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Abstract

We have analyzed 60 low-grade cervical squamous intraepithelial le
sions for low- and high-risk human papillomaviruses (HPVs) and for
numerical abnormalities of chromosomes 1, 3, 11, 17, and 18 and the X
chromosome. Eleven of 33 lesIons infected with@ HPVs (HPV 16,
18, 30, 31, 33, 35, 39, 45, 51, 52, 56, 58, and 66) but none of 24 lesions
infected with low-risk HPVs (HPV 6, 11, 42, 43, and 44) and none of 15
normal cervices showed basal cell tetrasomy of all six chromosomes in the
HPV-infected areas. These changes were not HPV type specific and were
not present in all lesions infected with the same HPV type. The presence
ofbasal cell tetrasomy in lesions infected with high- but not low.risk HPVs
suggests that induction of chromosome instability may be one mechanism
underlying the biological differences between these viral types.

Introduction

Cervical neoplasia is strongly associated with HPV3 infection, but
additional genetic abnormalities are required for its development (1).
Cytogenetic abnormalities of chromosomes 1, 3, 11, and 17 are
frequent in invasive carcinomas of the cervix (2), but there are few
data regarding the relationship of such aberrations to HPV infection.
Although HPV DNA can induce structural chromosomal abnormali
ties after stable transfection in vitro (3), this does not necessarily
reflect the situation in vivo. Moreover, stable transfection is associated
with viral integration, and therefore, early genetic events related to
productive viral infection may not be detected by this approach. In a
previous study, we demonstrated numerical abnormalities of chromo
some 11 or 17 or the X chromosome in 21 of 25 invasive squamous
cell carcinomas of the cervix by interphase cytogenetics (4). However,
chromosome abnormalities are not well documented in naturally
occurring intraepithelial lesions (2), particularly those that are low
grade, and there are no studies of the relationship between such
abnormalities and HPV infection in these lesions. The aims of this

study were, therefore: (a) to determine whether numerical chromo
some abnormalities occur in low-grade cervical SILs; and (b) to
examine the relationship of any such abnormalities to infecting HPV
type. Analysis of a series of 60 low-grade SILs and 15 control normal
cervical tissues demonstrated that naturally occurring infection by
high- but not low-risk HPVs was associated with tetrasomy of basal
keratinocytes in some low-grade Sits. The difference between lesions
infected with low- and high-risk HPV types suggests that induction of
chromosome instability may be one mechanism underlying the bio
logical differences between these viral types.
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Materials and Methods

Choke of Specimens

Sixty low-grade SILt were selected from the routine diagnostic files of the
Department of Pathology, Royal Liverpool University Hospital. Thirty showed
HPV-associated changes only [15 condylomatous and 15 noncondylomatous
(â€œflatâ€•)HPV effects], and 30 showed, in addition, mild dysplastic changes
amounting to CIN 1. A further 15 specimens were selected as a control group:
10 were cervical biopsies showing immature squamous metaplasia, and 5 were
normal cervices from patients with no history of SR. but who had had a
hysterectomy for other reasons. All diagnoses were reviewed by a gynecolog
ical pathologist (C. S. H.) who was unaware of the molecular data. Parallel,
6-gm, formalin-fixed paraffin sections were cut for interphase cytogenetics

and HPV localization by in situ hybridization. Three 6-@xmsections were also
collected for HPV PCR typing.

Chromosome Analysis

Probes. Biotinylated chromosome specific pericentromeric probes (Oncor,
Gaithersburg, MD) for chromosomes 3 (D3Z1), 11 (Dl lZl), 17 (D17Z1) and
18 (D18Z1) and the X chromosome (DXZ1) were used for interphase karyo
typing. The chromosome 1 satellite ifi probe, pUC 1.77, was the kind gift of
Dr. A. H. N. Hopman (University of Limburg, Maastricht, The Netherlands)
and was digoxigenin-labeled by nick translation (Life Technologies, Inc.,
Paisley, Scotland).

Interphase Cytogenetics. Probes were hybridized to paraffin sections, and
signals were developed using peroxidase, diaminobenzidine, and H202 as de
scribedpreviously(5). The number of signals per nucleus was counted at a total
magnification of X630. Two hundred nuclei were counted from each lesion with
each probe, and previous rules for signal counting were observed (5). AlthOUgh
theseprobesgive no informationregardingnoncentromericregions,they do allow
the assessmentof centromerenumber.Trisomic and tetrasomicpopulationswere
identified by the presence of three and four signals, respectively, in l0% of
nuclei, as previouslyvalidatedfor paraffin section analysis (5).

Distributions generated using each chromosome in each lesion were corn
pared using the two-tailed Mann-Whitney U test, corrected for tied values.
Statistical analyses were corrected for multiple comparisons using the Bonfer
roni method to avoid type I errors (6); each distribution was compared with
five other data sets, and therefore, the significance level used was P < 0.01.

HPV Typing by PCR

DNA Extraction. Three 6-pun, formalin-fixedparaffinsections were de
waxed in xylene (twice for 5 mm each) followed by 96% ethanol (twice for 5
mm each) and then pelleted and allowed to dry at 55Â°Cfor 1 h. Following
overnight incubation in 200 @lof 200 @xg/mlproteinase K (Boehringer Mann

heim) in 200 mM Tris-HC1 (pH 8.0)-l mM EDTA at 55Â°C,the digest was
heated to 95Â°Cfor 20 mm, and the supernatant was treated with 200 .d of
Instagene (Bio-Rad) for 1 h at 55Â°Cto remove cellular debris. DNA quality
was assessed by amplification of a 209-bp j3-globin fragment Usingprimers
PCO3 (5'-ACACAACTGTGTFCACTAGC-3') and PCO5 (5'-GAAAC
CCAAGAGTCUCTCTG-3'; Ref. 7).

HPV Detection. All specimens were subjected to GP5+/GP6+ PCR ampli
fication within the Li gene, and PCR products (140-150 bp, depending on HPV
type) were detectedusing a colorimetsicmodificationof the method of Jacobs et
a!. (8). PCRs were carried out using the conditions described by Jacobs et cd. (8).
Eight @dofeach PCR product were run on a 1.5% agarose gel, denatured with 1.5
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M NaCl-0.5 M NaOH, and then transferred on to a positively charged nylon

membrane by diffusion blotting. Further l-@.daliquots of each PCR product at a
1:10dilutionforeach probe weredenaturedat 95Â°Cfor 10mm and then dottedon
to nylon membranesfor individualHPV analysis.Membraneswere preincubated
for2 h at 55Â°Cin prehybridizationbuffercontaining2X SSC,0.02%SDS,and 1%
blocker (BoebringerMannheirn).A cocktail of 5'-digoxigenin-labeledtype-spe
cificoligonucleotideprobestoHPVtypes6, 11, 16, 18,31, 33, 35, 39,42,43,44,
45, 51, 52, 56, 58, and 66 (sequences as described elsewhere; Refs. 8 and 9), each

at a ooncentrationof 10 fmOI4L1,was added to the Southernblot and individual
probes at the same concentrationwere added to the individualdot blots. Hybrid
izationwas carriedoutat 55Â°Covernightandwas followedby posthybndization
washes in 2X SSC and 0.1% SDS at 55Â°C(threetimesfor 10mm each) followed
by blocking solution [0.1 MTris-HCI(pH 7.5), 0.5% Tween 20, and 1% blocker]
for 1 h at room temperature. Signal was developed using sheep anti-digoxigenin
alkalinephosphatase-conjugatedantibody(BoebringerMannheirn),diluted 1:5000
in blocking solutionfollowedby nitrobluetetrazolium/bromochloroindolylphos
pliate for 3â€”4h.

Iwv Sequencing. PCR products were purified from agarose gels using the
QIAquick@ Gel Extraction kit (Qiagen Ltd.) and then sequenced by direct
sequencing in an Applied Biosystems Prism 377 automated sequencer. Se
quences were analyzed using the fastA algorithm of the Genetics Computer
Group analysis program to search the GenBank and European Molecular

Biology Laboratory databases.
Controls. Plasmid clones for HPV 6, 11, 16, 18, 45, and 51 (provided by

Dr. E-M. de Villiers, Deutsches Krebsforschungzentrum, Heidelberg, Germa
ny), HPV 33 (provided by Dr. 0. Orth, Institut Pasteur, Paris, France), HPV 31
and 35 (provided by Dr. A. T. Lorincz, Digene Diagnostics, Inc., Silver Spring,
MD), HPV 58 (provided by Dr. Y. Matsukura, National Institute of Health,
Tokyo, Japan), and HPV 43, 44, and 56 (purchased from the American Type
CultureCollection,Rockville,MD)andsequencedPCRproductsfor HPV39,
42, 52, and 66 were used as controls for probe specificity.

HPV Localization by in Situ Hybridization

Dewaxed and digested sections were hybridized with nick-translated,
digoxigenin-labeled genomic HPV probes for types 6, 11, 16, 18, 31, and 33
in 50% formamide-2X SSC, as described previously (4). These probes have
been shown to cross-hybridize with other HPV types under these stringency
conditions (10). This system was used only for HPV localization, to allow
karyotypic analysis of HPV-infected tissue areas and not to determine HPV
type. In specimens in which dual infection was identified by PCR, the strin
gency of in situ hybridization was increased by using a posthybridization wash
containing 50% formamide and 0.1X SSC at 35Â°C(10). Resultant discrimi
nation between the different infections allowed chromosome analysis of the
specific areas. Tissue samples containing known HPV types and paraffin
embedded HeLa cells were used to monitor each experiment.

Results

HPV Analysis

PCR. All tissuesanalyzedwerepositiveby PCRusingj3-globin
specific primers, indicating adequate DNA quality. Fifty-four of the 60
SILs were HPV positive (Fig. 1). Twenty-three specimens contained
probedlow-riskHPVtypes [HPV6(n = 11), 11 (n = 6),42(n = 3),43
(n = 2), 44 (n 1)], and 32 specimens contained probed high-risk HPV
types [HPV 16 (n = 6), 18 (n = 4), 31 (n = 1), 33 (n = 2), 39 (n = 2),
45 (n 1), 51 (n = 3), 52 (n = 3), 56 (n = 1), 58 (n = 5), and 66

0

Sâ€¢

(n 4)]. HPV 35 was not identified. In two specimens, PCR products
were obtained that did not hybridize with any of the probes; DNA

sequencing demonstrated HPV 30 infection in one of these. The other
contained an unknown HPV type with maximum homology (77%) to

Iwv 43 and was, therefore, classified as low risk. Double infections were
identified in three specimens. One COntained both HPV 18 and 31, the
second contained HPV 6 and 16, and the third contained HPV 6 and 18;
these are included in the figures given above. All control cervical tissues
were HPV negative, and analysis of HPV plasmid clones and sequenced

PCR products demonstrated probe specificity.
All 15 lesions showing condylomatous HPV effect contained low

risk HPV types: HPV 6 (n = 8), HPV 11 (n = 5), HPV 42 (n = 1),
and HPV 44 (n = 1). One contained HPV 18 in addition to HPV 6. Of
the 15 lesions showing noncondylomatous HPV effect, 5 contained
low risk HPVs [HPV 6 (n 1), HPV 11 (n = 1), HPV 42 (n = 2),
and unknown HPV (n = 1)], 8 contained high-risk HPVs [HPV 16
(n 1), HPV 39 (n 1), HPV 51 (n 1), HPV 52 (n 2), HPV 56
(n 1), HPV 58 (n 1), and HPV 66 (n = 1)], and 2 were HPV
negative. Of the 30 CIN 1 lesions, 4 contained low-risk HPVs
[HPV 6 (n = 2) and HPV 43 (n 2)], 24 contained high-risk HPVs
[HPV 16 (n = 5), HPV 18 (n 3), HPV 30 (n 1), HPV 31 (n = 1),
HPV 33 (n = 2), HPV 39 (n 1), HPV 45 (n 1), HPV 51 (n 2),
HPV 52 (n = 1), HPV 58 (n 4), and HPV 66 (n 3)], and 4 were
HPV negative. One of these CIN 1 lesions contained both HPV 6 and
16, and a second contained both HPV 18 and 31.

In Situ Hybridization. All specimens positive by PCR were positive
by in situ hybridization, thus establishing morphological localization of
the HPV infection (Fig. 2a). All lesions negative by PCR were also
negative by in situ hybridization. High-stringency in situ hybridization
localized the individual HPV types to different morphological areas in the

three biopsies infected with more than one HPV type; this allowed
accurate karyotypic assessment of these specific areas.

Chromosome Analysis

Tetrasomy of basal epithelial cells was present with all 6 chromosome
probes in 11 lesions (Fig. 2, b and c). All 11 lesions showing basal cell
tetrasomy were infected with high-risk HPV types (Table 1). HPV in situ
hybridization demonstrated that the chromosome abnormalities were
confined to but were not present throughout the HPV-infected areas.
More than two signals were present in 21-70.5% cells (median, 46.5%),
and the percentage of nuclei containing four signals ranged from 10 to
34.5% (median, 18.5%; Fig. 2c). No lesion contained more than four
signals in greater than 2.5% of cells (range, 0â€”2.5%; median, 0.5%). In

each of these lesions, there was no significant difference between the
distributions obtained with each chromosome, and in 10 of them, tetra
somy persisted throughout the whole epitheial thickness (Fig. 2b). The
lesion in which the chromosomal changes did not persist to the surface of
the epitheium was the only lesion in which fewer than 15% of nuclei
contained four signals with all probes. This was a reflection ofthe focality
of the chromosomal changes (Fig. 3). No chromosome abnormalities
were seen in adjacent normal squamous epithelium in any of the speci

mens. Basal tetrasomy was significantly associated with the presence of
high-risk HPV types (,y@= 7.88, dl = 1, P < 0.01).

In five lesions, polysomy was identified in 5.5â€”12%(median, 9%)
of cells, with the percentage of nuclei containing four signals ranging
from 2.5 to 6% (median, 4.5%). These changes were morphologically
localized to superficial koilocytic cells and were associated with both
high- and low-risk HPV types (Table 1). No abnormality of signal
number was present in basal or intermediate cells. Although the
number of polysomic cells that were present in these lesions does not
fulfill the criteria previously established for the identification of
statistically significant trisomic and tetrasomic populations, the pro
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Fig. 1. Dot blot hybridization showing that 5 of the 10 specimens analyzed contain

HPV 58. N, negative control water blank; P. positive control PCR product derived from
the HPV 58 plasmid clone.
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Table I Relationship of Numerical Chromosome Abnormalities
Diagnosis and HPV Typeto

HistologicalSuperficialBasalkoilocytekeratinocyteDisomy

tetrasomytetrasomyNormal(n=15)15

00Condylomatous
HPV132â€•0effect

(n = 15)
Noncondylomatous121â€•2cHPV

effect (n = 15)
CIN 1 (n = 30)19 2d@e

TETRASOMY IN LOW-GRADE LNTRAEPITHELIALLESIONS

a Both lesions were infected with HPV 6.

@5lesion was infected with HPV 58.

C One lesion was infected with HPV 33, and the other was infected with HPV 56.

d Both lesions were infected with HPV 66.
@ 16(n 2),HPV 18(n l),HPV31 (n = 1),

HPV 33 (n = 1), HPV 52 (n 1), and HPV 58 (n = 3).

ProportIon of
Nuclei (%)

20-

Fig. 3. Histograms derived from the lesion in which basal tetrasomy was focal and did
not involve the full epithelial thickness. This lesion was infected with HPV 56 and the
histological diagnosis was of noncondylomatous HPV effect with no morphological
dysplasia. a, tetrasomic population is just significant when 200 cells are counted. @,
chromosome 1; U, chromosome 3; @,chromosome 11; @,chromosome 17; U, chromo
some 18; @,X chromosome. b, tetrasomic population is clearly significant when the
count is targeted to the abnormal area. @,chromosome 1 (n = 76); 0, chromosome 3 (n =
76); @,chromosome 11 (n = 72); @,chromosome 17 (n = 77); , chromosome 18 (n =
88); @,X chromosome (n 81). There is no significant difference between the
distributions in either a or b (Mann-Whitney U test).
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Fig. 2. a, representative in situ hybridization analysis of a lesion shown by PCR to
contain HPV 31. Scale bar, 20 @tm.b, chromosome 1 analysis of an HPV 16 infected
lesion showing tetrasomy. Note the presence of nuclei containing three or four signals in
the basal cell layer (bottom) and extending throughout the thickness of the epitheium.
Scale bar, 10 @m.c, histograms derived from a lesion infected with HPV 58 which
showed basal cell tetrasomy. Note the presence of tetrasomy with all six chromosome
probes. There is no significant difference between the distributions (Mann-Whitney U
test). @,chromosome I (n 200); 0, chromosome 3 (n = 200); @,chromosome 11 (n
200); R, chromosome 17 (n = 200); @,chromosome 18 (n = 200); @,X chromosome
(n 200).

portion of nuclei containing three and four signals was approximately
equal in each lesion, suggesting the presence of minor tetrasomic

populations. This relationship has been noted previously (5).
All other lesions, including those which were HPV negative, and all

control tissues were disomic, with three signals seen in 0.5â€”2.5%of
nuclei and four signals in 0.5â€”1%.
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The lesions infected with more than one HPV type showed the
following patterns: in one, the area infected with HPV 18 was di
somic, whereas that infected with HPV 31 showed basal tetrasomy; in
the second, the area infected with HPV 6 was disomic and that
infected with HPV 16 showed basal tetrasomy; and in the third, both
of the areas (infected with HPV 6 and 18) were disomic.

Discussion

The major finding in this study is the association of high- but not
low-risk HPV infection with tetrasomy of basal keratinocytes in
low-grade cervical SILs. Although DNA cytometric techniques have
demonstrated abnormalities of ploidy in association with both high
and low-risk HPV types (11), the presence of viral DNA can lead to
erroneous interpretation in such studies (12). Moreover, determination
of ploidy does not distinguish between the G2-M population of an
otherwise diploid lesion and the G0-G1 population of a tetraploid
lesion. Interphase cytogenetic analysis using pericentromeric repeat
probes, as performed in this study, distinguishes between these two
situations (13) and is not affected by the presence of viral DNA.

Basal cell tetrasomy occurred in tissues infected with a variety of
HPV types (HPV 16, 18, 31, 33, 52, 56, and 58), all of which belong
to phylogenetic groups A6, A7, and A9 and are classified as high-risk
(14). Therefore, although basal tetrasomy was not HPV type specific,
it was restricted to infection with high-risk HPVs. This is consistent
with the in vitro observations that high-risk HPV early gene expres
sion can induce cellular DNA rereplication without intervening mito
sis (15, 16); that HPV 16 E6 and E7 expression leads to alterations in

cell cycle regulatory pathways (17); and that changes in cell cycle
kinase complexes occur prior to neoplastic transformation in associ
ation with high- but not low-risk HPV E6 and E7 gene expression
(18). It is of note that, in 10 of the 11 lesions in which it was
identified, basal tetrasomy extended throughout the thickness of the
epithelium, indicating its persistence with squamous differentiation.
The absence of changes in intermediate and superficial cells in the
final lesion suggests that tetrasomy arises initially in basal cells and
then progresses to involve the more superficial epithelial layers.

The presence of numerical chromosome abnormalities in basal and
suprabasal cells demonstrates that high-risk HPV infection is associated
with changes in the proliferating compartment of the squamous epithe
hum. This contrasts with polysomy of scattered superficial koilocytic
cells seen in five lesions infected with both high- (HPV 58 and 66) and
low-risk (HPV 6) HPV types. The presence of a morphological contin
uum from binucleate disomic koilocytes to tetrasomic koilocytes in these
lesions suggests that fusion of nuclei is the most likely explanation for
this occurrence. Given these features, this phenomenon is most likely a
reflection of the cytopathic effect seen with productive viral infection in
differentiated squamous epithelial cells.

The finding of tetrasomy in only a proportion of lesions infected with
a given HPV type indicates that the presence of HPV is not sufficient for
induction of these chromosomal changes in vivo and is consistent with the
in vitro requirement for additional factors (15). This is also supported by
the observation that basal tetrasomy was not present throughout the
HPV-infected areas identified by in situ hybridization in any of the

lesions in which it was present. A variety of viral factors may be
importantin determining whether basal tetrasomy develops, including the
level of early gene expression and its relationship to keratinocyte differ
entiation; differences in biological propertiesofvariants ofthe same HPV
type (19); and persistence of viral infection. The latter would be in
keeping with the clinical demonstration that progression of SILs is
associated with persistence of high-risk HPV types (20). Another possi

bility is that nonviral factors, such as host immune response and envi
ronmentalinfluences,e.g.,smoking,are involved.

Irrespective of the mechanism of induction of these changes, our data
indicate that tetrasomy occurs in naturally occurring low-grade SILs
infectedwithhigh-riskHPVsand are consistentwith in vitroevidence

that HPV genes are capable of induction of cellular DNA rereplication.
Moreover, the observation that basal keratinocyte tetrasomy occurs in
association with high- but not with low-risk HPV types in these lesions
is consistent with the difference in clinical risk associated with these viral
groups and suggests that the ability to induce chromosome instability is
one mechanism underlying the biological differences between these vi
roses. Whether the presence of chromosome abnormalities in low-grade

lesions infected with HPV is predictive of their progression to high-grade
lesions remains to be determined.
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