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The productive cycle of human papillomaviruses (HPVs) can be divided into discrete phases. Cell prolifer-
ation and episomal maintenance in the lower epithelial layers are followed by genome amplification and the
expression of capsid proteins. These events, which occur in all productive infections, can be distinguished by
using antibodies to viral gene products or to surrogate markers of their expression. Here we have compared
precancerous lesions caused by HPV type 16 (HPV16) with lesions caused by HPV types that are not generally
associated with human cancer. These include HPV2 and HPV11, which are related to HPV16 (supergroup A),
as well as HPV1 and HPV65, which are evolutionarily divergent (supergroups E and B). HPV16-induced
low-grade squamous intraepithelial lesions (CIN1) are productive infections which resemble those caused by
other HPV types. During progression to cancer, however, the activation of late events is delayed, and the
thickness of the proliferative compartment is progressively increased. In many HPV16-induced high-grade
squamous intraepithelial lesions (CIN3), late events are restricted to small areas close to the epithelial surface.
Such heterogeneity in the organization of the productive cycle was seen only in lesions caused by HPV16 and
was not apparent when lesions caused by other HPV types were compared. By contrast, the order in which
events in the productive cycle were initiated was invariant and did not depend on the infecting HPV type or the
severity of disease. The distribution of viral gene products in the infected cervix depends on the extent to which
the virus can complete its productive cycle, which in turn reflects the severity of cervical neoplasia. It appears
from our work that the presence of such proteins in cells at the epithelial surface allows the severity of the
underlying disease to be predicted and that markers of viral gene expression may improve cervical screening.

Papillomaviruses cause a variety of epithelial lesions, which
range in severity from benign warts to invasive cervical cancer.
More than 200 different types of human papillomavirus (HPV)
have so far been identified on the basis of sequence analysis
(22, 54). Each HPV type shows a tropism for a certain epithe-
lial site and is associated with a particular type of skin lesion
(54, 73). Palmar and plantar warts are caused by viruses such as
HPV type 1 (HPV1) and HPV2, while genital warts are caused
by viruses such as HPV11.

Although the reason for the site specificity of papillomavi-
ruses is not understood, it is clear that the different papillo-
mavirus types must replicate and produce infectious virions if
they are to be successfully maintained in the population. The
effectiveness with which they do this reflects their infection site
and transmission route (73). HPV1, which is transmitted by
indirect contact, produces lesions that are highly productive (5,
28). Genital warts caused by viruses such as HPV11 produce
fewer infectious particles (73). Despite this heterogeneity, the
productive cycles of all papillomaviruses are organized in a

similar way (73). The viral genome is maintained as a low-copy-
number episome in cells of the basal and parabasal layers and
is amplified as the infected cell migrates towards the epithelial
surface. The amplified genomes are subsequently packaged
into infectious virions, which are lost from the epithelial sur-
face during desquamation (42). Although the timing of life
cycle events can vary, their order must be preserved if infec-
tious virions are to be produced.

Viruses such as HPV6 and HPV11 are classified as low-risk
papillomavirus types. In addition to causing external genital
warts, these viruses can infect cervical tissue, producing benign
epithelial lesions or condyloma. Of the 30 or so HPV types that
can infect cervical epithelium, a subset are classified as high
risk because the lesions they produce can progress to high-
grade cervical intraepithelial neoplasia (CIN) and cancer (62).
HPV16 is the most prevalent of the high-risk types and is found
in more than 50% of all cervical cancers. Most cervical cancers
(�99.7%) contain HPV DNA, and it is widely accepted that
papillomavirus infection is a necessary factor in the develop-
ment of the disease (90). Cancer of the cervix is the second
most common female cancer worldwide and the primary fe-
male cancer in developing countries.

In countries with cervical screening programs, the incidence
of cervical cancer is low. Cervical cancer is the ninth most
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common female cancer in the United Kingdom and the eighth
most common in the United States (32). The reduction in
cervical cancer incidence seen in many developed countries
during the past few decades is largely attributed to the intro-
duction of cervical screening programs, which allow the iden-
tification of precancerous cervical lesions before they become
life-threatening. Since its introduction in the 1960s, the United
Kingdom cervical screening program has saved an estimated
20,000 lives. Despite this success, the current strategy for cer-
vical screening is far from perfect, failing to detect cervical
abnormalities in approximately 20% (10 to 40%) of women
(3).

Recent work has suggested that biomarkers could improve
the accuracy and cost-effectiveness of cervical screening. Among
the markers examined are Ki-67 (48), PCNA, minichromo-
some maintenance protein (MCM), p16 (51, 52, 81), and cyc-
lins (48), which are not usually expressed above the basal and
parabasal layers in normal cervical epithelium. An important
cause of their increased expression in CIN is HPV infection
and the expression of viral oncogenes such as E6 and E7.
During productive papillomavirus infection, such surrogate
markers of HPV infection (49) are expressed prior to the
assembly of virus particles (73). In cervical cancer, such mark-
ers are present throughout the epithelium. Cervical cancer
develops from areas of productive HPV infection (HPVI)
through a series of well-defined stages that are classified as
CIN1 to CIN3, or low- or high-grade squamous intraepithelial
lesions (LSIL or HSIL). LSIL is equivalent to HPVI or CIN1,
whereas CIN2 and CIN3 are equivalent to HSIL. Although
markers of oncogene activity are not expressed in the upper
layers of productive papillomas, the viral E4 protein is abun-
dant (15, 27, 73). The expression of E4 follows that of viral
gene products involved in cell proliferation (such as E6 and
E7) and is itself followed by the expression of virion structural
proteins such as L1 (27, 73). As markers of HPV infection, the
E4 and L1 proteins are separate and distinct from those that
allow the visualization of cells expressing viral oncogenes.
Their abundance (that of E4 in particular [8, 15, 25–27, 73]) in
productive lesions caused by many different papillomavirus
types suggests that they may be used as specific markers of
HPV-associated LSIL.

In this study we have compared the distribution of E4, L1,
and markers of viral oncogene activity (MCM, PCNA, and
cyclin A) in productive papillomavirus infections (caused by
HPV1, -2, -65, -11, and -16) with the distribution of these
markers during cervical cancer progression. In regions of LSIL
caused by HPV16, the distribution of these markers is similar
to that seen in productive lesions caused by other papilloma-
virus types and is consistent with such lesions being the site of
virus synthesis. HSIL are abortive papillomavirus infections in
which the life cycle of the virus either is not supported or is
supported only poorly. E4 expression is restricted to isolated
pockets near the epithelial surface, and viral oncogene expres-
sion is widespread. The expression of these markers follows a
highly predictable pattern during cancer progression. The si-
multaneous detection of these three markers during cervical
screening may allow a more accurate assessment of cervical
disease than can be achieved with markers of viral oncogene
activity alone.

MATERIALS AND METHODS

Clinical material and raft tissue. Biopsy specimens were obtained from 25
patients with cervical neoplasia caused by HPV16. These lesions contained 36
discrete epithelial foci that were subsequently classified as CIN1 to CIN3 (and
LSIL or HSIL) by at least two independent observers. Archival biopsy material
was collected from four different centers without reference to patient details.
These comprised the Queens Medical Centre (Nottingham, United Kingdom),
the University of Tubingen (Tubingen, Germany), Addenbrooke’s Hospital
(Cambridge, United Kingdom), and the University of Otago (Dunedin, New
Zealand). In most cases (n � 17), the presence of HPV DNA was first estab-
lished using the general HPV primers GP5� and GP6� (83). PCR products
were then separated by agarose gel electrophoresis (1.5%), and autoradiography
was performed using a cocktail of 14 digoxigenin (DIG)-labeled high-risk HPV
types (types 16, 18, 31, 33, 35, 45, 51, 52, 56, 58, 59, 62, 66, and 68) and 2 low-risk
HPV types (types 6 and 11). The probes were then used separately to identify the
specific infecting HPV type. In some instances, typing was carried out using a
smaller selection of probes, consisting of HPV types 6, 11, 16, 18, 31, 33, 35, 42,
43, 44, 45, 52, 56, and 58 (n � 5). A small number of cases (n � 3) were screened
for the presence of active HPV16 infection by immunostaining using antibodies
to the HPV16 E4 protein. Differentiated raft tissue containing HPV16 was
produced by methods described previously (33, 34). Apart from those caused by
HPV11, cervical lesions caused by papillomavirus types other than HPV16 were
not selected for this study, because high-affinity antibodies to their E4 proteins
were not available. Normal (i.e., HPV-negative) cervical tissue was obtained
from patients undergoing hysterectomy for diseases unrelated to the cervix. The
source of lesions caused by HPV1, -2, -11, and -65 has been described previously
(73). The images shown in the figures are typical of those seen following the
analysis of at least 6 individual biopsy specimen (22 specimens for HPV1, 6 for
HPV65, 25 for HPV2, and 6 for HPV11). Raft tissue was prepared from NIKS
cells or NIKS cells harboring the HPV16 (W12) genome by using established
protocols (33, 34).

Generation and labeling of antibodies. The synthetic Fab TVG 405, which is
specific for the HPV16 E4 protein, was expressed from the bacterial expression
vector pUC119.His.myc (27) before being labeled with DIG or Alexa 488 by
using commercially available kits (Roche or Molecular Probes). To maximize
expression, bacteria were transferred directly from a frozen stock (stored at
�70°C) into 2� tryptone-yeast extract (TYE) medium containing 1% glucose
(and 100 �g of ampicillin/ml) in order to maintain repression of the lac pro-
moter. After overnight incubation at 37°C, the culture was diluted 100-fold and
grown to an optical density at 600 nm of 0.8 in 750 ml of 2� TYE medium
containing ampicillin but no glucose. Expression of TVG 405 was induced by
addition of 1 mM isopropyl-�-D-thiogalactopyranoside (IPTG) and incubation at
30°C for 3 h. After induction, periplasmic proteins were extracted by resuspen-
sion of the bacterial pellet in 40 ml of ice cold 20% sucrose–1 mM EDTA–30 mM
Tris-HCl (pH 7.9) for 20 min, followed by recentrifugation and reextraction of
the bacterial pellet in 40 ml of ice-cold 5 mM MgSO4. Fab was purified from the
periplasmic preparations by using nickel-nitrilotriacetic acid chromatography
(Qiagen) before being immediately dialyzed against phosphate-buffered saline
(PBS) containing 0.2 mM EDTA. This optimized procedure typically produced
2 to 3 mg of Fab per liter of bacteria. Polyclonal antibodies to the HPV11 E4
protein were prepared by immunization of rabbits with a GST-E1̂ E4 fusion
protein expressed from plasmid pGEX.11E1̂ E4 by using established protocols.
Antibodies to the E4 proteins of other HPV types (HPV1, -2, -63, and -65) have
been described previously (25, 26, 73), as have antibodies to L1 (Camvir1) (57).
The anti-E7 polyclonal antibody (hen 16E7 [24]) was a gift from A. Venuti
(Laboratory of Virology, Regina Elena Institute for Cancer Research, Rome,
Italy).

Immunofluorescence staining. Tissue sections were dewaxed in xylene (four
times for 5 min each time), hydrated in industrial methylated spirits (three times
for 5 min each time), and rinsed in deionized water. Slides were then microwaved
at high power (800 W) for 15 min in 500 ml of antigen retrieval buffer (10 mM
citric acid, pH 6.0), followed by cooling in the buffer for 20 min. After being
washed in PBS, sections were blocked in 10% goat serum in 1% bovine serum
albumin (BSA)–PBS for 2 h at room temperature. Primary antibodies (anti-
Mcm7 [Neomarkers], 1:25; anti-cyclin A [Novacastra], 1:10; anti-PCNA [Neo-
markers], 1:200) were diluted in PBS–1% BSA before being applied to the
sections and incubated overnight at 4°C in a humidified chamber. Stringent
washes in 0.05% Tween 20–PBS were followed by a 2-h incubation with a
biotin-labeled secondary antibody (DAKO; 1:250) mixed with Alexa 488-conju-
gated TVG 405 and a nuclear counterstain diluted in 1% BSA–PBS. Following
washing in PBS, the biotin signal was amplified with streptavidin-alkaline phos-
phatase (AP; Dako) and developed with a fast red substrate (Sigma) according
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to the manufacturer’s instructions. The reaction was halted after 10 min by
rinsing in water. Samples were mounted in Citifluor mounting medium (Agar
Scientific), and images were captured using a SenSys monochrome camera and
IPLab imaging software (Roper Scientific). Immunofluorescence staining was
also attempted with TVGY701 and TVGY703 (anti-E7 [94]), C1P5 and 618
(anti-E6 [4, 47]), E1-N1 and E1-C1 (anti-E1 [55]), and TVG 261 and TVG 271
(anti-E2 [40]) by using the approach described above. HPV16 L1 protein and the
E4 proteins of HPV types other than HPV16 were detected by using secondary
antibodies (Amersham) conjugated to either fluorescein isothiocyanate, Alexa
488, or Texas red. For S-phase analysis, the method outlined by Mills et al. was
followed, with the inclusion of a blocking step (with 1:20 goat serum for 1 h at
room temperature) prior to incubation with the anti-DIG antibody (60). An
anti-DIG monoclonal antibody (MAb) (Roche) (used at 1:25 for 1 h at room
temperature in PBS) was used to detect the DIG signal, followed by detection
with an anti-mouse Alexa 594 antibody (35).

Immunoenzymatic staining. Tissue sections were dewaxed as described above
and heated in a pressure cooker for 2 min in 2 liters of citrate buffer (10 mM
citric acid, pH 6.0) before being washed in Tris-buffered saline (TBS). Blocking
and immunostaining were carried out as previously described (35, 91) using
MAbs to Mcm2 and Mcm5 or polyclonal antibodies to E7 (hen 16E7; 1:100 [24]).
DIG-labeled TVG 405 diluted 1:50 was added, and detection was carried out
using an anti-DIG secondary antibody conjugated to either AP or horseradish
peroxidase (dilution, 1:50) followed by development using either fast red or
diamino benzidine (DAB) according to the manufacturer’s instructions (Sigma).
Hen antibodies were detected using biotinylated anti-chicken immunoglobulin G
(IgG) (1:1,000; Vector Laboratories) followed by streptavidin-AP (1:100; Dako)
and developed using fast red. Immunofluorescence images were captured after
fast red staining following double staining with TVG 405-Alexa 488 as described
above. Sections were dehydrated through graded alcohol and mounted in DPX
mounting medium (Gurr, BDH). Appropriate controls were performed by omis-
sion of antibody layers.

RESULTS

Visualization of events during productive papillomavirus
infection using antibodies to MCM, E7, E4, and L1. Previous
studies have revealed similarities in the life cycles of diverse
papillomavirus types by using antibodies to E4, L1, and PCNA
(73). PCNA is an E2F-regulated gene product (19, 87, 92) that
is induced in papillomas by the presence of E7 (41, 58), and by
other viral oncogenes such as E6 and E5. In papillomavirus-
infected tissue, PCNA can thus be regarded as a surrogate
marker of viral early gene activity. MCM proteins have been
suggested to be more effective as surrogate markers of SIL
than PCNA (or Ki-67) because of their higher abundance (35,
91). As with MAbs to PCNA (73), antibodies to MCM proteins
(MCM 2, 5, and 7) stained the nuclei of cells in the spinous
and/or intermediate epithelial layers in productive lesions
caused by different HPV types. These included cutaneous pap-
illomas caused by HPV types 1, 2, 63, and 65 (verrucas and
warts) and low-grade mucosal lesions caused by HPV11 and
HPV16 (Fig. 1A). Although the results obtained with the two
MAbs were similar, MCM staining (using MAb 47DC141
[Neomarkers]) was generally more robust than that obtained
using monoclonal PC10 (Neomarkers), which detects PCNA.
In all the productive lesions examined, MCM staining de-
creased following the onset of E4 expression, and a region of
overlap was apparent where E4–MCM double-positive cells
could be found (Fig. 1A). In HPV16-induced lesions, this re-
gion of overlap was particularly apparent when signal amplifi-
cation methods were used to enhance the ability to detect the
E4 protein (Fig. 1B).

Surrogate markers such as MCM and PCNA are predicted
to have an expression pattern that mimics the expression pat-
tern of viral gene products necessary for S-phase entry. E7 is

thought to be primarily responsible for stimulating the entry
into S phase in most HPV types. To confirm that E7 has a
distribution similar to that of E2F-activated genes such as
MCM7 and PCNA, double staining was carried out using an-
tibodies to E4 and to E7 (24). E7 is expressed at low levels
compared to E4 and can be difficult to detect in archival sec-
tions of formalin-fixed, paraffin-embedded material (24, 94).
To circumvent this problem, staining was carried out on
HPV16-induced epithelial raft tissue prepared using NIKS
cells harboring HPV16 episomes (33). Such rafts support the
HPV16 productive cycle and are thought to resemble HPV16
infection in vivo. The E7 staining pattern shown in Fig. 2 is
representative of that obtained in HPV16 rafts and resembles
the pattern seen in HPV16-induced LSIL by use of antibodies
to MCM (Fig. 1) or PCNA (73). Cells expressing both E4 and
E7 were found in the intermediate epithelial layers (Fig. 2),
with a distribution similar to that of E4–MCM-expressing cells
in E4-expressing LSIL (Fig. 1). Cells expressing E7 in the
absence of E4 were occasionally apparent in the upper epithe-
lial layers (Fig. 2). Raft tissue prepared from NIKS cells that
did not contain HPV16 DNA did not show any staining with
antibodies to E7. Expression of the major capsid protein L1
always appeared to follow expression of E4, irrespective of the
infecting HPV type, and was detectable in cells approaching
the epithelial surface (Fig. 3).

The E4 protein is first detected in S-phase competent cells
that support viral genome amplification. E4 expression results
from the activation of a differentiation-dependent promoter
which is situated within the E7 open reading frame (ORF) (12,
13, 38, 43, 70, 71). Proteins expressed from this promoter are
either known (E1 and E2) or thought (E4 and E5) to be
involved in genome amplification, and it has been suggested
that E4 may be a marker of cells in which such proteins have
been up-regulated (27, 73). In an attempt to understand the
conserved expression pattern seen in productive lesions caused
by different HPV types (Fig. 1 and 3) (73), DNA in situ hy-
bridization and S-phase analysis (by in situ DNA replication)
were carried out. As in situ DNA replication staining requires
snap-frozen clinical material (60), the analysis was restricted to
common warts caused by HPV2 (Fig. 4A) and mucosal lesions
caused by rabbit oral papillomavirus. HPV2 is a supergroup A
virus like HPV11 and HPV16, while rabbit oral papillomavirus
is more closely related to HPV1 and falls into supergroup E
(23, 64). In both lesions, S-phase competent cells (Fig. 4A) had
a distribution that resembled that of replication proteins such
as MCM, PCNA, and cyclin A (Fig. 4B). Since viral genome
amplification coincides with E4 expression (27, 73) and occurs
in cells in which the cellular replication machinery is active, it
was not surprising to find that some of the replication-compe-
tent (and MCM- and/or PCNA-positive) cells contained abun-
dant E4 protein (Fig. 4A). Our results suggest that the increase
in expression of viral replication proteins that results from the
activation of the differentiation-dependent promoter (such as
E1, E2, and E4) occurs prior to the down-regulation of pro-
teins necessary for S-phase entry (such as E6 and E7).

Immunostaining studies suggest a model of productive HPV
infection. The results described here and previously (73) sug-
gest a pattern of viral protein expression that is preserved
across a diverse range of papillomavirus types including
HPV16 (shown diagrammatically in Fig. 5). During normal
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FIG. 1. Expression of MCM and E4 in productive lesions caused by different HPV types. (A) Distribution of MCM (red) and E4 (green) in
productive lesions caused by HPVs. The HPV16 and HPV11 lesions (LSIL) were obtained from the cervix. The HPV2 lesion was a common hand
wart. The lesions caused by HPV1 and HPV65 were verrucas. Cell nuclei were counterstained with 4�,6�-diamidino-2-phenylindole (DAPI) (blue)
and are visible in the merged images (leftmost panels). Dotted lines mark the position of the basal layer. Small arrows point to cells expressing
both E4 and MCM. Large arrows indicate cells expressing E4 alone. (B) In regions of LSIL where HPV16 E4 expression was abundant, cells
expressing both E4 (green) and MCM (red) were clearly visible following signal amplification. The merged image (without DAPI) is shown in the
leftmost panel. Images were taken using a 10� objective.
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productive infection, MCM expression, and presumably there-
fore the expression of viral oncogenes (Fig. 1 and 2), extends
from the basal layer upward (Fig. 5A). E4 expression begins in
these MCM-positive cells and usually persists to the epithelial
surface (Fig. 5A). It is in these cells (i.e., those that express E4
and S-phase markers) that viral genome amplification begins
(Fig. 5A, viral DNA) (8, 27, 73). Cells that are S-phase com-
petent overlap those that contain amplified viral DNA (Fig.
5B). Expression of the papillomavirus major coat protein (L1)
occurs in a subset of E4-positive cells in the upper epithelial
layers (Fig. 5A) (27, 73). It appears from these studies that a
productively infected cell expresses each of these proteins (E7,
E4, L1) in turn during its migration from the basal layer to the
epithelial surface, irrespective of the infecting virus type.

The order of life cycle events is preserved in HPV-associated
cervical neoplasia. Given this basic understanding of how viral
proteins are expressed during productive papillomavirus infec-
tion, we next examined the changes in expression patterns that
occur during the progression from productive infection to cer-
vical cancer. Cervical cancer represents a “dead end” for the
virus, because viral DNA becomes integrated into the host cell
chromosome (often with large deletions), and the ability to
produce infectious virions is abolished. This happens rarely in
lesions caused by HPV1, -2, or -65 but occurs more commonly
in cervical lesions caused by high-risk papillomavirus types
such as HPV16.

HPV16 is the primary cause of HSIL and accounts for
around 55% of all invasive cervical cancer cases (53). In LSIL,

HPV16 and HPV6 or -11 are equally prevalent (53). The
patterns of protein expression in productive LSIL caused by
the two virus types were very similar (see Fig. 1) and resembled
that seen in productive papillomas caused by other virus types
(Fig. 1). Similar results were obtained by using the E2F-acti-
vated markers (MCM, PCNA, and cyclin A) (Fig. 6A) used to
examine expression patterns in warts caused by HPV2 (Fig.
5A). Expression of MCM, PCNA, and cyclin A was abundant
in the lower epithelial layers and was lost after the appearance
of E4 (Fig. 6A). In HSIL, which originate from LSIL during
cancer progression, the extent of E4 expression was consider-
ably reduced, and E4 expression was restricted to small pockets
of cells close to the epithelial surface (Fig. 6B). This loss of E4
expression was accompanied by a corresponding increase in
the prevalence of cells expressing surrogate markers of viral
oncogene activity such as MCM, PCNA, and cyclin A (Fig.
6B). While the expression of these markers appeared to cor-
relate directly with the severity of SIL, the expression of E4
correlated inversely with severity. In HSIL and LSIL that sup-
ported late gene expression, the appearance of E4 followed the
expression of oncogene markers and was first detected in cells
that were expressing these proteins (Fig. 6). Although the full
productive cycle of the virus is not supported during cancer
progression (i.e., in HSIL), the order of life cycle events is
preserved. This was also apparent when antibodies to the ma-
jor virus coat protein L1 were used (Fig. 6C). As in productive
infections, the expression of L1 in HSIL followed the expres-
sion of E4 and could be detected only in cells that were E4

FIG. 2. Expression of E7 and E4 during the HPV16 productive cycle. Shown is the distribution of E7 (red) and E4 (green) in HPV16 raft tissue.
The E7 staining pattern resembles that seen with antibodies to E2F-activated gene products such as MCM. The merged image (without
4�,6�-diamidino-2-phenylindole [DAPI]) is shown in the leftmost panel. Arrow points to cells expressing E7 in the absence of E4 in the upper
epithelial layers. Images were taken using a 10� objective.

FIG. 3. Expression of E4 and L1 in productive lesions caused by different HPV types. Shown is the distribution of L1 (red) and E4 (green) in
lesions (described in the legend to Fig. 1) caused by different HPV types. Cell nuclei were counterstained with 4�,6�-diamidino-2-phenylindole
(DAPI) (blue) and are visible in the merged images (leftmost panels). Dotted lines mark the position of the basal layer. Small arrows point to cells
expressing both E4 and L1. Large arrows indicate cells expressing E4 alone. L1 is expressed in a subset of the cells that express E4. Images were
taken using a 10� objective.
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FIG. 4. E4 expression begins in cells that express S-phase markers and are S-phase competent. (A) (Upper panels) Distribution of amplified
viral DNA (red) and E4 (green) in an HPV2-induced wart. (Lower panels) Distribution of cells in S phase (red) and cells expressing E4 (green).
Cell nuclei were counterstained with 4�,6�-diamidino-2-phenylindole (DAPI) (blue) and are apparent in the merged images shown on the left.
Dotted lines mark the position of the basal layer. (B) The distribution of three different markers necessary for S phase (MCM, PCNA, and cyclin
A) (red) is compared with the distribution of E4 (green) in lesions caused by HPV2. In each case, the first appearance of E4 occurs before the
loss of such markers. The merged images including DAPI staining (blue) are shown on the left. Dotted lines mark the position of the basal layer.
Images were taken using a 10� objective.
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positive (Fig. 6C). L1 expression appeared to be less extensive
than that of E4 and could not be detected in many high-grade
cervical lesions (data not shown).

The distribution of life cycle markers in infected tissue
changes significantly during neoplastic progression. Changes
in the expression pattern of viral gene products during cancer
progression suggest that HSIL may sometimes represent an
abortive infection for the virus. While the order of life cycle
events remains unaltered, their timing changes considerably,
and in HSIL, L1 expression is only poorly supported (Fig. 7).
As the expression of viral gene products reveals the extent to
which the virus life cycle is supported (Fig. 5), we wondered
whether the severity of cervical disease could be established
from the distribution of such markers at the epithelial surface
(Fig. 7). To examine this further, productive lesions caused by
HPV11 (mucosal) and HPV2 (cutaneous) were compared with
LSIL and HSIL caused by HPV16. Although these viruses are
all contained within supergroup A, HPV2 causes warts and
verrucas whereas HPV11 causes low-grade cervical lesions. In
addition to their classification as either LSIL or HSIL, cervical
lesions caused by HPV16 were also classified (where possible)
as HPVI, CIN1, CIN2, or CIN3, because CIN2 lesions differ
from CIN3 in the extent to which undifferentiated cells occupy
the full thickness of the epithelium (77). We suspected that
such changes may be important in regulating the extent to
which the virus life cycle is completed.

The E4 protein was visualized by immunoperoxidase stain-
ing and DAB detection in order to allow protein expression
and tissue morphology to be assessed simultaneously (Fig. 8A).

The HPV16 E4 protein could not be detected in lesions that
were negative for HPV16 DNA by PCR and was not detected
in regions of normal tissue immediately adjacent to areas of
dysplasia (Fig. 8B). When HPV16 E4 was present in LSIL
(CIN1), it was usually found in the intermediate and superficial
layers in cells that showed some evidence of morphological
differentiation but did not exactly correlate with the appear-
ance of koilocytes (Fig. 8A). When HPV16 E4 expression was
apparent in HSIL, it was restricted to areas of cell differenti-
ation close to the epithelial surface (Fig. 8A).

In order to examine the potential of combining life cycle
markers during diagnosis, the percentages of cells expressing
MCM, E4, and L1 in the top, middle, and lower thirds of
cervical neoplastic lesions of differing grades (Fig. 8C) were
established. Counting was carried out on at least five individual
epithelial foci classified as CIN1 (LSIL), CIN2, or CIN3
(HSIL) (Fig. 8C) following immunofluorescence staining. As
suggested from the data shown in Fig. 1 and 6, E4 expression
was confined to the upper epithelial layers (Fig. 9A) and
showed a significant inverse correlation with lesion grade (P 	
0.01 by the Kruskal-Wallis test) (Fig. 9A). E4 could be de-
tected in 100% of the surface cells in some regions of LSIL
(Fig. 8C). L1 expression was always less extensive than that of
E4, but a similar inverse correlation was apparent (P 	 0.01 by
the Kruskal-Wallis test) (Fig. 9A). E4–L1 double staining was
achieved by using either horseradish peroxidase- or AP-conju-
gated antibodies, followed by visualization with DAB (brown)
or fast red. When such staining was carried out using antibod-
ies to MCM (Fig. 8C), a significant positive correlation with

FIG. 5. Expression data suggest a model of productive HPV infection. (A) The differentiated epithelium is represented diagrammatically on
the left, and the markers expressed are represented as arrows on the right. Following access to the basal layer, the virus is thought to establish itself
as a low-copy-number episome. The E7 protein (red circles) is expressed in the lower epithelial layers as determined by the presence of
E2F-activated gene products such as MCMs (Fig. 1) and direct detection of the E7 protein (Fig. 2). Dark blue circles represent nuclei of uninfected
or nonpermissive cells. It is not clear whether E7 is expressed in cells of the basal layer or only in cells of the parabasal and intermediate cell layers
(Fig. 2). The expression of E4, and presumably that of other proteins whose genes lie downstream of the differentiation-dependent promoter (p670
in HPV16) (green arrow), is triggered before the expression of E7 ceases. In lesions caused by HPV16, E7 is expressed from the early promoter
(p97), which also directs the expression of E6 and may direct the low-level expression of other early region proteins (red arrow). The E4-expressing
cells (green) that also express E7 are predicted to contain all the early viral gene products in order to facilitate genome amplification. Expression
of the virus capsid proteins (L1 and L2) (orange arrow) follows the completion of genome amplification and occurs in a subset of cells that express
E4. The precise stage in the virus life cycle supported at any particular point is apparent from the combination of markers expressed. (B) Based
on the distribution of cells in S phase (red arrow) and the distribution of amplified viral DNA by in situ DNA hybridization (turquoise arrow), it
is apparent that genome amplification is limited to the region where E4 expression overlaps the expression of proteins necessary for DNA synthesis
such as MCMs. Stages in the papillomavirus productive cycle that are revealed by use of life cycle markers are given on the right.
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lesion grade was observed (P 	 0.01 by the Kruskal-Wallis test)
(data shown in Fig. 9A). Both E4 and MCM were easily de-
tected by immunoenzymatic methods in formalin-fixed, paraf-
fin-embedded tissue (Fig. 8).

Cells in the lower epithelial third were usually positive for
MCM, irrespective of disease status (Fig. 8B and C and 9A).
By contrast, the percentage of positive cells in the middle and
upper epithelial layers increased with increasing disease sever-

FIG. 7. The expression of viral proteins changes in a predictable way during cancer progression. The timing and order of events in regions of
LSIL can resemble those seen in productive infections caused by other papillomavirus types (Fig. 5). In HSIL caused by HPV16, the order of events
is preserved, but the timing is disturbed and the number of cells expressing surrogate markers of viral oncogene activity is increased. In HSIL
(CIN3) a total failure to complete the papillomavirus life cycle can occur, resulting in an abortive infection. Red circles, cells expressing E7; dark
blue circles, nuclei of uninfected or nonpermissive cells. Cells expressing E4 are depicted as green. Nuclei of cells expressing L1 are shown in
orange, whereas those that contain only amplified viral DNA are turquoise.

FIG. 6. Distribution of surrogate markers, HPV16 E4, and L1 in regions of LSIL and HSIL caused by HPV16. (A) Distribution of surrogate
markers (MCM, PCNA, and cyclin A) (red) and HPV16 E4 (green) in a region of LSIL where E4 staining was extensive. Merged images (including
4�,6�-diamidino-2-phenylindole [DAPI] staining [blue]) are shown on the left at high (20� objective) and low (10� objective) magnifications. Small
arrows indicate cells expressing both markers; large arrows indicate cells expressing E4 only. Dotted lines mark the position of the basal layer.
(B) Distribution of surrogate markers and HPV16 E4 (as above) in a region of HSIL where E4 expression was apparent close to the epithelial
surface. Small arrows point to cells expressing both markers. Although an overlap between the expression of the two proteins is apparent, the
expression of E4 in HSIL is less extensive than that in LSIL. Dotted lines mark the position of the basal layer. (C) Distribution of HPV16 E4
(green) and L1 (red) in regions of LSIL (upper panels) and HSIL (lower panels) associated with HPV16. L1 expression follows the expression of
E4 in LSIL and HSIL but is less extensive in HSIL. Dotted lines mark the position of the basal layer. Merged images, which include a DAPI
counterstain (blue), are shown on the left. Images were taken using a 10� objective.
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ity and usually extended to the epithelial surface in regions of
CIN3 (Fig. 8B and C and 9A). In CIN3 lesions, but not in CIN1
lesions that expressed the HPV16 E4 protein, the number of
MCM-positive cells was larger than the number of cells that
contained E4 (P 	 0.01 by the Mann-Whitney U test) (Fig.
9A). MCM staining did not reach the epithelial surface in areas
of E4 expression in low-grade lesions or productive papillomas
(Fig. 5, 6, and 8), even though MCM-positive cells were ap-
parent in the upper third (Fig. 9). E4-expressing cells were
present in the lower epithelial layers of lesions caused by
HPV2 but not in those caused by HPV11 or -16, which may
reflect differences in infection site and transmission route be-
tween HPV2 and genital papillomavirus types (73). Apart from
this, however, no significant difference (P 	 0.01 by the
Kruskal-Wallis test) (data presented in Fig. 9) was apparent in

the distribution of MCM, E4, or L1 between productive lesions
caused by HPV2, productive lesions caused by HPV11, and
regions of LSIL in which HPV16 late gene expression could be
observed (CIN1). This suggests that productive infections
caused by different papillomaviruses share an overall organi-
zational similarity. A significant difference was observed, how-
ever, in the distribution of all markers when CIN1 (LSIL) and
CIN2 or CIN3 (HSIL) were compared (P 	 0.05 by the Mann-
Whitney U test). No such difference was apparent between
CIN2 and CIN3.

Potential of life cycle markers for the diagnosis of cervical
neoplasia. The use of antibodies for cervical screening requires
their evaluation in cells taken from the surface of the cervix.
Although the problems associated with staining such cells are
likely to be different from those associated with staining tissue

FIG. 8. Distribution of HPV16 E4 and MCM in precancerous cervical epithelium infected with HPV16. (A) Detection of HPV16 E4 (brown)
by immunoenzymatic staining in a region of HPV16 LSIL (upper panels) and HSIL (lower panels). Lesions were counterstained with hematoxylin
to enable grading. Images were taken using a 4� objective. (B) Detection of HPV16 E4 and MCM at the edge of an HPV16-induced LSIL (upper
panel [brown, E4; red, MCM]) or HSIL (lower panel [red, E4; brown, MCM]). E4 staining is not apparent in normal epithelial tissue. In normal
cervical epithelium, MCM expression is confined to cells of the basal and parabasal cell layers. Images were taken using a 10� objective.
(C) Patterns of HPV16 E4 and MCM expression in cervical lesions showing some evidence of HPV16 late gene expression. The lesions examined
included HPVI and CIN1 (brown, E4; red, MCM) and CIN1/2, CIN2 and CIN3 (red, E4; brown, MCM). The progressive loss of HPV16 E4
staining is accompanied by an increase in the abundance of cells that express MCM. Images were taken using a 10� objective.
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sections (described here), our results suggest that antibodies to
viral gene products and/or antibodies to surrogate markers of
viral protein expression may be used in combination to assess
disease status. In our hands, however, efforts at detection of
viral gene products other than E7, E4, and L1, such as E6
(MAb C1P5 [39]), E2 (MAbs TVG 261 and TVG 271 [40]), or
E1 (MAbs E1-N1 and E1-C1 [55]) in infected tissue were not
successful. While it may be possible to detect these proteins by
using appropriate antibodies and staining protocols (72, 84),

the ease with which E4, L1, and MCM (as a surrogate marker)
can be detected suggests that they may be particularly useful
for diagnostic purposes.

As cervical screening specifically investigates cells taken
from the epithelial surface, we decided to examine the upper-
most cell layers of cervical lesions for the presence of the three
markers described above. Epithelial foci that were classified as
CIN1 (LSIL), CIN2, or CIN3 (HSIL) and which showed some
evidence of life cycle completion (as determined by the expres-

FIG. 9. E4, MCM, and L1 as markers of HPV-associated cervical disease. (A) Lesions caused by HPV2, HPV11, or HPV16 were double stained
with antibodies to E4 and L1 or to E4 and MCM, and the mean number of cells expressing each protein was established after counting cells in
the upper, middle, or lower third of the epithelium. The counting data are shown in the table and illustrated diagrammatically above it. The range
of values obtained after counting five or more lesions of each type is given in parentheses beneath the mean. In productive lesions caused by HPV2,
HPV11, and HPV16 (i.e., LSIL), cells expressing E4 are more abundant in the upper epithelial layers than cells expressing MCM. In CIN2 and
CIN3 lesions (HSIL) caused by HPV16, cells expressing MCM greatly outnumber those expressing E4. The ratio of cells expressing E4, MCM,
or L1 in the upper epithelial third is symptomatic of the severity of cervical disease. (B) Counting was performed on cells in the uppermost five
cell layers in cervical lesions classified as CIN1, CIN2, or CIN3 and was restricted to regions in which some evidence of late gene activity was
apparent as determined by the expression of E4. Where HPV16 E4 expression was most extensive, such as LSIL (CIN1), MCM was only rarely
found at the epithelial surface. In regions where E4 was expressed at very low levels, such as in HSIL (CIN3), MCM expression was widespread.
The extent of L1 expression at the epithelial surface decreased as E4 expression was retarded into the more differentiated epithelial cell layers,
and L1 expression was not widespread in HSIL. The ratio of cells expressing E4, MCM, and L1 at the epithelial surface can indicate the grade
of neoplasia in the underlying cervix.
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sion of E4 and/or L1 [shown diagrammatically in Fig. 9A])
were selected. Five foci of each type were counted, and the
mean percentage of cells expressing E4, L1, or MCM in the
upper five cell layers was determined (Fig. 9B). CIN3/HSIL
that lacked detectable levels of E4 were not included, as they
usually lacked signs of epithelial differentiation and contained
only MCM-expressing cells at their surfaces. Such lesions may
represent a more severe form of CIN3/HSIL than those that
still express E4. The expression of E4 and L1 in the superficial
cell layers showed an inverse correlation with lesion grade (P 	
0.05 by the Kruskal-Wallis test), whereas the expression of
MCM showed a significant positive correlation (P 	 0.05 by
the Kruskal-Wallis test). In the CIN1/LSIL foci selected here,
cells expressing E4 in the upper epithelial layers were signifi-
cantly more abundant than those expressing MCM (P 	 0.01
by the Mann-Whitney U test). In foci of CIN3/HSIL, the sit-
uation was reversed, with the number of MCM-positive cells
becoming significantly larger than the number of cells express-
ing E4 (P 	 0.01 by the Mann-Whitney test). The combined
detection of such markers, which are present at the epithelial
surface, and which are present at different levels in lesions of
different grades, may improve the accuracy of cervical screen-
ing.

DISCUSSION

The life cycle of papillomaviruses can be divided into three
phases that can be distinguished by using antibodies to PCNA,
E4, and L1 (73). PCNA is one of a number of cellular proteins
that are up-regulated during papillomavirus infection as a re-
sult of viral early gene expression. Such proteins include MCM,
Ki-67, cyclin A, and cyclin E, which are normally active during
S-phase entry as a result of the presence of external growth
factors. During the normal cell cycle, the phosphorylation of
Rb by G1/S cyclins and the subsequent release of the E2F
transcription factor are the trigger for the activation of these
genes. In HPV-infected tissue, their activation is regulated by
the viral protein E7, which binds to Rb and stimulates the
release of the E2F transcription factor irrespective of Rb phos-
phorylation. E2F-activated genes are expressed above the
basal and parabasal layers in papillomavirus-infected tissue but
are not found in these cell layers in uninfected epithelium. As
a result, such proteins can be regarded as surrogate markers of
HPV infection (49).

While MCM, PCNA, Ki-67, and the G1/S cyclins may all be
useful as markers, differences in their abundance and stability
make them more or less appropriate for screening purposes.
Both PCNA and MCM persist into G2 (19, 69), but the greater
abundance of MCM (63) allows it to be detected more easily.
Antibodies to MCM have recently been used to identify cycling
cells in several different types of cancer including urinary tract
cancer, renal cancer, and colon cancer (17, 35, 79, 85) and have
also been used to identify proliferating cells during cervical
screening (91). Although we have focused on MCM in this
study, other markers of viral oncogene activity, such as cyclin E
or p16 (68), may have the additional advantage of allowing
neoplasia to be distinguished from metaplasia or wound repair.
Both proteins are present at increased levels in lesions caused
by papillomaviruses but are usually absent or only transiently
expressed during normal cell proliferation. Despite differences

in the utility of the different markers, a common pattern
emerges. In high-grade lesions and cervical cancers, such
markers extend through the full thickness of the epithelium,
whereas in low-grade lesions they are confined to the lower
epithelial layers and reach the epithelial surface less fre-
quently. Several studies have suggested that the abundance of
these proteins in cells taken during cervical screening may be
used to predict the severity of cervical disease (20, 21, 75, 76,
81, 86), although reservations regarding their specificity as
markers of papillomavirus infection exist (78). The ability to
detect E7 directly, as is possible for E4 and L1, would simplify
the situation and may be possible with appropriate antibodies
and staining procedures.

As a marker of papillomavirus infection, E4 differs from the
markers described above, which depend for their expression on
the presence of E7. Antibodies to E4 detect a population of
cells that is largely separate from that which expresses E7,
irrespective of whether the E7 protein is detected directly or
indirectly (Fig. 1 and 2). The E4 protein is present in cells at
the epithelial surface in productive lesions caused by most (if
not all) papillomavirus types (73), whereas oncogene markers
are expressed below this level. In some lesions, such as those
caused by HPV1, E4 accounts for as much as 30% of total cell
protein (8, 25), and the general ease with which it can be
detected in lesions caused by other virus types (73) suggests
that it is similarly abundant. For HPV16, the availability of
high-affinity MAbs (27) that can detect E4 in paraffin-embed-
ded, formalin-fixed tissue simplifies its detection, and in this
study, the E4 protein was visualized directly using an Alexa
488-conjugated monoclonal Fab (TVG 405 [27]). TVG 405 was
derived from a synthetic immunoglobulin library displayed on
phage (27) and is not recognized by the anti-mouse and anti-
rabbit secondary antibodies used for the detection of MCM
and L1 during immunostaining. In contrast to surrogate mark-
ers of E7, which increase in abundance in high-grade neoplasia
and cancer, E4 is primarily a marker of HPV-associated LSIL,
and its prevalence decreases during cervical cancer progres-
sion.

In cervical smear preparations, the presence of oncogene-
expressing cells (as determined using surrogate markers) can-
not necessarily distinguish between HSIL and LSIL. Both may
be expected to give rise to smears that contain cells expressing
surrogate markers of HPV oncogene activity, such as MCM,
p16, or cyclin E. In the traditional Pap test, cytology provides
information that allows the diagnosis of LSIL, and it seems
likely that surrogate markers of viral oncogene expression
(MCM, PCNA, G1/S cyclins, p16) will need to be considered
along with cytological data for accurate diagnosis. The inclu-
sion of LSIL markers such as E4 (and possibly also L1) may
improve diagnostic accuracy and reveal the extent of abortive
infection. As E4 antibodies generally have limited cross-reac-
tivity (73), such an approach may, at the same time, allow
high-risk infections to be distinguished from those caused by
low-risk papillomavirus types.

The molecular changes that govern progression from pro-
ductive infection to HSIL are not fully understood, and the
prognostic significance of the failure to express E4 (or to ex-
press it in higher epithelial layers) is not known. Productive
papillomas such as those caused by HPV11 or HPV2 contain
only episomal viral DNA (reviewed in reference 42). In cervi-
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cal cancers the viral DNA is nearly always integrated into the
host cell chromosomes (11, 16, 89, 93), leading to an elevation
in the levels of viral oncogene expression (44, 45) as a result of
the disruption of the E2 ORF. In precursor lesions caused by
HPV16 (LSIL and HSIL), episomal and integrated genomes
coexist (2, 31, 74), and it has been suggested that integration
may occur early during neoplastic progression (74). The
changes in life cycle organization that accompany cervical can-
cer progression may have several possible explanations and
may in fact be linked to changes in the levels of E6 and E7 that
occur following integration. While HPV16 episomes can
clearly persist in cells harboring integrated viral genomes, the
onset of genome amplification may be delayed in cells express-
ing higher levels of E6 and E7, or be inhibited altogether
(CIN3). Many CIN2 and CIN3 lesions, which support produc-
tive infection only poorly, contain both episomal and inte-
grated HPV16 DNA (74). Although the effect of deregulated
E6 and E7 expression on the timing of initiation of late events
remains to be established, work from several groups suggests
that the expression of these proteins does in fact increase
during the progression from LSIL to HSIL (36, 56, 88),
whereas cervical cancer originates from HSIL following the
accumulation of secondary mutations in the host cell genome.

The failure of HPV16 to complete its productive life cycle in
HSIL may have other explanations, however, and may be re-
lated to the specific site at which HPV16-associated precan-
cerous lesions develop. Most cervical intraepithelial lesions
originate from cells in the transformation zone, the region of
cervical epithelium that changes from columnar to squamous
in response to hormonal changes such as those occurring at
puberty or during pregnancy. This region of the cervix is par-
ticularly sensitive to estrogen (1) and to estrogen-induced car-
cinogenesis (29), and the prolonged use of estrogen-containing
oral contraceptives has been reported to double the incidence
of cervical cancer (9) and affect the level of viral gene expres-
sion in vivo (6, 59) and in vitro (10, 50, 61). Although the effect
of hormones on late gene expression has not yet been charac-
terized, it is clear from the data presented here that the timing,
but not the order, of late events changes in a marked but
predictable way during the progression from CIN1 to CIN3.
Such variation has previously been reported for lesions caused
by different papillomavirus types but is not usually apparent
when lesions caused by the same papillomavirus type are com-
pared (73).

The loss of the E2 ORF and the subsequent deregulation of
E7 expression is considered a major factor in the development
of cervical cancer (reviewed in reference 42). The expression of
E6 and E7 from the p97 promoter increases in the absence of
E2, which can act as a transcriptional repressor. Integration
also leads to the loss of a negative regulatory element that is
thought to limit the abundance of E6 and E7 mRNAs during
normal productive infection (45). The loss of E4, which usually
accompanies the disruption of E2, has not previously been
implicated in cancer progression but may also be a predispos-
ing factor. The E4 proteins of both HPV16 and HPV18 have
recently been shown to induce G2 arrest in cervical epithelial
cells (18, 65) and are thus incompatible with cell proliferation.
It appears that the reduced expression of E4 seen in HSIL may
be necessary for cell proliferation to extend into the upper
epithelial layers.

A general feature of all DNA tumor viruses is their ability to
stimulate quiescent cells to enter the cell cycle and to provide
an environment that favors viral genome amplification (67). In
cells that are nonpermissive for productive infection, the inte-
gration of viral DNA into the host cell chromosome can lead to
cellular transformation. For most papillomaviruses, and in-
deed for DNA tumor viruses in general, natural infection usu-
ally leads to the formation of lesions that allow the production
of new virus particles. Abortive infections result from the in-
fection of a tissue or cell type in which the virus has not evolved
to complete its productive life cycle successfully. The different
papillomavirus types cause lesions at different epithelial sites,
with the extent of productive infection reflecting a balance
between the need to evade immune detection and the need to
produce sufficient infectious progeny to allow the successful
infection of a new host (73). As papillomavirus entry is medi-
ated through a receptor that is present on many cell types (30,
37, 46, 82), viruses that have evolved to do well at a particular
epithelial site can in principle gain access to inappropriate cell
types, where their ability to complete their productive cycle
may be compromised. Natural infection of cattle by bovine
papillomavirus type 1 (BPV1) causes productive fibropapillo-
mas, whereas in horses BPV1 infection leads to the formation
of nonproductive equine sarcoids (66). Similarly, cottontail
rabbit papillomavirus (CRPV) produces productive lesions in
cottontail rabbits but causes nonproductive lesions in New
Zealand White rabbits (14). Such lesions, which are in effect
abortive CRPV infections, progress to cancer at a higher fre-
quency than do the productive papillomas induced in cotton-
tails (14). As many HPV16-induced cervical lesions are in fact
abortive infections in which the full life cycle of the virus is not
supported, it seems possible that the virus may have evolved to
complete its productive cycle at a primary site other than the
cervix. Although the extent to which HPV16 can undergo pro-
ductive infection at other epithelial sites remains to be estab-
lished, it would now be interesting, since HPV16 is a sexually
transmitted virus, to examine the lesions it causes in men, as
well as lesions at other sites in the female genital tract. In
contrast to cancer of the cervix, penile cancer and cancers at
other genital sites in women are relatively uncommon (7, 80).
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