
[CANCER RESEARCH 58. 2941-2945. July 15. 199K|

Advances in Brief

Differential Cell Cycle Regulation by Low- and High-Risk Human Papillomaviruses
in Low-Grade Squamous Intraepithelial Lesions of the Cervix1

Shirley A. Southern and C. Simon Herrington2

Department of Pathologv, Universit\ of Liverpool. Ro\nl Liverpool University Hospital, Liverpool L69 3GA, United Kingdom

Abstract

In this study, we have demonstrated the overexpression of cyclin Dl
protein in 24 (92%) of 26 low-grade squamous intraepithelial lesions
infected with low-risk human papillomaviruses (HPV 6, 11,42,43, and 44)

and the absence of cyclin Dl expression in 25 (87%) of 29 lesions infected
with high-risk HPVs (HPV 16, 18, 31, 33, 39, 45, 51, 52, 56, 58, and 66).

The expression of cyclins E, A, and B proteins was increased in both
low-risk and high-risk HPV infections. Tetrasomy of chromosomes 1, 3,

11, 17, 18, and X was present in nine lesions, all of which were infected
with high-risk HPVs, but was not related to the pattern of cyclin expres
sion. These data provide in vivo evidence that low- and high-risk HPV

types alter cell cycle control by different mechanisms and that cell cycle
checkpoint abnormalities are induced by high-risk, but not low-risk, HPV

infection.

Introduction

Cell cycle progression and genome maintenance are regulated by a
set of highly coordinated and interdependent biochemical reactions
involving cyclins and cyclin-dependent kinases. These ensure the
controlled passage of cells through the cell cycle and provide "check
points" or restraints before the S and M phases to prevent replication

of damaged or altered DNA. The expression of cyclin Dl occurs
before, and controls the passage through, the G, restriction point.
Cyclin E is expressed after the restriction point in the late G, phase,
cyclin A, throughout the S phase and into the G2 phase, and cyclin B
at the GÃ¯-Mboundary. Cyclin B is required for entry into mitosis, and

its degradation signals the exit from mitosis ( 1). In vitro studies have
shown that the E6 and E7 proteins of high-risk HPVs3 but not those

of low-risk HPVs can bind to cell cycle proteins and disrupt cell cycle

control (2). This not only accommodates viral replication but may also
contribute to the accumulation of cellular genetic alterations that lead
to immortalization and transformation (3). Up-regulation of cyclin A

and B expression has been identified in immortalized primary human
keratinocytes (4) and the E2, E6, and E7 proteins of high-risk HPVs

have been shown in vitro either to abrogate or to reduce the fidelity of
mitotic control checkpoints (5, 6). However, this may not accurately
reflect events that occur during in vivo infection because in vitro
studies are restricted to the analysis of a small number of HPV types,
and the biochemical changes identified cannot be analyzed in con
junction with squamous differentiation in a natural environment. We
have demonstrated previously (7) basal cell tetrasomy in low-grade
SILs infected with high-risk but not low-risk HPVs, suggesting that
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the ability to induce chromosome instability may be one mechanism
underlying the differences between these viral groups. In this study,
we have: (a) compared the morphological distribution of the Ki-67

antigen, which is expressed throughout the cell cycle (8), with that of
cyclins A. B, D. and E in naturally occurring cervical low-grade SILs
infected with low- and high-risk HPV types; and (/;) examined the

relationship between the expression of these proteins and both the
HPV type and the presence of numerical abnormalities of chromo
somes 1,3, 11. 17. 18, and X. The expression of cyclins E. A. and B
was elevated in lesions infected with both low-risk and high-risk

HPVs. Cyclin Dl was overexpressed in 24 (92%) of 26 lesions
infected with low-risk HPVs but was absent in 25 (87%) of 29 lesions
infected with high-risk HPV. Tetrasomy of all six chromosomes was
identified in nine cases infected with high-risk HPV types but was not

associated with a specific pattern of cyclin expression. These data
provide evidence that G,-S and G2-M cell cycle checkpoints are
abnormal in low-grade SILs infected with high-risk HPVs but not in
those infected with low-risk HPVs. The accumulation of genetic

abnormalities as a result of alterations in cell cycle checkpoint control
is likely to be an important mechanism in the process of cellular
immortalization by high-risk HPVs.

Materials and Methods

Choice of Specimens

A total of 70 cervical specimens were identified from the rouline surgical
pathology files of the Department of Pathology. Royal Liverpool University

Hospital. These comprised 10 normal cervical biopsies from patients with no
history of SIL as controls and 60 cervical biopsies from patients with low-

grade SILs. All diagnoses were confirmed by a gynecological pathologist
(C. S. H.). Parallel 6-jj.m sections were cut tor immunohistochemistry. inter-

phase cytogenetics. and HPV in situ hybridization; an additional three sections

were cut for HPV PCR typing.

HPV Typing

HPV typing was performed as described previously (7) and involved DNA
extraction followed by: (a) HPV PCR using GP5+/6 + primers to amplify a
140-150-bp fragment (depending on the HPV type) within the LI gene; and
(b) typing using 5' digoxigenin-labelled oligonucleotide probes to HPV types

6, 11. 16. 18, 31. 33. 35. 39,42.43.44, 45. 51, 52,56. 58. and 66. DNA quality
was assessed by amplification of a 209-bp ÃŸ-globinfragment using primers

PCO3 and PCO5 (7).
HPV Sequencing. The QIAquick Gel Extraction Kit (Qiagen Ltd.) was

used to purify PCR products from agarose gels. These were then sequenced

directly in a Prism 373 automated sequencer (Applied Biosystems. Inc.).
Sequences were analyzed using the fast A algorithm of the Genetics Computer
Group analysis program to search the GenBank and European Molecular
Biology Laboratory databases.

Controls. Typing specificity was verified using plasmid clones for HPV 6.
11. 16. 18. 31. 33, 43. 44. 45. 51. 56, and 58 and sequenced PCR products for

HPV 39. 42. 52. and 66.
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HPV Localization

Sections were dewaxed. digested, and hybridized with digoxigenin-labelled

genomic probes for HPV 6, 11, 16, 18, 31, and 33 as described previously (7).
These probes have been shown to cross-hybridize with other HPV types under

the conditions used (9) and were used for HPV localization only to allow
chromosome and cyclin analysis of HPV-infected areas. In specimens con

taining dual infections, the stringency of in situ hybridization was increased by
posthybridization washing in 50% formamide and 0.1 X SSC at 35Â°Cto

achieve specificity. HeLa cells and tissues containing known HPV types were
used as positive controls.

Interphase Cytogenetics

Probes. Biotinylated chromosome-specific pericentromeric probes (Oncor,

Gaithersburg, MD) for chromosomes 3 (D3Z1), 17 (D17Z1), 18 (D18Z1), and
X (DXZ1) were used for interphase karyotyping. Probes for chromosomes 1
(pUC1.77) and 11 (pLCl 1A) were labelled with digoxigenin by nick transla
tion (Life Technologies, Inc., Paisley, Scotland).

Interphase Cytogenetics. As described previously (10), sections were
pretreated and hybridized overnight; signals were detected using peroxidase,
diaminobenzidine, and H2O2. The signals in 200 nuclei were viewed and
counted at magnification X630 for each chromosome in each lesion, and the
resultant frequency distributions were compared using the Mann-Whitney U

test as validated previously (10).

Immunohistochemistry

Formalin-fixed paraffin sections were dewaxed in xylene and rehydrated

through graded alcohols. Antigens were retrieved by microwave heat treatment
in 0.01 M citric acid buffer for 15 min on a high setting (800 W). Endogenous
peroxidase was blocked using 1.5% (v/v) hydrogen peroxide in methanol for
10 min and then 5% normal goat serum for 20 min. The following monoclonal
antibodies (all from Novocastra, Newcastle, United Kingdom) were then

applied for 1 h at room temperature: (a) anticyclin A (clone 6E6) 1:25; (b)
anticyclin B (clone 7A9) diluted 1:20; (c) anticyclin Dl (clone P2D11F11)
1:20; and (d) anticyclin E (clone 13A3) 1:20. Monoclonal anti-Ki-67 (clone

MIB 1, BioGenex. Finchampstead, United Kingdom) was used undiluted as
recommended by the manufacturer and was applied for 2 h at 37Â°C.The

sections were then incubated sequentially in biotinylated sheep antimouse and
avidin-biotin complex horseradish peroxidase conjugate (DAKO, Cambridge,

United Kingdom). The signal was developed using diaminobenzidine and
H2O2. The morphological distribution of the expression of each protein within
the basal, parabasal. intermediate, and superficial layers of the squamous
epithelium was recorded for each lesion. Distributions were compared statis
tically using the )f test with Yates' correction where appropriate.

Results

HPV Analysis

HPV Typing. The 209-bp ÃŸ-globinfragment was amplifiable from

all of the tissues, demonstrating appropriate DNA quality. All of the
control normal cervical biopsies were HPV-negative. No HPV was
identified in eight of the low-grade SILs, and these were not analyzed

further because the objective of the study was to analyze the differ
ential cyclin expression patterns of lesions infected with low- and
high-risk HPVs. Of the remainder, 26 lesions contained low-risk HPV
types [HPV 6 (n = 12), 11 (n = 7), 42 (n = 3), 43 (n = 3), and 44
(n = 1)]: 17 of these showed condylomatous wart virus change; 6
showed noncondylomatous wart virus change ("flat wart"); and 3

showed cervical intraepithelial neoplasia grade 1. Twenty-nine lesions
contained high-risk HPV types [HPV 16 (n = 5), 18 (n = 4), 31
(n = 1), 33 (n = 1), 39 (n = 2), 51 (n = 2), 52 (n = 5), 56 (n = 1),
58 (n = 5), and 66 (n = 3)]; 10 of these showed noncondylomatous

wart virus change and 19 showed cervical intraepithelial neoplasia
grade 1. Double infections (included in the above figures) were
identified in three specimens: one contained HPV types 6 and 18; a

second contained HPV 18 and 31 ; and the third contained HPV 11 and
52.

The PCR product amplified from one lesion did not hybridize with
any of the probes used. Direct sequencing of this product demon
strated an unknown HPV type related to HPV 43 (maximum homol-
ogy of 77%) and was, therefore, classified as low-risk.

HPV Localization. All specimens that were positive by PCR were
positive by in situ hybridization using the mixture of HPV probes thus
establishing morphological localization of HPV infection (Fig. I/). All
control cases were negative. High stringency in situ hybridization
localized the individual HPV types to different morphological areas in
the lesion infected with both HPV 6 and 18 and in the lesion infected
with both HPV 18 and 31. In the biopsy containing HPV 11 and 52,
there were two pieces of tissue both showing morphological features
of HPV infection. These foci were microdissected and HPV-typed

separately: one contained HPV 11, and the other contained HPV 52.
Accurate morphological assessment of karyotypic analysis and cyclin
expression could, therefore, be established in all cases.

Chromosome Analysis

Tetrasomy of chromosomes 1,3, 11, 17, 18, and X was present in
keratinocytes in nine lesions (Fig. 1Â¡),all of which were infected with
high-risk HPV types [HPV 16 (n = 1), 18 (n = 1), 33 (n = 1), 52
(n = 1), 56 (n = 1), and 58 (n = 3) and dual infection with HPV 18
and 31 (n = 1)]. In the lesion infected with both HPV 18 and 31,

tetrasomy was confined to the area infected with HPV 31. No signif
icant difference (Mann-Whitney U test) was identified between the

distributions obtained with each chromosome in each case. In eight of
the lesions, tetrasomy persisted throughout the full epithelial thick
ness. One lesion showed focal tetrasomy involving the basal epithelial
layer only. The chromosome abnormalities were confined to HPV-

infected areas as demonstrated by in situ hybridization. All normal
adjacent HPV-negative epithelium and control tissues showed a nor

mal disomic pattern.

Cyclin Expression

Ki-67 expression extended into superficial cells (Fig. la) signifi
cantly more frequently in lesions infected with high-risk HPVs than in
those infected with low-risk HPVs [x2 = 7.9; df, 1; P = 0.005; Fig.

2a]. In eight cases, Ki-67 was present only in occasional basal and
parabasal cells. Of these, two were infected with low-risk HPVs in

which the expression of cyclins A, B, and D was also confined to
basal and parabasal cells. The remaining six lesions were infected
with high-risk HPVs, and, in these, cyclin A expression extended into

superficial epithelial cells, suggesting cell cycle exit with persistent
cyclin A expression.

Cyclin A expression showed a similar distribution to that of Ki-67
and was present in epithelial cell nuclei in all HPV-infected low-grade

cervical lesions. In some lesions, cytoplasmic staining was also ob
served (Fig. \b). Although overexpression relative to normal epithe
lium was present in all of the lesions, it was more marked in the
lesions infected with high-risk HPVs. Expression was present

throughout the epithelial thickness, extending into superficial cells in
76% (22 of 29) of the lesions infected with high-risk HPVs, compared
with 19% (5 of 26) of those infected with low-risk HPVs (x2 = 16.8;

df, 1; P < 0.001; Fig. 2b). Cyclin A expression extended significantly
farther up the epithelium than the cyclin B expression in lesions
infected with both low-risk (x2 = 12.9; df, 2; P = 0.002) and high-risk
(X2 = 38.5; df, 2; P < 0.001) HPVs. Koilocytes were strongly

positive. Cyclin A expression was restricted to basal and parabasal
cells in normal epithelium.
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I

Fig. 1. a-rf. Representative sections showing protein expression within keratinocytes in a low-grade SIL infected with HPV 16. a. Ki-67; A. cyclin A; c, cyclin B; </.cyclin Dl. Ki-67

is present within keratinocyte nuclei, cyclin A is present within both nuclei and cytoplasm, and cyclin B is confined to the cytoplasm. Note the expression of cyclin B in a mitotic cell
(arrow) in c. The expression of Ki-67 and cyclin A is present throughout the thickness of the epithelium, whereas cyclin B is confined to the basal and parabasal and intermediate layers.

No cyclin Dl expression is detectable, e, nuclear cyclin Dl expression in the basal and parabasal. and some intermediate, cells of a lesion containing HPV 6. /, localization of HPV
(red} by in situ hybridization in a lesion infected with HPV 58. Â£,nuclear cyclin E expression in occasional intermediate cells in the same lesion as Figs. a-d. h. cyclin E expression
in koilocytes (arrow) in a lesion infected with HPV 18. i. tetrasomy of chromosome 1 in a lesion infected with HPV 16. Bara, 20 firn (u-/i); 10 Â¡un(i).

Increased cytoplasmic cyclin B expression of similar abundance
and distribution was seen in the basal and parabasal layers of all
lesions, and extended into the intermediate layers of some low-risk
(50%) and high-risk (55%) HPV infected lesions (Fig. le and 2c),
with no significant difference between these groups ()C = 0.15; df, 1;

P > 0.05). Koilocytes did not express cyclin B. In normal epithelium,
only occasional basal and parabasal cells showed protein expression.

No cyclin Dl expression was present in the HPV-infected areas in
the majority [25 (87%) of 29] of lesions infected with high-risk HPVs

(Figs. Id and Id). The four exceptions contained HPV 18, 39, 52, or
66. Nuclear cyclin Dl expression was present in the basal and para
basal layers and occasionally in the intermediate layers in 24 (92%) of
the 26 cases infected with low-risk HPV types (Figs. \e and 2e). The

absence of cyclin Dl expression in the final two lesions, which were
infected with HPV 6 or 42, was accompanied by weak expression of
cyclins A and B and of Ki-67 antigen, all of which were restricted to

occasional basal and parabasal cells. In addition, in situ hybridization
showed only weak positivity by comparison with other lesions con
taining the same HPV types, suggesting low copy number infection
and possibly lesion regression. The difference in cyclin Dl expression
between low- and high-risk infections is highly significant ()C = 33.8;

df, 1; P < 0.001). Koilocytes showed no cyclin Dl expression in
either group. Of the two lesions infected with both low- and high-risk

HPVs (HPV 6 and 18 and HPV 11 and 52, included in the above
figures), cyclin Dl expression was present in the areas infected with

low-risk HPV but not in areas infected with high-risk HPV. No cyclin

Dl expression was present in either area in the lesion infected with
both HPV 18 and 31. Normal epithelium, both adjacent to the SlLs
and in the normal control biopsies, showed weak expression in basal
and parabasal cells.

Nuclear cyclin E expression was present in the intermediate layer of
lesions infected with low- and high-risk HPVs (Fig. \g) with no

significant difference in distribution or pattern between the two
groups of viruses (Fig. le}. Koilocytes in this layer showed strong
cyclin E expression (Fig. l/i). Normal epithelium showed either no
expression or weak expression in occasional intermediate cells.

Overall, the major difference between low- and high-risk HPV

infections was the absence of cyclin Dl expression in lesions infected
with high-risk HPVs compared with an overexpression in lesions
infected with low-risk HPVs. Ki-67 expression and cyclin A expres

sion were present in superficial cells in most of the lesions infected
with high-risk HPVs but only in a minority of those infected with
low-risk HPVs. No difference was identified in the distribution of the

expression of cyclin B or cyclin E.

Discussion

The major finding in this study is the absence of cyclin Dl expres
sion in the majority of naturally occurring low-grade cervical lesions
infected with high-risk HPVs. This contrasts with the overexpression
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Fig. 2. Histograms showing the proportion of
lesions expressing each protein in basal/parahasal
(B/P}, intermediate (/) and superficial (5) cells in
normal epithelium (D; n = 10) and lesions infected
with low-risk HPVs (â€¢;n = 26) and high-risk (H:
n = 29) HPVs. a. Ki-67: b, cyclin A; r. cyclin B; d.

cyclin DI: e, cyclin E.
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of cyclin Dl in most of the lesions containing low-risk HPVs, a

difference that is most clearly demonstrated in the two lesions infected
with both low- and high-risk HPVs. These findings are compatible

with the in vitro observation that cyclin Dl protein expression is not
required for G, phase progression in human keratinocyte cell lines
expressing the E6 and E7 proteins of high-risk HPVs (II). The
binding of the E7 protein of high-risk HPVs to the pRb protein (12)

obviates the requirement of the cell for cyclin Dl (11) and ensures the
unrestricted release of E2F transcription factors. This in turn leads to
S phase entry, thereby inducing the expression of genes required for
cellular and viral DNA synthesis. In the present study, the absence of
cyclin Dl, and the up-regulation of the S phase cyclins E and A in

lesions infected with HPV 16, 18, 31, 33, 51, 52, 56, 58, and 66 is
consistent with this mechanism and suggests that abrogation of cyclin
Dl expression in naturally occurring lesions is a general property of
high-risk HPVs. However, cyclin Dl expression was identified in a
minority of lesions infected with high-risk HPVs (HPV 18. 39, 52, and

66). Possible explanations for this observation include the presence of
variants of these HPV types or the effects of other factors (e.g.,
smoking) on cyclin Dl expression.

By contrast, low-risk HPVs induce the overexpression of cyclin Dl
in low-grade lesions of all histological types, which suggests that

cyclin Dl is required for cell cycle progression in lesions infected
with low-risk HPVs. This is compatible with the lower affinity of
low-risk HPV E7 protein for pRb by comparison with that of high-risk

E7 protein (13). Overexpression of cyclin Dl was associated with the
expression of cyclins E, A, and B in suprabasal cells, indicating that
cells that normally exit the cell cycle are maintained in cycle, most
likely to facilitate viral DNA replication. Increased cellular prolifer
ation as a result of HPV-associated elevation of cyclin levels in both

condylomatous and noncondylomatous lesions parallels a recent
mouse fibroblast study in which the moderate overexpression of
cyclin Dl resulted in the shortening of the G, phase with a corre
sponding faster cell division (14).

Overexpression of cyclins E and A, together with the Ki-67 antigen,

relative to normal epithelium, was present in lesions infected with
both low-risk and high-risk HPVs and extended significantly higher

up the epithelium than cyclin B, suggesting that, in both types of
infection, cells remain in cycle with either prolongation of, or arrest
in, S phase. This interpretation is consistent with the in vitro evidence
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that: (a) high-risk HPV E7 protein can bind cyclin A and E (15)

resulting in a prolonged S phase or S phase arrest; and (b) El protein
prevents cellular inhibition of cyclin E-associated kinase and up-

regulates cyclin A transcription (16). The presence of cyclin A in the
cytoplasm of infected keratinocytes in some lesions may reflect the
high levels of cyclin A that are produced as a result of this up-
regulation. In the majority of lesions infected with low- and high-risk
HPV types, the distribution of the Ki-67 expression paralleled that of
cyclin A. In lesions infected with high-risk HPVs, the expression of

these proteins extended significantly farther up the epithelium into the
superficial cells. Thus, lesions infected with low-risk HPVs, but not
those infected with high-risk HPVs, seem to exit the cell cycle in the

upper intermediate and superficial layers.
S-phase arrest or oscillation between G, and S phases without an

intervening M phase can be induced by high-risk E6 and E7 proteins

and may lead to tetraploidization (17, 18) Abrogation of a mitotic
checkpoint by high-risk E6, which binds p53 with a greater affinity

than low risk E6, uncouples the controlled progressive link between
completed S phase DNA synthesis and mitosis (19). In this study,
tetrasomy was present in nine low-grade SILs, all of which were
infected with high-risk HPVs, and no significant relationship was

identified between the presence of tetrasomy and the distribution of
cyclin expression. However, it is clear that some lesions showing
tetrasomy remain in cell cycle. This may predispose to chromosome
instability, an interpretation that is consistent with our observation of
predominant tetrasomy with chromosome aneusomy in a proportion
of high-grade SILs (20).

The observations in this study are consistent with the known
differential abilities of low- and high-risk HPV proteins to bind to and
to inactivate cell cycle-associated proteins, particularly pRb. Our data
suggest that high- and low-risk HPVs disrupt and up-regulate cyclin

expression and cell cycle control by two different processes in natu
rally occurring low-grade SILs. The full complement of cyclins is
expressed and up-regulated in lesions infected with low-risk HPVs,

and no numerical chromosome abnormalities are seen. The passage of
cells into the intermediate cell layers is accompanied by increased
expression of cyclins E and A, which is consistent with S phase
prolongation or arrest and with viral DNA synthesis. Infected cells
exit the cell cycle in the superficial layers, suggesting the cessation of
DNA synthesis possibly related to capsid protein production. These
findings suggest that the G,-S and G2-M checkpoints are intact in
low-risk HPV infections. The majority of lesions that are infected with
high-risk HPVs also remain in cell cycle with the overexpression of

cyclins E and A, but they express cyclin Dl infrequently and often
show numerical chromosome abnormalities. This is consistent with
the induction of abnormalities of both the G,-S and G2-M checkpoints
by high-risk HPVs despite cell cycle progression. The accumulation

of genetic abnormalities as a result of alterations in cell cycle check
point control is likely to be an important mechanism in the process of
cellular immortalization by high-risk HPVs.
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