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Primary human keratinocytes with ectopic expression of high-risk human papillomavirus (HPV) E6 and E7
oncoproteins display abnormal centrosome numbers, multipolar mitoses, and aneusomy. However, it has not
been explored whether these abnormalities can occur in cells containing HPV episomes where E6 and E7
expression is under viral transcriptional control. Here, we demonstrate that centrosome abnormalities and
genomic instability occur in organotypic raft cultures of human keratinocytes with episomal HPV-16 even at
low copy numbers. We conclude that HPV-16 DNA, when maintained as an episome, can disturb centrosome
homeostasis and subvert genomic integrity of the host cell during early stages of the viral infection.

Cervical cancer is tightly associated with infection by certain
high-risk human papillomavirus (HPV) types such as HPV-16
or HPV-18, whereas low-risk types like HPV-6 are associated
with benign genital warts (21). High-risk HPVs encode two
oncoproteins, E6 and E7, that subvert the crucial cell cycle
regulatory molecules p53 (15) and pRB (2, 7), respectively.
Genomic instability as manifested by numeric chromosome
imbalances (i.e., aneuploidy) is an early step during carcino-
genic progression (11, 20) and can be detected already in
preinvasive high-risk HPV-positive cervical malignancies (10,
12). We have previously shown that abnormal multipolar mi-
toses, which are histopathological hallmarks of these lesions
(3), are associated with abnormal centrosome numbers and
that overexpression of HPV-16 E6 and E7 oncoproteins can
cause such alterations (4). Centrosomes serve as major micro-
tubule organizing centers in interphase and mitotic cells and
ensure accurate chromosome segregation and symmetry of the
cell division process (19).

Previously, we have analyzed centrosome abnormalities in
primary keratinocytes with ectopic expression of high-risk
HPV E6 and/or E7 oncoproteins. This was to model the situ-
ation in the majority of cervical cancers, wherein E6 and E7
expression is dysregulated due to chromosomal integration of
HPV DNA and disruption of viral E2 gene regulation (21).
However, in precursor lesions, the HPV-16 genome is main-
tained as an episome, and expression of E6 and E7 is tightly
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regulated and restrained by the viral E2 transcriptional repres-
sor. Given that aneuploidy is detected already in preinvasive
cervical lesions, we sought to determine whether centrosome
abnormalities and signs of genomic instability can be detected
in cells where E6 and E7 are expressed from the HPV-16
episome. To address this question, we analyzed organotypic
raft cultures of keratinocytes that maintain HPV-16 episomes
(8). Here, we report that centrosome abnormalities and chro-
mosomal imbalances are present in these raft cultures. More-
over, such abnormalities already occur in basal cells, which
contain HPV-16 at a low copy number. Thus, episomal expres-
sion of HPV-16 DNA during productive viral infection is suf-
ficient to induce these alterations, and these processes do not
require HPV genome amplification or viral integration.
Detection of HPV-16 DNA in organotypic keratinocyte raft
cultures by fluorescence in situ hybridization (FISH). Rafts
were generated from a spontaneously immortalized keratino-
cyte cell line (NIKS [1]) that supports the viral life cycle of
HPV-16, as reported previously (8). These cells were chosen
because, unlike normal human keratinocytes (17), they support
episomal maintenance of HPV genomes in the absence of E7
function. This cell line also retains normal differentiation prop-
erties (Fig. 1) (1). Rafts were also prepared from NIKS har-
boring either wild-type episomal HPV-16 (NIKS-16e-BC-1-
EP/SL HPV16 [8]) or E7-deficient HPV-16 episomes with a
translational termination linker (TTL) inserted at nucleotide
711 of the E7 gene (NIKS-16/E7TTL-BC-1-EP/SL HPV-16/
E7TTL [8]). These lines have been previously analyzed for the
episomal maintenance of HPV-16 genomes by Southern blot-
ting (8, 9). The lines contain 5 to 50 HPV-16 episomes per cell
(9), and there is no evidence for viral integration (8, 9). Mor-
phological analysis of raft cultures using hematoxylin and eosin
staining revealed a relatively normal tissue architecture in
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FIG. 1. Hematoxylin and eosin staining of raft cultures obtained
from a spontaneously immortalized keratinocyte cell line (NIKS), and
NIKS stably transfected with wild-type HPV-16 DNA (NIKS-16e) or
HPV-16 with disabled E7 oncogene expression (NIKS-16e/E7TTL).
The arrowhead indicates an abnormal mitotic figure.

NIKS rafts. In contrast, the disturbed tissue stratification in
NIKS-16e and NIKS-16¢/E7TTL rafts, together with nuclear
abnormalities, was reminiscent of HPV-associated preinvasive
genital squamous lesions (Fig. 1).

In an HPV-infected epithelium, the HPV DNA is present at
a low copy number in basal cells. In suprabasal cells, HPV
genome amplification occurs and the viral genome is present at
a higher copy number. We used a nonradioactive FISH pro-
cedure with HPV-16 DNA as a probe (Fig. 2) to analyze the
HPV-16 DNA copy numbers in the different strata of these
rafts. HPV-16 DNA isolated from W12E cells (line 20863 [13])
was labeled with digoxigenin (Bioprime DNA Labeling Sys-
tem; Gibco). Sections (4 wm) from formalin-fixed, paraffin-
embedded specimens were deparaffinized in xylene and then
dehydrated. Slides were then heated to 92°C in 100 mM Tris
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base-50 mM EDTA (pH 7.0) for 15 min in a microwave oven
and digested with Digest-All 3 pepsin solution (Zymed) for
10 s at 37°C. After dehydration in a graded ethanol series, the
slides were air dried and 1 pl of digoxigenin-labeled HPV-16
genome probe was added to each slide. Codenaturation of
tissue DNA and probe was performed for 3 min at 85°C.
Hybridization was then carried out overnight in a humidified
chamber at 37°C. After a posthybridization wash, signals were
detected with fluorescein isothiocyanate (FITC)-anti-digoxige-
nin (Boehringer Mannheim) at a dilution of 1:400 for 25 min at
37°C. Nuclei were counterstained with DAPI (4',6’-diamidino-
2-phenylindole; Vector).

W12E cells, which stably maintain HPV-16 episomes (13),
were used as controls, and HPV-16 FISH analysis revealed a
dot-like fluorescence staining pattern. This indicates that un-
der these conditions HPV episomes tend to form cluster-like
structures within the nuclei of infected cells. A similar dot-like
staining pattern was detected in NIKS-16e (Fig. 2B) and NIKS-
16e/E7TTL, whereas, as expected, no signals were detected in
untransfected NIKS (Fig. 2A). The mean signal number per
cell, i.e., fluorescent dots per nucleus, was 1.6 in NIKS-16e and
2.0 in NIKS-16¢/E7TTL.

Cells with small, well-defined dots were often present in the
basal compartment or in the lower third of the suprabasal
compartment of the rafts (Fig. 2B). In addition, some cells
displayed enlarged or multiple signals (Fig. 2B) or signals that
comprised almost the entire nucleus (Fig. 2B). These stronger
fluorescence signals were found in 12.4% of the cells that could
be evaluated in NIKS-16e rafts, but only in 2.7% of NIKS-16e/
E7TTL cells, a result consistent with the observation that the
E7 oncogene is required for the full viral life cycle in these cells
(9). Cells with enlarged fluorescence signals were frequently
found within the upper half of the rafts, and such cells fre-
quently displayed morphological alterations, predominantly
binucleation, as exemplified in Fig. 2B. These results agree
with previous in situ hybridization studies (8, 9) and demon-
strate that, although FISH analysis does not provide exact
quantitation of the HPV DNA, it is a valuable tool to study
HPV copy number changes related to the viral life cycle in
comparison to other cellular alterations.

Episomal expression of HPV-16 DNA is sufficient to induce
abnormal centrosome numbers. To determine whether episo-
mal expression of HPV DNA in keratinocytes is sufficient to
induce centrosome abnormalities, rafts were stained for cen-
trosomes by immunofluorescence for gamma-tubulin (Sigma)
as described previously (4). Since normal cells contain one or
two centrosomes (Fig. 3A), we considered three or more cen-
trosomes per cell abnormal (Fig. 3B). Numeric centrosome
abnormalities were detected in 1.4% of nontransfected NIKS
whereas 4.6% of NIKS-16e and 4.7% of NIKS-16e/E7TTL
cells showed more than two centrosomes (Fig. 3C). Differences
between untransfected NIKS and NIKS-16e and NIKS-16e/
E7TTL were statistically significant (Student’s ¢ test, P < 0.02).
Effectively, these numbers are likely to be higher as in some
cases centrosomes could have been lost due to the sectioning
of individual cells.

In NIKS-16e cells approximately 50% of cells displaying
abnormal centrosomes numbers were basal cells. A similar
distribution was observed in rafts from untransfected NIKS,
although the overall incidence of centrosome abnormalities
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FIG. 2. (A) FISH analysis of spontaneously immortalized HPV-negative human foreskin keratinocytes (NIKS) grown as organotypic raft
cultures. No positive signals for HPV-16 were detected. Nuclei were counterstained with Hoechst 33258. A white line was added to indicate the
border between the underlying collagen matrix and the basal layer of the raft. (B) NIKS that harbor HPV-16 episomes (NIKS-16¢e) were analyzed
for the HPV-16 DNA by FISH. Single fluorescence dots indicating low-copy-number amplification were seen in basal cells or occasionally in cells
undergoing mitosis (arrowheads). Strong fluorescence signals comprising large parts of the nuclei, indicating high-copy-number viral DNA
amplification, were detected in the suprabasal layers of the rafts. Nuclei were counterstained with Hoechst 33258. The white line indicates the
border between the underlying collagen matrix and the basal layer of the raft.
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FIG. 3. (A) Detection of centrosomes in NIKS by immunofluorescence using the pericentriolar marker gamma-tubulin. Normal centrosome
numbers are shown, i.e., one or two centrosomes per cell (red, arrowheads). Nuclei counterstained with Hoechst 33258. The white line was added
to indicate the border between the underlying collagen matrix and the basal layer of the raft. (B) Abnormal centrosomes (red, arrowhead) in NIKS
harboring HPV-16 episomes (NIKS-16¢e). Nuclei were counterstained with Hoechst 33258. The white line was added to indicate the border
between the underlying collagen matrix and the basal layer of the raft. (C) Quantitation of abnormal centrosome numbers in rafts from NIKS and
NIKS harboring HPV-16 episomes (NIKS-16¢e) or NIKS harboring HPV-16 episomes with disrupted E7 expression (NIKS-16e/E7TTL). The means and
standard errors of at least triplicate centrosome evaluation are shown (*x, P < 0.02 [Student’s ¢ test for independent samples]). (D) Abnormal
centrosomes (red) in a basal cell with low-copy HPV DNA amplification (arrowhead, green) detected in NIKS harboring HPV-16 episomes (NIKS-16e).
Nuclei were counterstained with Hoechst 33258. The white line was added to indicate the border between the underlying collagen matrix and the
raft culture. (E) Multipolar mitosis with three participating centrosomes (red, arrowheads) in a raft from NIKS-16e cells. Nuclei were counter-
stained with Hoechst 33258. The white line was added to indicate the border between the underlying collagen matrix and the raft culture.
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FIG. 4. (A) Normal copy number of chromosome 11 (green) in NIKS. Nuclei were counterstained with DAPI. The white line was added to
indicate the border between the underlying collagen matrix and the basal layer of the raft. (B) Genomic instability as manifested by aneusomy of
chromosome 11 (arrowheads indicate cells with three or more copies of chromosome 11, respectively) in a raft generated from NIKS harboring
HPV-16 (NIKS-16e). Nuclei were counterstained with DAPI. The white line was added to indicate the border between the underlying collagen
matrix and the basal layer of the raft. (C) Quantitation of chromosome 11 copy number variability in rafts generated from NIKS, NIKS harboring
HPV-16 episomes (NIKS-16¢), or NIKS harboring episomes in which expression of the E7 oncogene is disrupted (NIKS-16e/E7TTL). At least 100

nuclei were assessed for each cell line studied.

was lower in these cells (Fig. 3C). However, in NIKS-16e/
E7TTL cells, the proportion of basal cells with centrosome
abnormalities was lower and represented only approximately
20% of the cells with abnormal centrosome numbers.

To investigate directly whether centrosome abnormalities
occur in basal cells that contain HPV-16 genomes at a low copy
number, we performed a representative costaining experiment
for HPV-16 DNA by FISH and centrosomes using immuno-
fluorescence for gamma-tubulin on rafts obtained from NIKS-
16e cells. As shown in Fig. 3D, centrosome abnormalities can
occur in basal cells that contain HPV-16 genomes at a low copy
number. This finding further supports the notion that high-risk
HPV-induced centrosome abnormalities occur in cells that
maintain HPV-16 genomes at a low copy number prior to viral
DNA amplification or HPV genome integration.

Genomic Instability in organotypic rafts expressing HPV-16
DNA episomally. Next, we analyzed the raft cultures for the
occurrence of abnormal multipolar mitoses associated with
abnormal centrosome numbers. We found sporadic multipolar
mitoses in rafts from NIKS-16e (Fig. 3E) and NIKS-16e/

E7TTL cells, indicating that the abnormal centrosomes de-
tected in the rafts cultures are functional and can induce cen-
trosome-related mitotic defects.

Given the finding of centrosome abnormalities and multipo-
lar mitoses in the raft cultures, we next determined whether
these rafts also show numeric chromosome imbalances as a
reflection of aneuploidy. NIKS are genetically stable and near-
diploid (1). FISH analysis using a Spectrum Green-labeled
a-satellite probe for chromosome 11 (D11Z1; Vysis) was em-
ployed as previously described (4) for enumeration of the chro-
mosome 11 copy numbers (Fig. 4). Sectioning of the paraffin-
embedded tissue can result in loss of signals; hence, only cells
with at least one fluorescence signal were analyzed.

In parental NIKS (Fig. 4A), all evaluable cells showed one
or two signals per cell. Abnormal chromosome 11 copy num-
bers (i.e., more than two per cell; Fig. 4B) were observed in
16.8% of NIKS-16e cells but only in 6.8% of NIKS-16e/E7TTL
rafts. These results support our previous findings and show that
expression of HPV-16 E7 enhances the process of genomic
destabilization (4, 6).
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Cells with aneusomy for chromosome 11 were found in the
basal layer in 29.6% of cells in the NIKS-16e rafts and in 23.1%
of cells in the NIKS-16e/E7TTL rafts (Fig. 4B). This indicates
that low-copy-number episomal expression of HPV-16 is suf-
ficient to induce genomic instability as manifested by aneu-
somy for chromosome 11. Hence, genomic instability can de-
velop in basal cells that contain episomal HPV-16 at a low copy
number.

We have previously shown that HPV-16 E6 and E7 oncop-
roteins cooperate to induce abnormal centrosome numbers,
multipolar mitoses, and numerical chromosome imbalances in
primary human keratinocytes (4, 6). However, we discovered
striking mechanistic differences between high-risk HPV E6 and
E7 with respect to centrosome abnormalities (reviewed in ref-
erence 5). Overexpression of either E6 or E7 resulted in ab-
normal centrosome numbers in stable cell lines, whereas only
HPV-16 E7 had an immediate effect on centrosome numbers
when expressed transiently (4). Since the raft cultures used in
the present study are generated from stable cell lines, as ex-
pected, both NIKS-16e cells and NIKS-16¢/E7TTL cells in
which expression of E7 is disrupted show centrosome abnor-
malities and aneuploidy. Interestingly, however, only 20% of
centrosome abnormalities were in basal cells in the NIKS-16e/
E7TTL rafts compared to 50% in NIKS-16e rafts. These re-
sults support the model that HPV E7 can rapidly uncouple
centrosome synthesis from the cell division cycle (4, 6). Ex-
pression of high-risk HPV E6 cooperates with E7 to induce
these changes most likely by relaxing mitotic checkpoint func-
tions (16, 18).

This is the first report to show that episomal expression of
HPV-16 DNA is sufficient to induce centrosome abnormalities.
These findings suggest that centrosome-related mitotic dys-
function and increased genomic plasticity can already occur in
cells that contain high-risk HPV at a low copy number. While
most of these cells may not be endowed with an inherent
growth advantage and in fact may represent abortive events
(6), this increases the overall risk that some of these cells may
acquire mutations that contribute to malignant progression.
Interestingly, it has been suggested that progressive genomic
destabilization may facilitate the stages of carcinogenic pro-
gression, including integration of episomal DNA (14). Viral
integration associated with disruption of E2 expression during
malignant progression leads to dysregulated expression of E6
and E7, which may cause an additional increase in genomic
instability. Further mechanistic understanding of these pro-
cesses may help to develop better strategies to suppress the
development of genomic instability at early stages of malignant
progression.
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