as well as HPV18 E2-expressing cells, irrespective
of signs of nuclear fragmentation. B4-integrin expression levels
remained unchanged in controls expressing EYFP alone and
were largely unaffected in staurosporine-treated apoptotic
cells. These data revealed that apoptosis in normal human
keratinocytes was not necessarily associated with down-regu-
lation of B4-integrin. Rather, down-regulation of B4-integrin
seemed to be specific for E2-induced cellular changes. To
avoid any interference with apoptosis mechanisms, we contin-
ued the following experiments with the HPV8 E2 protein only.

Confocal microscope pictures recorded at the focal plane
corresponding to the cell-substrate interface showed large
patches distributed underneath the cells, typical of B4-inte-
grins, in nontransfected and in pEYFP-transfected cells (Fig.
3A, upper panels). The staining for B4-integrin was strongly
reduced in the pEYFP-HPVS8-E2-transfected cells, confirming
the observation that B4-integrin expression may even be com-
pletely lost in some keratinocytes transfected with HPVS E2
(Fig. 3A, lower panels).

To quantify B4-integrin expression levels further, we per-
formed flow cytometry analysis. Keratinocytes were gated for
EYFP fluorescence and analyzed for B4-integrin, B1-integrin,
and MHC class I expression levels as controls. Whereas ex-
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pression of MHC class I remained almost unchanged (92%
expression according to mean fluorescence intensity) (Fig. 3B,
right panel), HPV8 E2-positive keratinocytes showed an ap-
proximately 10-fold down-regulation of B4-integrin expression
in more than 40% of the transfected cells and mild down-
regulation of Bl-integrin (24%) in the transfected cells (Fig.
3B).

HPV8 E2 binds to sequence-specific sites in the $4-integrin
promoter with different affinities. The E2 protein can suppress
papillomavirus promoters by binding to low-affinity binding
sites, leading to the displacement of cellular binding factors.
Although no cellular promoter containing E2 binding sites has
been described so far, we investigated the B4-integrin pro-
moter (GenBank accession number AB0O 12286) for E2 con-
sensus binding sites in a computer-based search using the Mat-
Inspector program (33). Surprisingly, three potential E2
binding sites within this B4-integrin promoter region were de-
tected: BS-I at positions 3133 to 3144, BS-II at 3590 to 3601,
and BS-III at 3753 to 3764 (see Materials and Methods for the
respective sequences). To test their E2 binding capacities,
EMSAs were performed with the different E2 binding sites and
nuclear extracts isolated from pEYFP-HPVS-E2C-transfected
293T cells expressing the HPV8 E2 DNA binding domain. An
oligonucleotide comprising an E2 binding site from the HPV18
long control region served as a control. The HPV8 E2 C-
terminal portion bound to all tested oligonucleotides. How-
ever, the amount of product bound varied greatly, suggesting
differences in binding affinities. BS-II displayed the highest
affinity among the cellular E2 binding sites, followed by BS-I1I,
whereas binding to BS-I was almost undetectable (Fig. 4A). To
visualize the specific binding of the E2 C terminus to BS-I, a
fivefold-larger amount of nuclear extract was needed. Bands
observed in EMSAs performed with EYFP control extracts on
BS-II were also observed in parallel control EMSAs performed
with untransfected 293T cells and therefore appear not to be
due to EYFP expression (data not shown). Moreover, after
specific supershifting of EYFP-HPVS E2C, the same bands
were still seen in EMSA, further supporting that they were
independent of EYFP expression (Fig. 4B).

BS-11, displaying the highest affinity for E2 among the cel-
lular binding sites was analyzed in more detail by use of su-
pershift experiments. Serial dilutions of anti-EYFP antibodies
were added to the nuclear extracts. The EYFP-8E2C-specific
band gradually disappeared with increasing doses of anti-
EYFP antibody, while a novel higher-molecular-weight com-
plex appeared (Fig. 4B). Compared to the intensity of the
E2C/BS-II complex, the supershifted bands are weak. This
might be due to the fact that the polyclonal anti-EYFP anti-
bodies used for supershifting prevent proper dimerization of
the E2C portion within the fusion protein, which is required
for binding to the E2 binding site.

HPVS8 E2 suppresses the 4-integrin promoter. In order to
investigate whether E2 exerted a direct effect on the B4-inte-
grin promoter activity, we performed transient-transfection as-
says with a luciferase reporter construct (L5.5K) in primary
HFKs. Cotransfection of the pEYFP-HPVS-E2 expression
plasmid repressed L5.5K reporter gene activity in a dose-de-
pendent manner (Fig. SA, left panel), which was still observed
with 8 ng of pPEYFP-HPVS-E2 expression plasmid. Repression
was also detected in transient-transfection experiments with an
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FIG. 3. (A) Analysis of the B4-integrin expression pattern by confocal laser scanning microscopy. Keratinocytes seeded on glass coverslips were
transfected with pEYFP-C1 vector or the pEYFP-HPVS-E2 or pEYFP-HPV18-E2 expression construct. After 48 h, cells were fixed, permeabil-
ized, and stained with anti-B4-integrin (red fluorescence) primary and Cy3-conjugated secondary antibodies. EYFP-expressing cells (green
fluorescence) were analyzed by confocal microscopy. Overlays are shown in the right panel. All pictures of B4-integrin stainings were recorded at
the focal plane corresponding to the cell-substrate interface. (B) HPV8 E2 strongly down-regulates B4-integrin compared with B1-integrin and
MHC class I expression levels. Keratinocytes were seeded onto plastic dishes. After 24 h, they were transfected with expression constructs encoding
EYFP or EYFP-tagged HPV8 E2. Forty-eight hours later, cells were harvested, stained, and gated for EYFP fluorescence. Expression levels of
B4- and Bl-integrins as well as MHC class I were determined by flow cytometry and are represented by solid gray histograms (left panels). The
white histograms represent isotype-matched controls (left panels). Mean fluorescence intensities of the respective stainings are shown in the right

panel.

expression vector encoding untagged HPV8 E2 (pcDNA-
HPV8-E2) (17), ruling out effects of the EYFP tag only (data
not shown).

More than 40% inhibition of L5.5K was still obtained when
the HPVS E2 carboxy-terminal portion fused to EYFP
(pEYFP-HPVS-E2C) was cotransfected (Fig. 5A, right panel).
This was particularly interesting, since the E2 C terminus com-
prises the DNA binding domain of the transcription factor.

HPVS8 E2 replaces a cellular factor binding to the B4-inte-
grin promoter. We next performed gel retardation assays in
order to determine whether the binding of E2 to the B4-
integrin promoter interferes with binding of potential cellular
DNA binding factors present in the nuclear extracts of HFKs.
At least two complexes of the oligonucleotide comprising
BS-II with cellular proteins were detected by EMSA (Fig. 6,
lanes 2 and 6). One of these complexes was displaced from the
oligonucleotide by increasing amounts of purified baculovirus-
expressed His-tagged HPV8 E2, whereas the second complex
remained stable (Fig. 6, lanes 3 to 5). To exclude the possibility
that the observed displacement resulted from changes in buffer
composition, control EMSAs were performed. The binding of
the latter cellular complex to BS-II remained unchanged when
E2-dissolving buffer (without E2) was employed (Fig. 6, lanes
7 to 9). In this case, binding of the analyzed unknown cellular
DNA binding factor remained unchanged. On BS-III binding,
activity of cellular proteins was hardly detectable (Fig. 6, lane

1).

The second E2 binding site contributes to E2-mediated sup-
pression. To elucidate the functional relevance of the second
E2 binding site for the regulation of B4-integrin gene expres-
sion, point mutations were introduced into the BS-II sequence.
These mutations (in BS-II-mut) abolished binding of the
HPVS8 E2 C-terminal portion (Fig. 7A, right panel) but did not
prevent binding of the cellular factor(s) displaceable by E2
(Fig. 7B). Luciferase assays were again performed with pri-
mary HFKSs, using an L5.5K reporter construct with corre-
sponding mutations (L5.5K-BS-II-mut). The ability of full-
length HPV8 E2 or the HPV8 E2 C terminus to repress this
mutated reporter construct was reduced by 20 to 30% com-
pared with that of the wild-type P4-integrin promoter. Sup-
pression was completely lost in cotransfections with 0.12 g of
the pEYFP-HPV8-E2C plasmid (Fig. 5B).

DISCUSSION

The papillomavirus transcription factor E2 is an important
regulator of viral transcription and replication. E2 is expressed
at low levels in basal layers and at higher levels in suprabasal
layers of HPV-infected epithelia (19, 40). Currently, it is not
known how the E2 expression pattern is regulated in different
layers of the epithelium, since no E2-specific promoter has
been defined yet.

In HPV-infected epithelia, the viral oncoproteins keep su-
prabasal keratinocytes in cycle and suppress differentiation.
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FIG. 4. (A) HPVS E2 binds to specific sites within the B4-integrin promoter with different affinities. **P-labeled oligonucleotides comprising
a single E2 binding site (BS-II and BS-III) were incubated with 28 pg of nuclear extracts isolated from pEYFP-C1- and pEYFP-HPV8-E2C-
transfected 293T cells. In reaction mixtures containing BS-I, fivefold more nuclear extract was added. Oligonucleotides comprising the first E2
binding site (control E2-BS) within the HPV18 long control region served as controls. The arrows indicate binding activities appearing in the
EYFP-8E2C-containing extracts. (B) Supershift analysis of the EYFP-8E2C binding activity on BS-II. Serial dilutions (1:5, 1:10, 1:20, and 1:40)
of antibodies directed against the EYFP moiety were added to the nuclear extracts isolated from 293T cells transfected with pEYFP-HPVS-E2C
prior to the addition of **P-labeled wild-type BS-II oligonucleotides. Supershifted complexes are indicated by an asterisk. Arrows indicate the
EYFP-HPVS-E2C specific bands, which disappeared with increasing doses of anti-EYFP antibody.
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Terminal differentiation of keratinocytes, however, is required gered by loss of integrin-mediated anchorage to extracellular
to complete the viral life cycle. Recently, it has been shown matrix (1, 24, 49).
that E2 binds to and cooperates with cellular transcription In this study we show that high expression of HPVS8 E2 in
factors, which are involved in keratinocyte differentiation (17, cultured primary keratinocytes leads to strong down-regulation
23, 27, 28, 32). In noninfected epithelia, differentiation is trig- of the B4-integrin, partial reduction of Bl-integrin expression,
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FIG. 5. (A) Repression of the B4-integrin promoter by wild-type HPV8 E2 (left panel) or the HPV8 E2 C terminus (right panel). Normal
human keratinocytes were cotransfected with the luciferase reporter plasmid L5.5K under control of the B4-integrin promoter (1.5 pg) and
decreasing amounts of pEYFP-HPVS8-E2 expression plasmids or with equimolar amounts (eq.) of pEYFP-HPVS-E2C encoding the C-terminal
portion of E2. The total amount of DNA was adjusted with empty pEYFP-C1 vector. (B) The E2 BS-1I within the B4-integrin promoter contributes
to repression by the HPV8 E2 C terminus. A B4-integrin promoter reporter construct (L5.5K-BS-II-mut) (1.5 pg) containing the same mutated
BS-II as in Fig. 7A was cotransfected with pEYFP-HPVS-E2 (0.5 or 0.125 wg) or equimolar amounts of pEYFP-HPV8-E2C into HFKs. The total
amount of DNA was adjusted with empty pEYFP-C1 vector. All luciferase activities were determined after 48 h and normalized with the protein
concentration of the respective luciferase extracts. The value of the control (empty pEYFP-C1 vector only, open bars) was set at 1. Transfections
were conducted in triplicates. The indicated values were averaged from three independent experiments. Error bars indicate standard deviations.
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FIG. 6. HPV8 E2 displaces a cellular factor binding to the BS-II of
the B4-integrin promoter. Nuclear extracts prepared from HFKs
(HFK-NE) were incubated with *?P-labeled oligonucleotides contain-
ing the BS-III (lane 1) or BS-II (lanes 2 to 9) of the B4-integrin
promoter. In the case of BS-II, increasing amounts of baculovirus-
expressed histidine-tagged HPVS8 E2 protein (His-8E2) (lanes 3, 4, and
5) or His-8E2 elution buffer (lanes 7, 8, and 9) were added, and
complexes were analyzed by EMSA. The E2-containing band is indi-
cated by an arrow. The single and double asterisks indicate two dif-

ferent complexes of cellular proteins binding to the BS-II oligonucle-
otides.

and detachment of transfected keratinocytes from underlying
structures.

Detachment of keratinocytes was observed after transfection
of HPVS8 E2 as well as HPV18 E2. However, transfectants
displayed strong differences in morphology. Our results are
compatible with the hypothesis that HPV18 E2 can cause a-
poptosis, which was recently described by Demeret et al. (6). In
contrast to this, nuclei of HPV8 E2-expressing cells remained
completely intact, suggesting that apoptosis was not a prereq-
uisite for cellular detachment. Rather, we observed that inte-
grin expression levels decreased in HPVS8 E2-expressing kera-
tinocytes. While Pl-integrin expression levels were slightly
reduced, a much stronger reduction was observed for B4-inte-
grin expression levels. Of note, B4-integrin is the major inte-
grin required for keratinocyte attachment to the underlying
matrix (for reviews, see references 2 and 5). The reduction of
B4-integrin expression was seen by confocal fluorescence mi-
croscopy and quantified by flow cytometry. Keratinocytes
treated with staurosporine underwent apoptosis but did not
necessarily lose P4-integrin expression, further underlining
that apoptosis is not always accompanied by loss of B4-integrin.

One clue to the mechanism underlying E2-mediated B4-
integrin suppression came from computer-based analysis of the
B4-integrin promoter, where we found three potential E2 bind-
ing sites. In EMSA, we could confirm binding of the HPV8 E2
C terminus to these sites, but with markedly different affinities.
The strongest binding was observed for BS-II, followed by
BS-III, whereas binding to BS-I was extremely weak. In all
cases, however, E2 binding was weaker than binding to a ref-

J. VIROL.
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FIG. 7. (A) Mutations within the E2 BS-II of the B4-integrin pro-
moter abolish HPV8 E2 binding. **P-labeled oligonucleotides com-
prising wild-type or mutated BS-II (BS-II-mut containing the same
mutated BS-II as in Fig. 5B) were incubated with 28 pg of nuclear
extracts isolated from 293T cells transfected with pEYFP-C1 (lanes 2
and 5) or pEYFP-HPVS-E2 (lanes 3 and 6). Lanes 1 and 4 show the
free oligonucleotide controls. (B) Mutations within the E2 BS-II of the
B4-integrin promoter do not abolish binding of the E2-displaceable
cellular factor (asterisk). Nuclear extracts (10 wg) prepared from
HFKs were incubated with *?P-labeled oligonucleotides containing the
BS-II or BS-II-mut and analyzed by EMSA.

erence E2 binding site derived from an HPV-derived control
region. All E2 binding sites in the B4-integrin promoter are of
the classical ACCN,GGT type. However, internal or flanking
sequences may account for the differences in binding. It has
been suggested that a higher number of A/T pairs in the non-
conserved core region (Ng) of the E2 recognition sequence is
preferred for binding of HPVS8 E2 in the viral promoter region
(41). These requirements for E2 binding correlate very well
with our data obtained with E2 binding sites from the human
B4-integrin promoter. BS-II contains four A/T pairs, BS-III
contains three A/T pairs, and the lowest-affinity BS-I contains
two A/T pairs in the nonconserved base pairs of the E2 con-
sensus binding site.

Due to low transfection efficiencies (<4 to 5%) of the
pEYFP-HPV-E2 constructs in primary keratinocytes, we were
unable to selectively prepare mRNA from E2-transfected cells
in order to study B4-integrin regulation on the transcriptional
level. However, transient-transfection experiments revealed
that E2 was able to suppress the activity of a 4-integrin pro-
moter construct in a dose-dependent manner. About 40% sup-
pression of the B4-integrin promoter was also achieved with
the HPVS8 E2 C terminus comprising only the dimerization and
DNA binding domain of the transcription factor, indicating
that direct E2 binding to the promoter might be relevant for
suppression. Nuclear extracts derived from primary human
keratinocytes contained so-far-unknown factors binding to
BS-II as shown by EMSA. This binding activity was strongly
inhibited by recombinant HPV8 E2 protein. Site-directed mu-
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tagenesis of BS-II within the reporter construct revealed that
this E2 binding site contributed partially (about 20 to 30%) to
B4-integrin promoter suppression. Thus, E2 may partially re-
press the P4-integrin promoter by displacing a cellular fac-
tor(s). These findings are consistent with the observation that
low-affinity E2 binding sites in the HPV8 noncoding region can
mediate repression by displacement of cellular transcription
factors (3, 36, 41). To our knowledge, we show for the first time
that specific E2 binding can regulate a cellular promoter. In the
future, it will be interesting to characterize the cellular fac-
tor(s) potentially involved in regulation of B4-integrin pro-
moter activity.

Which additional mechanisms might contribute to E2-medi-
ated regulation of B4-integrin expression? In transient-expres-
sion assays we cannot exclude a potential contribution of
squelching to repression of the reporter construct mediated by
the overexpressed full-length E2 protein. However, this would
not explain the strong suppression of B4-integrin protein ex-
pression levels by E2. E2 might also utilize indirect mecha-
nisms for suppression, apart from direct effects on the B4-
integrin promoter involving binding of its C terminus to the
specific E2-recognition sequence ACCN,GGT. In the epithe-
lium, B4-integrin expression is strongly down-regulated in su-
prabasal differentiating keratinocytes. Recently, it has been
shown that the HPV E2 protein can functionally interact with
a variety of cellular factors, including C/EBPa and -, p300,
and p53 (17, 23, 27, 28, 32). These cellular factors are all
involved in the regulation of keratinocyte differentiation, which
may influence B4-integrin expression as well.

What could be the benefit of integrin suppression for the
viral life cycle? Bl-integrins are important for keratinocyte
proliferation. B1-integrin levels are highest in stem cells and
lower in keratinocytes of the transit-amplifying compartment,
which are destined to withdraw from the cell cycle and differ-
entiate after some divisions (18, 21, 22). The B4-integrin sub-
unit associates with a6, and the dimer is concentrated at the
basement membrane zone, where it is involved in hemidesmo-
some formation mediating attachment to laminin-5, the pre-
ferred ligand within the underlying matrix (38, 39). Thus, the
primary function of the a6p4-integrin is considered to be to
attach basal keratinocytes to the basement membrane in vivo
(48). Complete loss of the a6p4-integrin by targeted deletion
in mice (10, 14, 46) or due to mutations in genes encoding
either the a6 or B4 subunit in patients (30, 47) results in
rudimentary hemidesmosomes and massive blistering upon
physical stress. Decreased but not completely abolished
a6(B4)-integrin expression was recently demonstrated in mice
overexpressing c-Myc in the basal layer of the epidermis (12)
resulting in decreased formation of hemidesmosomes and de-
creased assembly of the actomyosin cytoskeleton. c-Myc over-
expression in mice and also in human keratinocytes promoted
differentiation of epidermal stem cells rather than the induc-
tion of blisters (13). Thus, in vivo, decreased a6p4-integrin
expression appears to be a prerequisite for keratinocytes to
detach from the underlying basement membrane, allowing
their movement to the suprabasal layers and commitment for
terminal differentiation. This assumption is consistent with the
fact that many HPVS8 E2-expressing cells were found on top of
nontransfected cells also in tissue culture.

In papillomavirus disease, B4-integrin down-regulation may

HPV8 E2 SUPPRESSES B4-INTEGRIN EXPRESSION 10745

ensure that virus-infected cells with higher E2 expression pop-
ulate the transit-amplifying compartment within the epithe-
lium. These cells not only support viral replication but also are
committed to the differentiation process required for papillo-
mavirus maturation.
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