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ABSTRACT We have chosen tumors of the uterine cervix
as a model system to identify chromosomal aberrations that
occur during carcinogenesis. A phenotype/genotype correla-
tion was established in defined regions of archived, formalin-
fixed, and hematoxylin/eosin-stained tissue sections that
were dissected from normal cervical epithelium (n = 3), from
mild (» = 4), moderate (» = 6), and severe dysplasias/carcino-
mas in situ (CIS) (n = 13), and from invasive carcinomas (n =
10) and investigated by comparative genomic hybridization. The
same tissues were analyzed for DNA ploidy, proliferative activity,
and the presence of human papillomavirus (HPV) sequences.
The results show that an increase in proliferative activity and
tetraploidization had occurred already in mildly dysplastic le-
sions. No recurrent chromosomal aberrations were observed in
DNA extracted from normal epithelium or from mild and
moderate dysplasias, indicating that the tetraploidization pre-
cedes the loss or gain of specific chromosomes. A gain of
chromosome 3q became visible in one of the severe dyspla-
sias /CIS. Notably, chromosome 3q was overrepresented in 90%
of the carcinomas and was also found to have undergone a
high-level copy-number increase (amplification). We therefore
conclude that the gain of chromosome 3q that occurs in HPV16-
infected, aneuploid cells represents a pivotal genetic aberration
at the transition from severe dysplasia/CIS to invasive cervical
carcinoma.

The multistep nature of carcinogenesis is firmly established
(1-4). The sequence of genetic aberrations can be studied best
in organs in which a histomorphological phenotype is defined
for certain stages of tumor progression—e.g., colon cancer (5)
and cancer of the uterine cervix. Regarding carcinomas of the
cervix, infection with human papillomavirus (HPV) is known
to play a crucial role in the immortalization of epithelial cells
(6, 7). However, the persistence of HPV infection in women
that do not develop dysplasias or carcinomas (8) and the long
latency of the transition from severe dysplasia/carcinoma in
situ (CIS) to carcinoma strongly suggest that factors in addition
to HPV infection are required for the malignant transforma-
tion of epithelial cells (9). In analogy to colon carcinogenesis,
mutations affecting tumor-suppressor genes or cellular onco-
genes are likely candidates for additional “hits.” Cytogeneti-
cally, those mutations are often present as specific chromo-
somal aberrations. However, relatively little is known about
tumor-specific recurrent chromosomal aberrations in dysplas-
tic lesions and primary invasive carcinomas of the uterine
cervix—the second most frequent carcinoma in women world-
wide—despite the fact that the importance of chromosomal
aberrations in cervical carcinogenesis was recognized some 25
years ago (10). However, to date no landmark aberrations have
been identified in cervical carcinomas (11, 12).
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The scarcity of data on recurrent chromosomal aberrations
that occur during the initiation and progression of cervical
tumors prompted us to screen tissue from defined stages of
cervical tumorigenesis by a molecular cytogenetic approach
termed comparative genomic hybridization (CGH) (13, 14).
CGH serves as a screening test for DNA copy-number changes
in tumor genomes. CGH is based on a two-color fluorescence
in situ hybridization, where a normal reference genome is
labeled with a first fluorochrome (e.g., rhodamine) and
genomic tumor DNA with a second fluorochrome (e.g., flu-
orescein). After hybridization of the differentially labeled
genomes to normal reference metaphase chromosomes, changes
in the ratio of the fluorescein/rhodamine intensities reflect DNA
copy-number alterations in the tumor. Notably, genomic DNA is
the only material from the tumor required for CGH analysis, thus
allowing the use of archived, formalin-fixed, and paraffin-
embedded samples as well (15). In the present study we have used
this unique feature of CGH to demonstrate the potential of the
technique to create a phenotype/genotype correlation during the
genesis of cervical neoplasias. Tumor DNA was extracted from
microdissected regions of histological preparations that were
diagnosed on consecutive hematoxylin/eosin (HE)-stained sec-
tions. The same areas were analyzed for DNA ploidy, prolifera-
tive activity, and the presence of HPV genomes. The combined
data provide a model for cervical carcinogenesis.

MATERIALS AND METHODS

Tissue Samples. The tumor material was collected between
1990 and 1994 from cervical biopsies or hysterectomies and
diagnosed on HE-stained tissue sections at the Institute of
Pathology, Flensburg, Germany, according to the World
Health Organization classification (16). From each specimen
eight contiguous sections were prepared and used for histo-
logical diagnosis (thickness; 4 um), immunohistochemistry (4
pm), DNA ploidy measurements (8 wm), and microdissection
(two sections, 50 um). Before and after each 50-um sample,
4-pm sections were cut for HE staining. All data were obtained
from the dissected areas.

DNA Cytometry. DNA content measurements were per-
formed by image cytometry of histological sections as de-
scribed (17, 18). All DNA values were expressed in relation to
the corresponding staining controls, which were given the
value 2c, denoting the normal diploid DNA content, and are
presented in such relative units. The specimens were divided
into three main groups: (i) diploid cases with a distinct peak in
the normal 2¢ region and no cells exceeding Sc, (ii) tetraploid
cases with values in the 4c region and no cells or only a minor
fraction of cells (<5%) exceeding Sc, and (iii) aneuploid cases
with a main peak around the 4c region and varying numbers

Abbreviations: CGH, comparative genomic hybridization; CIS, car-
cinoma(s) in situ; DAPI, 4’,6-diamidino-2-phenylindole; HE, hema-
toxylin/eosin; HPV, human papilloma virus.
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DNA-
Case# MIB (%) Ploidy HPV CGH
1 10 2.0c, D neg. /
2 5 2.0c, D neg. /
3 10 2.0c, D neg. /
1 10 39c, T n.d. +18p,-X
2 15 3.8¢c, T neg. /
3 10 38¢c, T n.d. -X
4 20 4:1¢c,T neg. -X
1 40 4.7¢c, A n.d. +18p
2 n.d. 4.1c, T neg. /
3 30 41c, T n.d. /.
4 n.d. 4.3c, A neg. -X
5 40 4.1c, T n.d. -X
6 30 43c, T 58 /
1 90 3.8¢c, A 16 /
2 85 38¢c, T 16 /
3 50 44c, T n.d. /i
4 90 4.0c, A 16 /
5 80 5.0c, A 58 /
6 85 3.6¢c, A 33 -X
7 80 4.1c, A 16 /
8 90 4.1c, A 33 /
9 n.d. 3.6¢c, A 58 -X
10 n.d. 3.8c, T 16 /
11 80 3.9¢c, A generic +18p
12 90 3.7¢c, A 16 +3q,-3p22-24
13 n.d. 4.0c, T 16 /
1 90 4.8¢c, A 16 +3q,-4q9,-13q21-qter
2 | 9 |50cA| 45 i i ol
3 90 4.2¢c, A 16 +3q,-13921,-Xp
= 50 4.0c, T 18 /
5 85 5.0c, A 16 +3q,+5p,-3p,-6q, -X
6 80 4.0c, A | generic +3q,-10,-11q14-qter
7 90 3.9c, A 16 +3q,-4q22-qter,-5q15-22
8 80 | 4.1c,A 16 e -
9 70 3.5¢c, A 31 +3q25-27,-3p,-X
10 75 4.4c, A neg. +3q,-X

Fic. 1. Summary of the results from MIB-1 staining, DNA ploidy measurements, HPV genotyping, and CGH in cervical epithelial cells from
normal cervical epithelium (n = 3) (4), mild dysplasias (n = 4) (B), moderate dysplasias (n = 6) (C), severe dysplasias/CIS (r = 13) (D), and
invasive carcinomas (n = 10) (E). Photographs (Left) represent examples of staining patterns after incubation with the antibody MIB-1. Arrowheads
indicate the region that was dissected from the slide. MIB-1 staining results are also presented as percentages of the cells that reacted with the
antibody [MIB-1 (%)]. The nuclear DNA content in the tissue sections is presented in indices, with 2c reflecting normal diploid DNA content (DNA
ploidy); the histograms were classified as diploid (D), tetraploid (T), and aneuploid (A) (see also Fig. 2). The HPV-types are provided as determined
by dot blot analysis (HPV); neg., no detection of HPV sequences; n.d., not determined. The CGH column shows the chromosomal aberrations
detected in individual cases.
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of cells (>5%) exceeding Sc. Examples of the histograms are
presented in Fig. 2.

Immunochistochemistry. The monoclonal antibody MIB-1
(Immunotech) diluted 1:150 in 1% (wt/vol) bovine serum
albumin and visualized with the routine avidin-biotin-
peroxidase complex technique, was used for the detection of
the Ki-67 antigen on 4-um-thick tissue sections (17). The
antibody discriminates nonproliferating (Go) cells from pro-
liferating (G1/S/G2/M) cells. Any distinct nuclear MIB-1
staining was recorded as positive. Examples of the staining
pattern and a quantification of the results are shown in Fig. 1.

HPV Genotyping. HPV genomes in the purified specimen
DNA were identified by PCR using the MY09-MY11 L1 con-
sensus primers for amplification (19). Twenty-five type-specific
probes and a generic HPV probe were used to diagnose the HPV
type in the PCR products, as described in detail elsewhere (8).

CGH. Normal control DNA was prepared from peripheral
blood lymphocytes of a cytogenetically normal male. Forma-
lin-fixed, deparaffinized, and microdissected samples were
provided in 50-um-thick tissue pieces stored in 95% ethanol.
DNA preparation, labeling, and hybridization were performed
as described in detail elsewhere (20). In brief, 200 ng of
digoxigenin-labeled normal DNA and 200 ng of biotin-labeled
tumor DNA were hybridized for 4 days and detected with
fluorescein conjugated to avidin (Vector Laboratories) and
anti-digoxigenin Fab fragments conjugated to rhodamine
(Boehringer Mannheim). Chromosomes were counterstained
with 4',6-diamidino-2-phenylindole (DAPI) and embedded in
an antifading agent to reduce photobleaching.

Microscopy and Digital Image Analysis. Gray-level images
were acquired with a cooled charge-coupled device (CCD)
camera (Photometrics, Tucson, AZ) coupled to a Leica
DMRBE epifluorescence microscope. Chromosomes were
identified by DAPI banding. Fluorescence ratio images were
calculated as described and the ratio profiles of individual
reference chromosomes were determined by a custom com-
puter program (21) and run on a Macintosh Quadra 950.

RESULTS

CGH was used to study the sequence of chromosomal aber-
rations that occur during the genesis of cervical carcinomas.
Tumor DNA was extracted from distinct regions of histolog-
ically diagnosed cervical lesions. Specimens were dissected
from normal cervical epithelium, from mild, moderate, and
severe dysplasias/CIS, and from invasive carcinomas. All
invasive tumors were diagnosed as stage T1. The cellular DNA
content was assessed for all samples by image cytometry on
Feulgen-stained tissue sections. A monoclonal antibody
(MIB-1) directed against the Ki-67 antigen was used to
monitor proliferative activity in the cells present in the dis-
sected areas. HPV genotyping was performed on the DNA
used for CGH by consensus-primer PCR and type-specific dot
blot hybridization. Fig. 1 summarizes the results.

Normal Epithelium and Mild and Moderate Dysplasias.
DNA was extracted from microdissected tissue of histomor-
phologically defined regions on consecutive sections of HE-
stained slides of 13 samples: normal epithelium (n = 3), mild
dysplasia (n = 4), and moderate dysplasia (» = 6). None of the
DNA extracted from the normal mucosa and none of the two
successfully tested mild dysplasias revealed the presence of
HPV sequences, whereas one of the three successfully tested
moderate dysplasias showed HPV58 sequences. The percent-
age of cells that stained positively with the proliferation marker
MIB-1 was 5-10% in normal epithelium, 10-20% in mild
dysplasia, and 30-40% in moderate dysplasia. The cells in the
normal cervical epithelium revealed a diploid DNA distribu-
tion (Fig. 24). A peak fraction at 4c was visible in the majority
of the tissues diagnosed as mild and moderate dysplasias. A
representative DNA histogram (mild dysplasia, case 3) is
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shown in Fig. 2B. Except for the loss of the X chromosome,
CGH did not reveal any recurrent copy-number changes. One
case of mild dysplasia and one case of moderate dysplasia
showed a gain of the short arm of chromosome 18. See Fig. 1
for a summary of the results.

Severe Dysplasia/CIS and Invasive Carcinoma. PCR anal-
ysis of DNA extracted from severe dysplasias/CIS and carci-
nomas revealed invariably the presence of HPV genomes that
are associated with cervical cancer—i.e., HPV types 16, 31, 33,
45, and 58. Immunoreactivity with MIB-1 was detected in
50-95% of the cells of severe dysplasia/CIS and carcinoma,
reflecting high proliferative activity. The tetraploid cell pop-
ulation that prevailed in the mild and moderate dysplasias
shifted increasingly to aneuploid cell populations, with scat-
tered DNA values up to 8¢, indicating pronounced genetic
instability in severe dysplasias/CIS and invasive carcinomas.
An example of an aneuploid DNA histogram is presented in
Fig. 2C. The results are summarized in Fig. 1. The CGH
analysis of DNA extracted from severe dysplasias/CIS re-
vealed only a few specific chromosomal aberrations. In one
case, loss of chromosome 3p was accompanied by a gain of
chromosome 3q. As an example of the CGH analysis of a
carcinoma (case 3) the ratio image with the respective average
ratio profile is shown in Fig. 3. Average ratio profiles were used
for the identification of chromosomal imbalances in all cases
analyzed in this study. The karyogram of chromosomal gains
and losses of 10 cases of carcinomas of the uterine cervix is
displayed in Fig. 4. The number of chromosomal aberrations
detected in invasive carcinomas by CGH was significantly
higher compared with severe dysplasias/CIS. Losses of chro-
mosomes or chromosomal subregions were observed in de-
creasing frequency on chromosomes X, 3p, 4q, 6, 11, and 13q.
In 2 of 10 cases a gain of chromosomes 1q and 9q was observed.
The most consistent finding in invasive cervical carcinomas was
a gain of chromosome 3q, detectable in 9 of 10 cases. Notably, the
gain of 3q was also observed as a high-level copy-number increase
(amplification) in 3 cases. In 2 cases the ratio profile indicated a
high-level copy-number increase for only a portion of 3q. The
smallest region of overlap that was gained extended from chro-
mosomal band 3q24 to band 3q28 (Fig. 4).

DISCUSSION

To study chromosomal imbalances during the genesis of cer-
vical tumors, we used CGH to examine the DNA extracted
from histomorphologically defined regions of formalin-fixed
tissue sections. Proliferative activity and crude DNA ploidy
were investigated in the same areas that were used for CGH.
Additionally, HPV genotyping of the extracted DNA was
performed by PCR and type-specific dot blot hybridization.

Our results indicate that the gain of chromosome 3q is the
most consistent chromosomal aberration in cervical carcino-
mas and was present in 9 of 10 tumors. To our knowledge, this
is the first study that has reported the recurrent gain of
chromosome 3q in carcinomas of the uterine cervix. This
aberration occurs during the progression from severe dyspla-
sia/CIS to invasive carcinoma (stage T1), since only 1 of 13
severe dysplasias/CIS studied here showed an increase on 3q.
The biological relevance of copy-number increases on this
chromosomal region in carcinomas is further underlined by the
fact that high-level copy-number increases (amplifications)
were found on 3q as well.

Chromosomal losses were found less frequently in our
collection of cervical carcinomas: in 3 of 10 cases chromosomes
3p and 4q were present in lower copy numbers. Studies for loss
of heterozygosity implicate that regions on chromosome 3p
and 11q are lost in primary tumors and cell lines established
therefrom (22-25). In one of the carcinomas studied in our
series, 11q was subject to loss as well. Notably, the loss of 13q
and 17p, the chromosomal arms that harbor the retinoblas-
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Fic. 2. DNA histograms displaying representative DNA values in the diploid range (4) or tetraploid range (B) and a scattered DNA histogram
with values exceeding SC (C). See Materials and Methods for details of the classification.

toma (RB) and p53 tumor-suppressor genes, is rare in cervical
carcinomas. This is in significant contrast to findings in other
tumors, such as breast and lung cancers, studied by CGH (20,
26). The discrepancy can be explained by the presence of
HPV16 (or other high-risk HPV types) in virtually all cases of
carcinomas analyzed in this study. HPV16 infection renders
the cell p53-deficient and RB-deficient by complex formation
of the viral proteins E6 and E7 with the products of these
tumor-suppressor genes (27, 28). A regional copy-number
decrease at the chromosomal map position of the RB tumor-
suppressor gene (13q21) was observed in carcinoma cases 1
and 3. However, HPV16 was present in the DNA extracted
from both tumors, indicating that infection with HPV16 and
deletion of the RB tumor-suppressor gene are not mutually
exclusive.

The karyogram of chromosomal gains and losses in cervical
carcinomas (Fig. 4) is remarkable in two aspects. (i) The
number of chromosomal aberrations is relatively low; only 17
chromosomes are involved in gains or losses, with an average
number of 4.0 chromosomal aberrations per tumor. A signif-
icantly higher number of chromosomal aberrations was found
in small-cell lung cancers (23 chromosomes involved; average
number of aberrations, 13.0 per tumor), glioblastomas (23;

9.2), and aneuploid breast cancers (19; 6.8) analyzed in our
laboratory by CGH (20, 26, 29). (ii) High-level copy-number
increases (amplifications), which were frequently observed on
single chromosomal bands in the above-mentioned tumors,
were rare in these cervical carcinomas. This is consistent with
data reported in the literature (22, 30, 31).

Summarizing the data from this study, we conclude that the
sequence of genetic events that result in the transition of
normal cervical epithelium to dysplasias and finally invasive
carcinomas consists of the following steps. (i) Tetraploidiza-
tion is the first genetic abnormality and occurs as early as in
mildly dysplastic regions (17). The proliferative activity, de-
termined by MIB-1 staining, is elevated (and increases during
progression). HPV sequences were detected in one of the three
successfully analyzed moderately dysplastic lesions. (if) Severe
dysplasias/CIS are almost invariably infected with high-risk
HPV types. The tetraploidization as determined by DNA
content measurements persists; however, the cells reveal a
pronounced genomic instability indicated by scattered DNA
histograms that extend to values as high as 8c. The gain or loss
of specific chromosomes is not yet obvious. (iii) In addition to
high-risk HPV infection, aneuploidy, and high proliferative
activity, the specific gain of chromosome 3q sequences is the
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FiG. 3. (A) Display of a ratio image after CGH of an invasive carcinoma (case 3). A three-color look-up table was chosen for the visualization
of fluorescein/rhodamine ratios: blue, balance between fluorescein and rhodamine values; green, overrepresentation of DNA in the tumor genome;
red, loss of tumor DNA at the corresponding sequences. The chromosomes are ordered in a karyogram-like fashion. Note the consistency of the
hybridization pattern on the homologous chromosomes. Chromosome 3q is gained and chromosomal band 13921 is lost in this carcinoma. (B) CGH
experiment with DNA extracted from the invasive carcinoma shown in 4. The average ratio profile was used to identify chromosomal gains and
losses in all cases. The three vertical lines on the right side of the chromosome ideograms represent different values of the fluorescence ratio between
the tumor DNA and the normal DNA. The values are 0.75, 1, and 1.25 from left to right, respectively. The ratio profile (curve) was computed as
a mean value of seven metaphase spreads. The ratio profile was in the normal range except for chromosome 3q (gain) and 13921 (loss).
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most consistent chromosomal aberration that becomes detect-
able when severely dysplastic cells have progressed to invasive
cervical carcinomas (stage T1).

Interphase fluorescence in situ hybridization with 3q probes on
tissue sections will allow quantification of the cells that actually
carry the gain of 3q and to determine their cellular origin.
Whether the gain of chromosome 3q is a useful genetic marker
to predict the risk of progression in severe dysplasias/CIS can now
be investigated by using interphase fluorescence in situ hybrid-
ization directly on routine cytological preparations.

Proc. Natl. Acad. Sci. USA 93 (1996) 483

FiG. 4. Summary of the genetic imbal-
ances detected in 10 primary invasive cervical
carcinomas. Vertical lines on the left side of
each chromosome ideogram represent loss of
genetic material in the tumor, whereas those
on the right side correspond to a gain.
Changes in individual cases can be identified
by the case number provided at the bottom of
each line. High-level copy-number increases
are represented as solid bars. The long arm of
chromosome 3 was overrepresented in 9 of 10

cases. The consensus region on 3q that is
gained in the carcinomas extends from band
3q24 to band 3q28.
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