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Synthesis of Viral DNA and Late Capsid Protein L1 in Parabasal Spinous Cell Layers of
Naturally Occurring Benign Warts Infected with Human Papillomavirus Type 1
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We investigated human papillomavirus type 1 (HPV1)-specific transcription, viral DNA replication, and viral protein
expression in naturally occurring benign tumors by in situ hybridization, 5-bromodeoxyuridine (BrdU) incorporation, and
immunohistochemistry and obtained results different from other HPV-infected benign tumors characterized so far. Moderate
amounts of transcripts with a putative coding potential for E6/E7, E1, and E2 were demonstrated from the first subrabasal
cell layer throughout the stratum spinosum and granulosum. In addition very large amounts of E4 and L1 transcripts were
present in the same epithelial layers. This finding was substantiated by the demonstration of L1 and E4 protein already in
the bottom-most spinous cell layer. Furthermore massive amplification of the viral DNA as measured by BrdU incorporation
and different methods of in situ hybridization took place in the lowest 5 to 10 suprabasal cell layers. These findings are in
contrast to the assumption that late gene expression and viral DNA synthesis are restricted to the more differentiated cell
layers of the epithelium and point to differences in the regulation of the vegetative life cycle between different papillomavirus

types. © 2000 Academic Press
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INTRODUCTION

Human papillomaviruses (HPVs) are nonenveloped
double-stranded DNA viruses, which are able to induce
benign or malignant tumors of both the human skin and
the mucosa (Galloway and McDougall, 1989; Laimins,
1996; zur Hausen, 1996). At present, more than 77 differ-
ent types of HPV have been characterized (de Villiers,
1997). Despite differences in the oncogenic potential and
tissue tropism all HPVs share a common genomic orga-
nization and are dependent on the differentiation of the
infected epithelium for the completion of their vegetative
life cycle (Laimins, 1996; zur Hausen, 1996). The viral
genome is divided into an early region that encodes the
genes E1 to E8 required for viral DNA replication, gene
regulation, and cellular transformation, a late region that
codes for the capsid proteins L1 and L2, and a regulatory
region that contains the origin of DNA replication and
many of the control elements for transcription and repli-
cation (Laimins, 1996; Thomas et al., 1998). Recent stud-
ies revealed that the L1 protein has the capacity to
self-assemble into virus-like particles (VLPs) when ex-
pressed in different eukaryotic systems (Hagensee et al.,
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1993; Kirnbauer et al., 1993). The L2 protein is capable of
binding to DNA and is required to assemble infectious
BPV1 efficiently (Roden et al., 1996; Zhou et al., 1993). It
has been speculated that the L2 protein is involved in
viral DNA encapsidation (Zhou et al., 1993) and in capsid

tabilization at low pH (Liu et al., 1997). In accordance
ith such a regulatory function the molar ratio of the L2

o the L1 protein in virus particles is approximately 1:30
Schiller and Roden, 1996). Although viral E4 proteins

ere originally classified on the basis of their distribution
n benign tumors as early proteins, recent studies sug-
est that they are late polypeptides expressed during
nd after the onset of vegetative viral DNA replication in

he parabasal layers of infected skin (Doorbar et al.,
997; Rogel-Gaillard et al., 1992). Our current under-
tanding of the biology of HPVs is based primarily on in
itro experiments performed with molecularly cloned vi-
al DNA, on the biochemical analysis of viral gene prod-
cts, and on in situ hybridization studies applied to in-

ected biopsy material. The latter experiments revealed
hat vegetative viral DNA replication, expression of viral
tructural genes, and viral capsid assembly were found

o be restricted to keratinocytes committed to terminal
ifferentiation (Böhm et al., 1993; Dürst et al., 1992; Hig-
ins et al., 1992; Iftner et al., 1992, 1994; Zeltner et al.,
994). In addition experimental in vivo studies with HPVs
n animal model systems could not be performed be-
ause of the strict species specificity of HPVs and results
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283HUMAN PAPILLOMAVIRUS TYPE 1 LIFE CYCLE
obtained in these systems with animal HPV types are not
easily transferable to the human system. However, re-
cent advances in organotypic (raft) and semisolid me-
dium culture techniques allowed the investigation of veg-
etative viral DNA replication and expression of viral

FIG. 1. Immunohistochemical detection of HPV1 proteins and in situ
nd formalin-fixed (i) sections of a HPV1-infected plantar wart. Dete
agnification identifies cells with replicating DNA. (d) Immunohistoch

ection. (e) L1 capsid protein in a frozen unfixed section of infected war
ith adjacent uninfected epidermis demonstrating the specificity of the

ogether with L2 (brown) capsid protein in a frozen unfixed section of
aving a distribution similar to that of the intracytoplasmic inclusion bo
biotinylated probe (k) or radioactive probe 2 in sense orientation (l;
structural genes as well as viral progeny production for a
limited number of “high-risk” human papillomavirus
types, but not for HPV types that are unable to immortal-
ize primary keratinocytes as in the case of HPV1 (Frattini
et al., 1996; Laimins, 1996; Ruesch et al., 1998; Schmitt et
al., 1994).

In this study we investigated the life cycle of HPV1 in

ization for HPV1 DNA. Hematoxylin–eosin staining of ethanol-fixed (a)
f BrdU incorporation in a tissue section at lower (b) and higher (c)
detection of both L1 and L2 capsid proteins in a formalin-fixed tissue
. (f) L1 capsid protein in a frozen unfixed section of infected wart tissue
y staining. (g) L2 capsid protein in a frozen unfixed section. (h) L1 (red)

wart tissue. (j) E4 proteins are detected in all suprabasal cell layers
en in (j) and the HPV1 DNA as detected by in situ hybridization using

on a denatured proteinase-treated tissue section.
hybrid
ction o
emical
t tissue
antibod
infected
dies se

Fig. 4)
ordinary plantar warts, which is an extremely prevalent
disease present in roughly 30% of all schoolchildren at
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284 EGAWA ET AL.
the age of 10 to 11 years in Germany. When analyzed by
PCR and subsequent sequencing of the amplification
products 31% of 130 plantar warts contained HPV1 in
addition to HPV27 (17%), HPV57 (9%), and HPV2 (8%;
Iftner, 1999). By applying in situ hybridization, 5-bromode-
oxyuridine (BrdU) labeling, and immunohistochemistry to
HPV1-infected plantar warts we correlated the distribu-
tion of HPV1-specific transcripts and of viral DNA with
the specific detection of the viral proteins L1, L2, and E4.
Our results reveal a difference between the pattern of
viral DNA amplification, viral RNA expression, and pro-
tein expression found in HPV1-infected benign tumors
compared to the patterns previously observed for other
HPV types (Böhm et al., 1993; Dürst et al., 1992; Higgins
et al., 1992; Iftner et al., 1992, 1994). While in the single
basal cell layer of HPV1 warts no viral DNA or RNA was
detectable, transcripts with a putative coding potential
for E6/E7, E1, E2, E4, and L1 were demonstrated already
in the first suprabasal cell layer and throughout most of
the stratum spinosum and granulosum. In contrast, tran-
scripts with a coding potential for L2 seemed to be
expressed preferentially in higher differentiated layers of
the epithelium. In accordance with these data the late
capsid protein L1 was identified by immunohistochem-
istry already in suprabasal layers while the L2 protein
was preferentially detected in the upper epidermal cell
layers. Interestingly the results of DNA–DNA in situ hy-
bridization and BrdU incorporation suggest that gross
synthesis of the viral DNA is performed in the lowest
suprabasal cell layer of the epidermis coincident with the
presence of transcripts with a coding potential for E1 and
E2 and with the presence of the E4 protein.

RESULTS

Microscopic examination of sections of all 16 HPV1-
infected plantar warts revealed common histological
characteristics, which were compatible with features
previously described in HPV1-associated cutaneous tu-
mors (Figs. 1a and 1i). The epidermis showed clear signs
of acanthosis, hyperkeratosis, parakeratosis, and papil-
lomatosis. Intracytoplasmic vacuolization developed in
parallel with the differentiation of the epithelial keratino-
cytes. Eosinophilic granular intracytoplasmic inclusion
bodies were present throughout most suprabasal layers
and were a specific feature seen in all samples (Fig. 1i;
Egawa et al., 1993, 1994; Egawa, 1994; Jablonska et al.,
1985). Increased numbers of mitotic figures were seen in
the basal and the first suprabasal cell layers in contrast
to adjacent normal skin. When small pieces (less than 1
mm3) of freshly taken wart tissue were homogeneously
abeled with BrdU (Fig. 2b) and afterward embedded in
araffin we observed in 5-mm sections of the tissue that

cells labeled with BrdU were found not only in the basal

cell layer but also in the adjacent 5 to 10 suprabasal
layers. Such labeled cells were surprisingly not detected

l
p

in the upper spinous and granular cell layers of the
HPV1-infected acanthotic epithelium although the pene-
tration of the tissue sample with BrdU was equal for all
epithelial cell layers (Figs. 1b and 2b). In general, incor-
poration of BrdU as a result of cellular DNA replication is
not distinguishable from BrdU incorporation resulting
from viral DNA replication. However, the strong positive
staining with BrdU in spinous cell layers, especially in
cells that were morphologically well differentiated (Figs.
1b and 1c), was never observed in noninfected normal
epithelium (Fig. 3b). This staining therefore seems to be
due to the presence of actively replicating viral DNA. In
addition amplified viral DNA was identified within the
nuclei of epidermal keratinocytes by nonradioactive
DNA–DNA in situ hybridization (Fig. 1k). Very strong
positive signals were present in the epithelium as low as
in the first suprabasal layer and were distributed
throughout the whole thickness of the epithelium. The
intensity of the signals was almost even between the
upper and the lower epidermal cell layers, suggesting
the presence of similar copy numbers of viral DNAs in all
suprabasal layers. Even in very short-exposure DNA in
situ hybridizations of HPV1-infected warts (3 days) we
detected uniformly strong signals in all suprabasal epi-
thelial layers representative of viral DNA presence. To-
gether with the results from the BrdU labeling experiment
this finding suggests that the viral DNA is not further
up-replicated in the upper third of the epithelium. By
applying radioactive DNA in situ hybridization using ri-
boprobe 1 (data not shown) or 2 (Fig. 1l) in sense orien-
tation on denatured proteinase-treated frozen wart sec-
tions, it could be confirmed that indeed a large propor-
tion of the cells in the first suprabasal cell layer already
contained a high copy number of viral DNA.

Based on the already known transcription pattern
for HPV1-specific mRNAs (Chow et al., 1987; Palermo-

ilts et al., 1990), we constructed seven RNA expres-
ion plasmids to generate antisense riboprobes,
hich should allow the detection of several mRNA

lasses in HPV1-infected tissue. The hybridization
pecificities of the different probes for the known
RNA species are as follows: Probe 1 is specific for a

ranscript encoding the E6 and E7 proteins as first
ranslatable gene products. Probe 2 recognizes the
ame transcript and additionally recognizes any tran-
cript initiating downstream from nt 343 and at the
1^E4 promoter located within the 39-half of ORF E7

Fig. 4; Palermo-Dilts et al., 1990). Probe 3 identifies
utative transcripts encoding the E1 gene product, but
oes not hybridize to mRNAs that were processed by
leavage at the major splice donor site at the end of
RF E7 (Palermo-Dilts et al., 1990). Probe 4 hybridizes

o mRNA species with a coding capacity for a full-
ength E2 protein. Probe 5 hybridizes to all early and

ate transcripts. Probe 6 identifies the L2 mRNA and a
otential, but so far unknown, E5 transcript, and probe
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285HUMAN PAPILLOMAVIRUS TYPE 1 LIFE CYCLE
7 hybridizes to both major late transcripts encoding L1
or L2. With the help of these probes we investigated
eight plantar warts from Germany, which were found
by PCR/direct sequencing and in situ hybridization to
contain HPV1 DNA and obtained consistent results for
all of them. In all biopsies investigated we detected
moderate amounts of transcripts with a possible cod-
ing potential for E6/7, E1, and E2 and large amounts of
transcripts encoding E1^E4 and L1 already in the first
suprabasal cell layer (Fig. 5). Only transcripts detected
with probe 6 identifying the L2 mRNA seemed to be
expressed preferentially in higher differentiated layers
of the epithelium (Fig. 5G). Because in HPV1 only one
early promoter immediately upstream of ORF E6 (Pal-
ermo-Dilts et al., 1990) has been identified so far, the

uch stronger signal obtained with probe 2 in com-
arison with probe 1 (Figs. 4, 5A, and 5B) is likely to be
erived from the E1^E4 promoter in the 39-half of ORF
7. In addition to probe 1, probe 3 (Figs. 4 and 5C),
robe 4 (Figs. 4 and 5D), and probe 6 (Fig. 5G) resulted

n faint to moderate signals within the epithelium.
herefore the strong specific signals obtained with

iboprobes 2 (Fig. 5B), 5 (Fig. 5E), and 7 (Fig. 5F) most
robably correspond to transcripts with a coding po-

ential for E1^E4 and L1, respectively. In the case of L1
his conclusion is further supported by comparing the
ignal intensities obtained after hybridization with
robe 6 or with probe 7 (Figs. 5F and 5G). First, the
ifference in signal intensity and second, the differ-
nce in location of the signals after hybridization with
robe 6 or 7 provide support for the presence of L1

ranscripts in suprabasal cells. These results could be
urther confirmed by using another L1-specific anti-
ense probe (data not shown). This clearly shows that

he expression pattern of the transcripts for the capsid
roteins L1 and L2 is highly divergent in the case of
PV1-infected warts. Whereas L1-specific transcripts
ere highly abundant already in suprabasal cells and

ess prominent in higher differentiated cells, tran-
cripts encoding L2 were preferentially expressed
ithin the upper part of the epithelium.
When fixed tissue sections (ethanol or formalin) were

nvestigated with immunohistochemistry using both
nti-L1 and -L2 antibodies, cells with positive signals
ere detected in higher cell layers adjacent to cells
ositive for incorporation of BrdU (Figs. 1b, 1d, 2b, and
c). This positive signal for the capsid proteins persisted

nto the upper spinous, granular, and horny layers (Fig.
c). In contrast to this finding we surprisingly noticed that
sing frozen sections a positive signal for the L1 capsid
rotein was detected already in the lowest spinous cell

ayers and persisted throughout all the upper epidermal
ell layers (Figs. 1e and 1f). L1 protein-specific signals
ere never seen in the adjacent epidermis not infected

y HPV1 (Fig. 1f, right half). Interestingly, abundant L1-
pecific mRNA was detected in lower epidermal layers
(Fig. 5F) than the L1 protein, which may be indicative of
putative translational regulation of the L1 protein. Even in
frozen sections, however, a detectable signal for the L2
capsid protein was preferentially seen in higher differ-
entiated epidermal cell layers (Fig. 1g) as shown already
in ethanol- (Fig. 1d) or formalin-fixed sections. This di-
vergent distribution of L1 versus L2 protein observed
within the epithelium may just reflect differences in the
level of protein expression together with a different
threshold of detection for each protein dependent on the
affinities of the different antibodies used, although the
results of the RNA–RNA in situ hybridization using L2-
specific probe 6 clearly argue against this possibility. In
addition double-immunoenzymatic staining of the same
section with antibodies against L1 and L2 (Fig. 1h) re-
vealed again a different distribution of both proteins.
When using anti-E4 antibodies positive staining was
seen mainly in cells having intracytoplasmic inclusion
bodies (Figs. 1i and 1j). The intensity of E4-positive stain-
ing persisted from lower spinous cell layers throughout
the upper epidermal cell layers and correlated with the
presence of viral DNA.

DISCUSSION

It is generally assumed that papillomavirus DNA am-
plification takes place in higher differentiated keratino-
cytes, which is usually accompanied by the expression
of the viral structural proteins L1 and L2. This is believed
to be the major obstacle for the development of a simple
productive tissue culture model to propagate papilloma-
viruses. However, a few already existing data are not
completely in line with this widespread assumption. For
example, previous findings obtained with the CRPV ani-
mal model system demonstrated gross viral DNA ampli-
fication in undifferentiated dysplastic epithelium being
adjacent to well-differentiated papillomatous tissue that
did not support viral DNA synthesis (Zeltner et al., 1994)
and an increase of L1 antibodies in the serum of rabbits
with progressive malignant disease (Lin et al., 1993). This
L1-mediated immune response in rabbits correlated with
detectable L1-specific transcripts of CRPV in cell layers
forming the outer border of invasive squamous epithelial
carcinomas (Zeltner et al., 1994). Second, using a mouse
model it was shown that a dedifferentiated tumor cell line
containing full-length HPV16 DNA plus EJras surprisingly
expressed sufficient levels of L1 to serve as a target for
L1-VLP-specific cytotoxic T cells (De Bruijn et al., 1998).
And third, it was described that papillomavirus DNA
amplification correlated with E4 protein expression, but
not with known cellular differentiation markers such as
nuclear degeneration and filaggrin or loricrin expression
(Doorbar et al., 1997; Jareborg and Burnett, 1991). Taken
together with our earlier reports showing HPV6/16 DNA

amplification in cancer tissue (Böhm et al., 1993; Oft et
al., 1993) the necessity for a fully differentiated epithelial
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287HUMAN PAPILLOMAVIRUS TYPE 1 LIFE CYCLE
cell to support amplification of viral DNA does not seem
to be absolute.

In this study we observed in all 16 naturally HPV1-
infected benign tumors a clear difference from the well-
believed dependence of DNA amplification and late gene
expression on a progressed differentiation status of the
infected keratinocyte. When BrdU incorporation was
used as a measurement for DNA synthesis we found a
considerably increased number of labeled cells in the
basal cell layer within the lesions compared to the ad-
jacent normal skin. This suggests an increased prolifer-
ation of basal cells by infection with HPV1. However,
BrdU was also incorporated in 5 to 10 layers of almost all
suprabasal cells. Since BrdU could be incorporated as a
result of viral and cellular DNA replication, a part of the
incorporated BrdU, especially that seen in the cells that
were morphologically well differentiated, could be due to
viral rather than to cellular DNA amplification. This is
further supported by the results of two different ap-
proaches to demonstrate viral DNA by in situ hybridiza-
ion, which clearly showed the presence of large
mounts of viral DNA from the bottom-most parabasal
ell layer up to the corneal layers. These findings are in
ontrast to older results obtained in HPV-induced ver-
uca vulgaris using tritiated thymidine, where viral DNA
mplification was found to take place only in the upper
ifferentiated epidermal cell layers (Rashad, 1969) and
lso in contrast to previous results of in situ hybridization
tudies with HPV6- or HPV16-infected benign tumors

Böhm et al., 1993; Dürst et al., 1992; Higgins et al., 1992;
ftner et al., 1992, 1994). However, very early findings by

rußendorf and zur Hausen (1979) using c-RNA probes
or in situ hybridization experiments with denatured sec-
ions of HPV1-infected warts suggested the presence of
iral DNA and transcripts already in the first or second
uprabasal cell layer (Grußendorf and zur Hausen, 1979)
nd also in bovine papillomavirus type 1 (BPV1)-infected

ibropapilloma viral DNA amplification was found to be-
in in the spinous cell layer (Barksdale and Baker, 1993).
ne might speculate that regulation of vegetative DNA

eplication is less tightly controlled in the case of HPV1
han in genital HPV types. In addition, even the pattern of
ate gene expression in HPV1-infected warts was shown
ere to be highly divergent from other HPV types (Böhm
et al., 1993; Dürst et al., 1992; Higgins et al., 1992; Iftner
et al., 1992, 1994) and also from BPV1-infected tissues

FIG. 3. BrdU staining of normal plantar skin. (a) Hematoxylin–eosin staining
cells in the basal and first suprabasal cell layers of the epithelium.
(Baker and Howley, 1987). Transcripts with a coding
potential for L1 were observed starting from the first
suprabasal cell layer and extended throughout the epi-
thelium. This finding again is in contrast to the current
model that late gene expression is restricted only to
higher differentiated cell layers. Interestingly transcripts
encoding HPV1-L2 were detected preferentially in the
upper epidermal cell layers of the infected plantar warts.
This unusual late gene expression pattern of HPV1 was
further confirmed using immunohistochemistry to dem-
onstrate L1 capsid protein in the bottom-most spinous
cell layers and by the detection of L2 protein in higher
differentiated layers in tissue sections. Interestingly we
noticed differences in the results between frozen and
fixed tissue in the detectability of L1 protein. These
differences may suggest that ethanol or formalin fixation
could affect the reactivity of epitopes on the capsid
proteins. In accordance with previous studies the HPV1
E4 gene product was detected in the cytoplasm of ker-
atinocytes in association with intracytoplasmic inclusion
bodies (Breitburd et al., 1987; Doorbar et al., 1988). Pos-
itive cells containing E4 protein could be found in the first
suprabasal layer and persisted throughout all epithelial
cell layers. This distribution of cells expressing E4 was
very similar to that of cells in which viral DNA amplifica-
tion was strong enough to be detected by in situ hybrid-
ization.

To summarize these findings we included our data in
a hypothetical model of the life cycle of HPV1 in plantar
warts. Within the epidermis a continuous renewal takes
place through mitotic division of basal cells. Daughter
cells of dividing basal cells move upward from the basal
cell layer to form layers of progressively more differenti-
ated cells comprising the “epidermal flow.” Combining
the results of the in situ hybridization, which detects all
viral DNA, with the results obtained from the BrdU incor-
poration experiment, which detects only synthesis of
DNA, it is reasonable for us to assume that the viral DNA
is amplified already in the lowest parabasal cell layer
and is afterward carried by the epidermal flow into the
upper part of the skin. DNA replication in the lower
epithelial layers is accompanied by the presence of
transcripts with a coding potential for the gene products
of E1 and E2, known to be involved in viral replication.

The unusual early expression of the late protein L1,
which we detected already in suprabasal cell layers, may
FIG. 2. BrdU staining of an HPV1-infected plantar wart and detection of late proteins. (a) Hematoxylin–eosin staining of HPV1-infected plantar wart
tissue at low magnification. (b) BrdU incorporation is detected in 5 to 10 suprabasal cell layers in the lower part of the wart tissue and in a cross-sected
papilla in the upper right part, demonstrating homogeneous BrdU incorporation into the whole block of the tissue. (c) Immunohistochemical detection
of both L1 and L2 capsid protein in a formalin-fixed tissue section demonstrates the presence of late proteins in adjacent higher epithelial cell layers
positive for BrdU staining.
of normal plantar skin. (b) BrdU incorporation is detected only in a few
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288 EGAWA ET AL.
shift the balance between the protein levels of L1 and L2
in infected cells to be able to achieve a putative final ratio
of 30:1 (L1:L2) in analogy to HPV16 within the mature viral
capsid (Roden et al., 1996; Schiller and Roden, 1996).

lthough the function of the L2 protein is not fully under-
tood, there is some evidence to suggest that it is a
NA-binding protein (Roden et al., 1996; Zhou et al.,

993) that may be involved in viral DNA encapsidation
Zhou et al., 1993). The observed distribution of L2 pro-
ein in HPV1-infected warts would be compatible with a
utative role of L2 as a trigger molecule for the final
ssembly of the mature virions.

In summary this report demonstrates viral DNA ampli-
ication and late protein expression in the first supra-
asal cell layers of naturally occurring tumors infected
ith HPV1. The results obtained suggest major differ-
nces in the level of control of the switch from early to

ate replication cycles between individual papillomavirus
ypes.

MATERIALS AND METHODS

Eight plantar warts induced by HPV1 (from Japan)
ere employed for BrdU incorporation, nonradioactive
NA in situ hybridization, and immunohistochemistry
nd an additional eight plantar warts (from Germany)
ere further investigated with a radioactive in situ hy-
ridization protocol for the presence of viral transcripts

FIG. 4. Genomic organization of HPV1 and location of the riboprobe
ocalization of mRNA-specific probes 1–7. The ORFs (open boxes) an
ublished sequence of HPV1 (Danos et al., 1982). Vertical lines within
ummarizes already known transcript structures (a–h) derived from RT-P
nd DNA. All lesions were located on the soles of chil-
ren ranging in age from 7 to 13 years and showed a
ypical clinical features for such infection, i.e., dome-
haped tumors with a central depression (myrmecia).
hese warts were of 3 to 6 months duration. All warts
ad no previous history of treatment. The lesions were
xcised under local anesthesia and cut into several
mall pieces, one of which was fixed in 10% formalin and
mbedded in paraffin by routine processing for light
icroscopic examination, immunohistochemistry, and

onradioactive biotin-based DNA–DNA in situ hybridiza-
tion, and one of which was employed for cell kinetics
study using BrdU (Gratzner, 1982), while the others were
frozen and stored at 280°C for further analyses.

BrdU incorporation and detection

Small pieces less than 1 mm3, which were taken from
each biopsy specimen, were placed in a glass vial con-
taining nucleoside- and nucleotide-free RPMI medium
1640 (Gibco) with 10% heat-inactivated fetal calf serum
and 400 mM BrdU (Sigma). The vial was tightly sealed

ith a Teflon rubber cap after the air was replaced with
5% O2 and 5% CO2 under 3 atm of pressure and incu-
ated in a shaking water bath for 1 h at 37°C. The

abeled tissues were fixed in 70% ethanol overnight at
°C and then embedded in paraffin. For detection of

ncorporated BrdU, 5-mm-thick sections were cut, depar-
affinized, and rehydrated. DNA was denaturated by incu-
bation in 2 N HCl for 30 min at room temperature and

for in situ hybridization. Genetic and transcriptional map of HPV1 and
ucleotide positions of the probe boundaries (top) correspond to the

Fs represent the translational start codon. The lower part of the figure
R-loop mapping methods (Chow et al., 1987; Palermo-Dilts et al., 1990).
s used
d the n
the OR

CR or
neutralized by 0.1 M Na2B4O7 for 15 min at room temper-
ture. The incorporated BrdU was visualized immunohis-
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289HUMAN PAPILLOMAVIRUS TYPE 1 LIFE CYCLE
tochemically using an anti-BrdU monoclonal antibody
(Becton-Dickinson, San Jose, CA).

Immunohistochemistry

Immunohistochemical staining was performed with a
Vectastain ABC kit (Vector Laboratories, Burlingame, CA)
on serial sections of ethanol-fixed, formalin-fixed, and/or
frozen specimens to visualize the incorporated BrdU and
to detect HPV 1-encoded (L1, L2, and E4) proteins. Briefly,
4-mm cryostat sections were air-dried and fixed in ace-
one at 220°C for 20 min. After being washed in phos-
hate-buffered saline (PBS), the sections were treated
ith 3% hydrogen peroxide solution to reduce endoge-
ous peroxidase activity. The slides were incubated with

he respective primary antibodies overnight at 4°C,
ashed in PBS, and treated with biotinylated anti-mouse,
nti-rabbit, or anti-rat antibodies. After 60 min of incuba-

ion with avidin–biotin–peroxidase complex (ABC, Vector
aboratories), the sections were washed in PBS, devel-
ped in 0.05% diaminobenzidine diluted in PBS with
.01% hydrogen peroxide, dehydrated, and mounted. The
ame staining procedure was employed on ethanol-fixed

for the above-mentioned BrdU incorporation study) and
ormalin-fixed materials, after deparaffinization and rehy-
ration. Nonimmunized mouse, rabbit, and rat sera (Cap-
el Division, Organon Technika Co., West Chester, PA)
ere used as negative controls. Antibodies against
PV1 L1, L2, and E4 proteins were developed by Doorbar
nd co-workers (Doorbar and Gallimore, 1987; Doorbar
t al., 1988).

Double-immunoenzymatic staining was performed to
larify the correlation between the L1 and the L2 protein
istribution. In brief, a sequential immunostaining proce-
ure was carried out as follows. First, immunoperoxi-
ase staining against L2 protein using the ABC method

Hsu et al., 1981) was performed with a Vectastain ABC
it (Vector Laboratories). After pictures were taken of the
istribution of the L2 protein within the tissue, the re-
pective slide was put into xylene to remove the cover
lass and subsequently the section was again rehy-
rated. The immunoalkaline phosphatase antialkaline
hosphatase (APAAP) method (Cordell et al., 1984) was

hen applied for L1 protein with an APAAP kit (Zymed
aboratories, San Francisco, CA). As substrate solution

or the alkaline phosphatase reaction, naphthol-AS-phos-
hatase (Sigma Chemical Co., St. Louis, MO) and fast

ed TR (Sigma) were dissolved in dimethylformamide and
iluted with 0.1 M Tris buffer, pH 8.2. To inhibit endoge-
ous tissue enzyme activity, 0.25 mM levamizole (Sigma)
as added to the incubation medium.

NA–DNA in situ hybridization with biotinylated
robes
HPV DNA was detected in formalin-fixed, paraffin-
mbedded tissue sections by using a DNA in situ hybrid-

c
w

zation method described previously (Egawa et al., 1993).
ybridization was performed at 37°C for 16 h using the
iotinylated HPV1 DNA complete genome (a gift from the

apanese Cancer Research Resources Bank). The hy-
ridization mixture consisted of 10% dextran sulfate, 23
SC, 400 mg/ml sheared herring sperm DNA (Sigma),

50% formamide, and 2 mg/ml of biotinylated probe DNA.
The biotinylated probe was detected by the streptavidin-
biotinylated polyalkaline phosphatase detection system
(DNA detection system; BRL, Gaithersburg, MD). Pheo-
chromes used were nitroblue tetrazorium and 5-bromo-
4-chloro-3-indolylphosphate.

Radioactive labeled RNA probes used for in situ
hybridization

The method to generate riboprobes and the conditions
for DNA hybridization with sense strand riboprobe 2 have
been described previously (Schmitt et al., 1996). The map
positions of the seven small subgenomic HPV1 DNA
fragments that have been cloned in the RNA expression
vector Bluescribe M131 (Vector Cloning System) and
that served to generate the antisense probes are illus-
trated in Fig. 4. All plasmids were linearized prior to
transcription. Depending on the choice of promoter, the
in vitro synthesized RNAs were either in the same polar-
ity as mRNA (sense orientation) or in the opposite polar-
ity (antisense orientation). In vitro RNA synthesis in the
presence of 35S-UTP resulting in probes with a specific

ctivity of 3 3 108 cpm/mg was followed by alkaline
hydrolysis to reduce the probe length to approximately
200 nt (Cox et al., 1984). The quality of the transcribed
RNAs was tested by polyacrylamide gel electrophoresis.
The shortest probe (probe 2 with a complexity of 148 nt)
was applied at a concentration of 2.7 3 107 cpm/ml
hybridization mixture and the concentration of the others
was normalized in relation to the probe length.

RNA–RNA in situ hybridization

For RNA in situ hybridization, serial 5- to 6-mm sec-
ions of biopsies were made with a cryostat microtome
Reichert-Jung), mounted on aminopropylsilan-coated
lides, fixed in 4% paraformaldehyde in PBS, and dehy-
rated through graded ethanols. The dry sections were

hen acetylated in 0.1 M triethanolamine, 0.25% acetic
nhydride for 10 min, washed in 0.23 SSC, and preincu-
ated for 2 h at 42°C covered with solution I, containing
5% formamide, 0.6 M NaCl, 2.53 Denhardt’s solution, 10
M Tris–HCl (pH 7.5), 1 mM EDTA, 0.1% SDS, and 0.15
g/ml tRNA. After removal of the prehybridization solu-

ion, individual tissue sections were encircled with rub-
er cement and incubated at 42°C with different 35S-

abeled antisense riboprobes in solution I, containing
0% dextran sulfate. After 16 h of hybridization the rubber

ement strings were removed and the slides were
ashed in 50% formamide, 13 SSC at 55°C and then
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treated with RNase A (10 mg/ml), subsequently washed
twice for 2 h each in 0.13 SSC at 60°C, dehydrated, and
finally coated with Kodak NTB-2 emulsion. All slides from
one experiment were developed after the same expo-
sure time (6–10 days), to allow direct comparison of
signals obtained with different probes. Hematoxylin and
eosin counterstained sections were evaluated and pho-
tographed with a Zeiss Axiophot microscope using a
dark-field or bright-field condenser. The background for
RNA hybridization was determined using sense ribo-
probes and by pretreatment of the tissue with DNase-
free RNase before hybridization.
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