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ABSTRACT

Inactivation of the tumor suppressor genes p53 and Rb are two of the
most common genetic alterations in cancer cells. We use a mouse model to
dissect the consequences of compromising the function of either of these
genes on the maintenance of genomic stability. Thirteen cell lines estab-
lished from skin tumors of mice expressing either the E6 or E7 oncopro-
tein of the human papillomavirus (HPV) type 16 under control of the
keratin 14 promoter were analyzed by comparative genomic hybridiza-
tion, spectral karyotyping and fluorescence in situ hybridization, reverse
transcription-PCR, and mutation analysis. Deducing from the wealth of
molecular cytogenetic data available from human cancers, we hypothe-
sized that the more benign tumors in mice expressing E7 would be distinct
from the more aggressive lesions in E6 transgenic mice. Tumorigenesis in
E6-expressing mice required specifically the selection and maintenance of
cells with extra copies of chromosome 6. Aneuploidy of chromosome 6 was
independent of activating mutations in H-ras on chromosome 7. Expres-
sion of either E6 or E7 resulted in centrosome aberrations, indicating that
each viral oncoprotein interferes independently with the centrosome cycle.
Although centrosome aberrations are consistent with development of
aneuploidy, no direct correlation was evident between the degree of
aneuploidy and the percentage of cells with aberrant centrosomes. Our
results show that although aneuploidy and centrosome aberrations are
present in tumor cells from mice expressing either E6 or E7, tumorigenesis
via E6 requires copy number increases of mouse chromosome 6, which is
partially orthologous to human chromosome 3q, a region gained in HPV-
associated carcinomas.

INTRODUCTION

The retinoblastoma susceptibility gene (Rb) and p53 are tumor
suppressor genes whose proper functioning is vital to maintaining
genomic stability and normal cell growth and differentiation. Re-
sponding to extracellular and intracellular signals, Rb is responsible
for the correct timing of the G1-S transition and for regulating the S,
G2, and M phases of the cell cycle. Inactivation of Rb leads to
genomic instability by impaired growth control, imprecise timing of
DNA synthesis, and chromosome mis-segregation (1). As an integral
member of the DNA damage control pathway, p53 functions in the
recognition and repair of damaged DNA and in programmed cell
death. The loss of wild-type p53 eliminates a major roadblock in
tumorigenesis, allowing cells with damaged DNA to proceed through
the cell cycle, thereby propagating genomically unstable progeny
containing random mutations, gene amplifications, chromosomal re-
arrangements, and/or aneuploidy (2).

Unfaithful chromosome segregation during mitosis can lead to
aneuploidy, a genetic defect observed consistently in tumor cells.
Proper chromosome segregation depends on attachment of mitotic
spindles to the kinetochore of each chromosome. The centrosome,
responsible for nucleating and organizing mitotic spindles, is an

essential component of this process (3). As such, the centrosome
duplication cycle is synchronized with the cell division cycle, and
uncoupling these cycles results in centrosome numbers above the
normal 1–2 per cell. Increased centrosome numbers can lead to
multipolar mitoses, mis-segregation of chromosomes, and genomic
instability (4). Numerical and/or structural centrosome abnormalities
have been reported in a variety of cancers, including breast cancer (5),
colon cancer (6), pancreatic cancer (7), head and neck cancer (8), and
human papillomavirus (HPV)-associated squamous cell carcinoma
(9), and is observed in a variety of mouse models of human cancers
(10–12).

The respective roles that p53 and Rb play in centrosome duplication
are unclear. Duensing et al. (9) found that cells expressing a mutant
E7 protein unable to inactivate Rb had threefold-less centrosome
amplification than cells expressing an Rb-inactivating E7 protein. The
E7 mutant was equivalent roughly with respect to centrosome ampli-
fication to the untransfected control, and thus their results linked Rb
functionally to proper centrosome duplication. This is in contrast to
other studies in which the absence or inhibition of Rb function had
either no affect on centrosome number (8, 13) or depended on the
mode of Rb inactivation (14). Likewise, there also has been debate as
to whether centrosomes are affected by the absence of p53 function.
Carroll et al. (8) and Fukusawa et al. (13) have shown that p53
deficiency induces directly increased centrosome numbers. In con-
trast, centrosome amplification was observed in epidermal tumors
from mice expressing a mutant form of p53 but not in p53 knockout
mice after treatment with 7,12-dimethylbenz(a)anthracene (DMBA)
and 12-O-tetradecanoyl-phorbol-13-acetate (TPA) (15, 16). Thus,
more investigation into the role of Rb and p53 with respect to
centrosome amplification, chromosome instability, and tumorigenesis
is warranted.

To address experimentally the independent effects of p53 and Rb
inactivation with respect to centrosome abnormalities and genomic
instability, we used a previously established mouse model of skin
cancer (17). Our particular model system uses the human keratin 14
(K14) transcriptional promoter to express two HPV type 16 viral
oncogenes, E6 and E7, in the basal epithelial cells of the epidermis.
HPVs are DNA tumor viruses that cause benign tumors or warts in
human skin. A subset of HPVs, including HPV types 16 and 18, are
high-risk HPVs associated with cervical cancers (18, 19). In progress-
ing from a low-grade squamous intraepithelial lesion to a high-grade
squamous intraepithelial lesion, the high-risk HPV genomes are com-
monly integrated into the host’s genome, and the E6 and E7 onco-
genes become overexpressed (20). In binding to and degrading p53
and Rb, respectively, the E6 and E7 proteins confer transforming
abilities to the cell, but their contributions to carcinogenesis are
different. Molecular dissection of the respective pathways has shown
specifically that the expression of E7 contributes primarily to early
stages of carcinogenesis, leading to the formation of benign lesions. In
contrast, E6 affects primarily later stages of carcinogenesis, leading to
malignant conversion (20).

Previous observations of cervical (21), colorectal (22), breast (11),
and head and neck (23) tumors have revealed specific patterns of
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chromosomal gains and losses associated with distinct stages of
tumorigenesis. Our model system is significant because we are able to
correlate a lesion’s phenotype with its genotype and thereby develop
a map of chromosomal and genetic imbalances associated with K14E7
versus K14E6 tumors as they relate to the impairment of either Rb or
p53 function, respectively. On the basis of observations in epithelial
carcinogenesis, we hypothesize that few random chromosomal aber-
rations would be present in less severe lesions and that progression
toward carcinoma and frank malignancy would correlate with the
acquisition of additional specific chromosomal aberrations. Our in-
vestigation of genomic stability in this mouse model system also
involved an assessment of whether Rb or p53 inactivation could lead
to centrosome abnormalities, which still is a matter of controversy (8,
9, 13–16).

MATERIALS AND METHODS

Generation of K14E6 and K14E7 Mice. The generation of these trans-
genic mouse lines has been described previously (24, 25). A contiguous region
of HPV type 16 genome from nucleotide 79–883 was inserted between the
human K14 promoter and human K14 polyadenylation sequences. The line of
K14E6 mice used in this study is #5737 (originally named K14E6E7TTL in
Ref. 25). Approximately 15% of line 5737 K14E6 mice develop tumors
spontaneously by 15 months (25). The line of K14E7 mice used in this study
is #2304 (originally named K14E6TTLE7 in Ref. 24), of which �10% develop
spontaneous tumors by age 15 months. Spontaneously arising tumors were
excised once they were �0.5 cm but �1 cm in diameter. The age of the mice
at the time of tumor excision was 8–12 months.

Skin Tumor Induction with DMBA and TPA. Eight-week-old mice were
treated as described previously (20). The back was shaved, and the carcino-
genic initiator DMBA dissolved in acetone was applied. After 1.5 weeks, 2.5
�g of a carcinogenic promoter TPA dissolved in acetone were applied twice
weekly for 20 weeks. Mice were monitored weekly for skin tumors and were
killed when the tumors reached 5 mm in diameter or when the tumors became
ulcerated. When a mouse was killed, a portion of the tumor was fixed in 10%
buffered formalin or frozen at �80°C for histologic analysis. Another portion
of the tumor was placed in DMEM medium containing penicillin and strep-
tomycin and was used to generate cell lines. Tumors were excised at age 7–9
months, with time of onset of malignancy first observed 3–6 weeks before
tumor excision. For humane reasons, no more than one carcinoma was allowed
to develop per animal before killing.

Generation of K14E6 and K14E7 Tumor Cell Lines. Keratinocyte cell
lines were derived from tumors of six K14E6 mice and seven K14E7 mice. The
tumors were washed twice in PBS, minced with scalpel blades, and dissociated
in 0.125% trypsin-EDTA (Life Technologies, Rockville, MD) for 7 min at
37°C after a 1-h incubation at 4°C. The reaction was terminated with 3 ml of
fetal bovine serum (FBS), and the cells were collected and plated on collagen
IV-coated flasks (Becton-Dickinson, Bedford, MA) in modified, Ca2�-free
Eagle’s MEM with 8% FBS containing 0.5 mM Ca2� and enhanced with 100
ng/ml mouse epidermal growth factor, 250 ng/ml fungizone antimycotic, and
penicillin-streptomycin, 60 units/ml and 60 �g/ml, respectively (Life Tech-
nologies). After 24 h, the medium was changed to Ca2�-free Eagle’s MEM
with 8% FBS containing 0.05 mM Ca2� and enhanced as described previously.
After the second passage, the cells were plated for 24 h in unenhanced Eagle’s
MEM and 8% FBS with 0.5 mM Ca2� to facilitate attachment and maintained
in unenhanced Eagle’s MEM and 8% FBS with 0.05 mM Ca2�. Calcium
concentrations were chosen to maintain cells in their undifferentiated prolif-
erating state as described previously (26). The cultures were cleared of con-
taminating fibroblasts by differential trypsinization.

Cytogenetic Analysis. Metaphase chromosomes for spectral karyotyping
(SKY) were prepared after exposure to colcemid arrest (1–3 h; 100 �g/ml)
from all of the tumor cells at passages 6–9 and again from Tm5 and Tm9 at
passage 40. The cells were lysed in hypotonic solution (0.075 M KCl), and the
nuclei were fixed in methanol and acetic acid (3:1). SKY was performed as
described (27, 28). Six to 12 metaphases were analyzed for each tumor, and
karyotypes were defined using the nomenclature rules from the International
Committee on Standardized Genetic Nomenclature for Mice (29).

Comparative genomic hybridization was performed as described (11, 30).
Quantitative fluorescence imaging and comparative genomic hybridization
(CGH) analysis was performed using Leica CW4000CGH software (Leica
Imaging Systems, Cambridge, United Kingdom).

Metaphase chromosomes for fluorescence in situ hybridization were pre-
pared as described previously. A mouse chromosome 6 painting probe was
prepared from a flow-sorted chromosome preparation and labeled directly with
spectrum orange by degenerate oligonucleotide primed PCR (31). A plasmid
containing the mouse K-ras gene was labeled with biotin-11-dUTP and de-
tected with avidin-FITC (32).

Instability Calculation. The copy number of each chromosome was as-
sessed by SKY analysis of metaphase spreads, and the modal value (i.e., the
most frequently observed copy number) was identified for each chromosome.
The total number of copy number changes (i.e., gains and losses relative to the
modal value for each chromosome) for each tumor line then was divided by the
number of metaphases analyzed (CIX � ��chromosome countn � moden� / cell
number). This value, referred to as the chromosome instability index (CIX), is
a measure of the amount of karyotypic variability observed in each tumor.

H-ras Mutational Analysis. H-ras mutations at the second position of
codon 61 in all of the skin tumors were analyzed by PCR and RFLP as
described previously (20). DNA fragments encompassing codon 61 (CAA)
were amplified via PCR from tumor-derived DNA using the primer pair
5�-CTCCTACCGGAAACAGGTGGTC and 5�-GCTAGCCATAGGTGGCT-
CACC. The PCR product then was digested with restriction enzymes XbaI,
BsmpHI, or TagI to detect CAA to CTA, CAA to CAT, or CAA to GAA
mutations. PCR products digested with these enzymes were run on 3% met-
aphor agarose gels and examined visually by ethidium bromide staining.
Sequencing of the minus strand of the PCR products was performed to confirm
the gel analysis of codon 61 and to inspect for mutations at codon 12/13
(GGA/GGC).

Isolation of Total RNA and Quantitative PCR for H-ras and K-ras.
RNA was isolated from two independent cultures of three K14E7 (Tm2, Tm14,
and Tm17) and three K14E6 (Tm12, Tm27, and Tm51) tumors following
standard TRIzol procedures. The purified RNA from replicate cultures then
was pooled in an attempt to reduce tissue culture condition-related artifacts
(i.e., cell confluency at time of harvest, age of medium, time since previous
trypsination, and so on).

The Taq-Man assay was performed on 2 �g total RNA. Primer sequences
and probes were as follows: H-ras (codons 128–149) forward (5�-GGCAG-
GCCCAGGACC TT-3�), reverse (5�-CCGGGTCTTGGCTGATGTT-3�); K-
ras (codons 117–141) forward (5�-AAGATGTGCCTATGGTCCTGG-
TAGGG-3�), reverse (5�-GAACGGA ATCCCGTAACTCCTTGCT-3�); and
glyceraldehyde-3-phosphate dehydrogenase (codons 132–166) forward (5�-
CCCCCAA TGTGTCCGTCGTG-3�), reverse (5�-TGGGCCCTCAGATGC-
CTGCT-3�). The H-ras (5�-ATGGCATCCCCTACATTGAA-3�) and K-ras
(5�-CACGAAACAGGCTCAGGAGT-3�) probes were labeled with FAM, and
the glyceraldehyde-3-phosphate dehydrogenase probe (5�-TGGAGAAACCT-
GCCAAGTATG-3�) was labeled with MAX. The PCR conditions were 50°C
for 2 min, 95°C for 10 min, 95°C for 15 s, and 60°C for 1 min for 40 cycles.

Immunofluorescence. Immunocytochemistry and centrosome enumera-
tion were performed as described previously (6). Two observers evaluated at
least 500 interphase and 50 metaphase nuclei for centrosome number and
structure. A control group of primary keratinocytes was isolated from normal
FVB/N mice and cultured in low Ca2� (0.05 mM) Eagle’s MEM as described
previously for the tumor cells to avoid differentiation. After 1 week in culture,
the cells were plated in chamber slides, and interphase cells were analyzed for
centrosome aberrations.

RESULTS

Generation of K14E7 and K14E6 Tumor Cell Lines. To identify
the consequences of inactivation of either p53 or Rb tumor suppressor
genes on genomic stability, we analyzed cell lines established from six
K14E6 and seven K14E7 primary carcinomas. The incidence of
spontaneous skin tumor formation in the K14E7 and K14E6 trans-
genic lines used in this study is 10% and 15%, respectively, by age 15
months (24, 25). To increase the number of tumor samples available
for analysis, we also induced tumors with the carcinogenic initiator
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DMBA, followed by the carcinogenic promoter TPA (see “Materials
and Methods”). Of the tumors isolated, six spontaneously occurring
tumors and seven tumors from chemically treated mice were estab-
lished successfully in tissue culture once it was determined that
plating in culture dishes coated with collagen IV was essential to their
survival. To maintain the tumor keratinocytes in their undifferentiated
proliferating state, the cultured cells were grown in medium contain-
ing a calcium concentration of 0.05 mM (low calcium) (26). Although
the morphologic appearance of the cells was consistent with kerati-
nocyte cell lines studied previously, the predominance of keratino-
cytes in each tumor line was verified by immunocytochemical anal-
ysis with an antibody-recognizing mouse K14. Because the human
K14 promotor drives expression of the E6 and E7 transgenes, only
those cells transcribing the endogenous K14 gene would be expected
to express the viral oncogenes. Our immunocytochemical assessment
revealed that at least 95% of the cells in each established tumor line
expressed K14 (see Fig. 1 for example of K14 staining).

SKY Analysis Reveals a Consistent Chromosomal Gain in Tu-
mors from E6, but Not E7, Mice. In our mouse model system, E7
and E6 oncoproteins contribute differently to tumorigenesis (20).
Molecular dissection of the respective pathways has shown that the
inactivation of Rb via expression of E7 contributes primarily at early
stages of carcinogenesis, leading to the formation of benign lesions.
p53 inactivation by E6, in contrast, affects primarily later stages of
carcinogenesis, resulting in malignant carcinomas (25). We applied
SKY and CGH to establish a map of chromosomal aberrations and
genomic imbalances associated with K14E7 versus K14E6 carcinomas.

Karyotype analysis was performed on short-term cultures from
three spontaneous and four chemically induced K14E7 lesions (Table
1). Although occasional structural aberrations were observed, the
predominant karyotypic changes detected were numeric chromosomal
aberrations (chromosomal aneuploidies). For example, T14 carried
gains of chromosomes 1 and 16; T9 had a deletion of chromosome 2
and loss of chromosome 7 together with a gain of chromosome 18;

Fig. 1. Representative images of �-tubulin (centrosome) and hu-
man keratin 14 (cytokeratin-14) staining. Normal interphase and mi-
totic cells are shown in (A) and (D), respectively. Some cells maintain
the perinuclear localization of their supernumerary centrosomes (B),
whereas they are no longer located near the nuclear membrane in
other cells, but elsewhere within the cytoplasm, and are referred to as
displaced (C). Despite the presence of extra �-tubulin structures,
bipolar mitosis sometimes was observed (E). The deleterious conse-
quence of supernumerary centrosomes functionally capable of nucle-
ating mitotic spindles is visualized easily in a multipolar mitosis (F).
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and T17 displayed a gain of the entire chromosome 6 (Table 1). We
did not observe any common aneuploidies between tumors from the
K14E7 mice. Significantly, no differences were found between karyo-
types from chemically induced versus spontaneously occurring tu-
mors, thereby justifying the inclusion of samples from chemically
induced tumors in our study.

In contrast to the K14E7 tumors, we detected consistent, nonran-
dom chromosomal gains in the K14E6 tumors. SKY analysis was
performed on early passage specimens from two spontaneous and four
chemically induced K14E6 tumors (Table 1). Similar to the K14E7
karyotypes, the predominant aberrations detected were chromosomal
aneuploidies with few structural aberrations. Unlike the K14E7 karyo-
types, however, all of the six K14E6 tumors analyzed revealed a
consistent whole chromosome 6 gain (see Fig. 2 for representative
karyotype). Furthermore, four of the six tumors (T5, T12, T41, and
T49) exhibited additional gains of chromosome 10, a result that was
later verified by CGH. Trisomy for chromosomes 6 and 10 were found
in spontaneous (Tm5 and T12) and chemically induced (Tm41 and

Tm49) tumors, again supporting the notion that chemical induction of
tumors does not modify the cytogenetic profile. In addition, T41
displayed loss of chromosomes 3 and 4, and T51 contained a dupli-
cated region on chromosome 4. Complete karyotypes and accompa-
nying CGH data can be found at the web site http://www.ncbi.
nlm.nih.gov/sky/skyweb.cgi.

In summary, tumors derived from E6 and E7 transgenic mice
demonstrated aneuploidy, the degree of which varied from tumor to
tumor. However, there was a strong selection for the acquisition and
maintenance of a specific chromosomal aneuploidy in the E6 trans-
genic mouse tumors. Therefore, we conclude that some gene or genes
on chromosome 6 provide a sufficient advantage to the growth and/or
survival of mouse skin epithelial cells expressing the HPV-E6 onco-
protein.

CGH Results Show No Significant Aberrations in K14E7 Tu-
mors and Verify the Trisomy 6 in K14E6 Tumors. Although our
analysis at the single-cell level by SKY did not reveal any significant
patterns among the seven E7 cell lines, we used CGH, which samples

Table 1 Tumors isolated from K14E6 and K14E7 transgenic mice

Indicated are the clonal genomic alterations detected by spectral karyotyping (SKY) and comparative genomic hybridization (CGH) and the H-ras codon 61 mutational status
(wild-type, CAA at both loci; �/�, CAA at one locus and CTA at the other; �/�, CTA at both loci). Also presented is the histology of the tumor and whether it was spontaneous
or chemically induced.

Tumor Genotype H-ras mutationa CGH gains and losses Histology Mouse treatment

5 K14E6 WT/WT �6, �10 Carcinoma None
12 K14E6 n.d./(�/�) �6, �10 Carcinoma grade I None
27 K14E6 WT/(�/�) �6 Days w/carcinoma grade I foci DMBA � TPAb

41 K14E6 WT/WT �1, �3, �4, �6, �10, �X Carcinoma grade I DMBA � TPAc

49 K14E6 WT/WT �6, �10 Days w/carcinoma grade II foci DMBA � TPAc

51 K14E6 WT/(�/�) Dup 4(B), �6 Carcinoma grade I w/carcinoma grade II foci DMBA � TPAb

1 K14E7 n.d./WT None Sarcoma None
2 K14E7 WT/WT None Carcinoma grade I None
6 K14E7 n.d./WT None Fibrosarcoma None
9 K14E7 WT/WT Del 2(C–E), �7, �18 Mammary carcinoma None

14 K14E7 WT/WT �1, �16 Carcinoma grade I and II DMBA � TPAb

17 K14E7 WT/WT �6 Carcinoma grade I DMBA � TPAb

22 K14E7 n.d./(�/�) None NA DMBA � TPAb

a Codon 12/13 and codon 61, respectively. WT, wild-type; �/�, heterozygous; �/�, homozygous mutant; n.d., not determined.
b 0.05 �M DMBA. DMBA, 7,12-dimenthylbenz(a)anthracene; TPA, 12-O-tetradecanoylphorbol-13-acetate.
c 0.01 �M DMBA.

Fig. 2. Representative karyotype of E6 tumor cell lines. Spectral karyotyping and 4�,6-diamidino-2-phenylindole staining of Tm 5 is shown. Trisomy 6 was observed in all of the
tumors from keratin 14 E6 mice regardless of treatment. The karyotype of this tumor (Tm5) is 41,XY,�6.
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the entire cell population, to investigate whether there were other copy
number changes. The CGH results verified the copy number changes
and the consequences of structural alterations with respect to genomic
imbalances identified previously by SKY and additionally enabled us
to identify the deleted portion of chromosome 2 in Tm9 as bands
C2-E2. As the E7 CGH summary data indicate (Fig. 3A), despite
random chromosomal aneuploidies in individual tumors, the E7-
induced tumors as a whole do not possess any specific chromosomal
copy number aberrations.

Similarly, CGH data from the six E6 tumors is consistent with the
chromosomal aneuploidies and structural aberrations identified by
SKY. Most importantly, a gain of chromosome 6 was observed
consistently in every E6 tumor. The E6 CGH summary data (Fig. 3B)
additionally enhanced our analysis of E6 tumors by identifying addi-
tional chromosomal copy number changes not revealed in the SKY
analysis. Although gains of chromosome 10 appeared in fewer than
half of the cells examined by SKY from Tm5, Tm12, Tm41, and
Tm49, an additional copy of this chromosome in the CGH profiles
confirmed clearly and unambiguously the gain of chromosome 10 in
the majority of cells in the population. In Tm41, CGH also detected a
gain of chromosomes 1 and X in addition to the already identified loss
of chromosomes 3 and 4. Finally, we were able to identify the region
amplified in Tm51 as band 4B.

Gain of Chromosome 6 Correlates with Increased K-ras Gene
Copy Number. The K-ras oncogene, located in the distal (telomeric)
region of mouse chromosome 6, is amplified in many murine and
human tumors. Therefore, we suspected that the recurrent gain of
chromosome 6 observed by SKY and CGH in the tumors derived from
K14E6 transgenic mice was the result of selective pressure to acquire
additional copies of the K-ras gene. Therefore, we performed fluo-
rescence in situ hybridization analysis on metaphase and interphase
tumor cells using a chromosome 6-specific painting probe in conjunc-
tion with a differentially labeled probe for the K-ras gene. All of the
additional copies of chromosome 6 contained the K-ras oncogene.
Thus, a gain of chromosome 6 resulted directly in an increased
number of K-ras genes in all of the K14E6 tumors and in one K14E7
tumor (Tm17).

H-ras Activating Mutations Do Not Correlate with E6/E7
Transgenes or Method of Induction. Although we found previously
no H-ras mutations at either codon 12/13 or codon 61 in 24 of 24
spontaneous K14E6 tumors, we wanted to look at the tumors derived
specifically for this study to determine if any correlations could be
made with the mutational status of H-ras and the specific aneuploidies

we observe in the tumors (25). Restriction digest analysis and se-
quencing of codon 61-specific PCR products revealed the presence of
A3T transversions in four of the tumors (Table 1; Fig. 4). Homozy-
gous mutations were limited to tumors from those mice exposed to
DMBA and TPA, in agreement with previous studies (20, 25, 33, 34).
Two tumors (Tm27 and Tm51) were from E6 transgenic mice, and
one tumor (Tm22) was from an E7 transgenic mouse. Not all of the
chemically induced tumors carried H-ras mutations, regardless of the
dosage. One spontaneously formed E6 tumor (Tm12) was heterozy-
gous for the codon 61 A3T transversion, indicating that H-ras
mutations can occur in the absence of chemical mutagenesis. No
mutations in codon 12/13 were found in the 11 PCR products from
which sequence information was obtainable.

K-ras Expression Levels Are Not Altered in Tumors with a
Chromosome 6 Gain; However, H-ras Expression Is Reduced in
Tumors with Activating Mutations. We observed that the K14E6
tumors generally grew faster than the K14E7 tumors, implying that
these cells had a shorter cell division time. This observation would be

Fig. 3. Comparative genomic hybridization
summary data. A bar to the right of a chromosome
in the ideograms indicates a gain, and bars to the
left represent a loss of genetic material. A, sum-
mary data from seven keratin 14 (K14) E7 cell lines
(Tm9, red; Tm14, dark blue; and Tm17, orange). B,
summary data from six K14E6 cell lines (Tm5,
orange; Tm12, light blue; Tm27, dark blue; Tm41,
green; Tm49, red; and Tm51, purple). E6 tumors
display clear and consistent gains of chromosome 6
and chromosome 10, whereas E7 tumors show no
consistent gain or loss of genetic material.

Fig. 4. H-ras mutational analysis. A, the results of restriction digest analysis of codon
61-specific PCR products. Indicated are bands representing the wild-type (4) and A3T
transversion (�). B, examples of results from the sequence analysis used to confirm the
restriction digest results. The complimentary strand of the H-ras gene was sequenced;4
indicates the orientation of codon 61 (wild-type, CAA; mutant, CTA).
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in agreement with the observed increase in K-ras gene copy number
and potential overexpression of the oncoprotein. To test this hypoth-
esis, quantitative real-time PCR was performed on total RNA isolated
from three K14E6 (Tm12, Tm27, and Tm51) and three K14E7 (Tm2,
Tm14, and Tm17) tumor cell lines. Our analysis did not indicate any
statistically significant difference in the expression levels of K-ras
between those tumors with additional copies of chromosome 6 (Tm12,
Tm17, Tm27, and Tm51) and those without (Tm2 and Tm14) (Fig. 5;
gray bars). However, there appeared to be a general trend that expres-
sion levels of K-ras relative to the glyceraldehyde-3-phosphate dehy-
drogenase control were lower typically in the K14E6 tumors. A
similar analysis was performed for the H-ras oncogene located on
mouse chromosome 7. We observed that the expression levels were
lower for those cell lines with homozygous H-ras-activating muta-
tions (Tm27 and Tm51) compared with those that were either wild-
type at both alleles (Tm2, Tm14, and Tm17) or heterozygous mutants
(Tm12; Fig. 5; black bars).

Chromosome Instability and Centrosome Abnormalities Are
Present in E7 and E6 Tumors. The amount of chromosome insta-
bility in the tumors was based on an analysis of the chromosome
content in numerous metaphases from each tumor sample and calcu-
lated as described in “Material and Methods.” Some of the E7 tumors
were relatively stable, averaging fewer than three changes in chromo-
some copy number per cell (Fig. 6A; Tm1, Tm9, Tm17, and Tm22).
However, mitotic events in others tumors were rather catastrophic,
averaging as many as 10 changes in chromosome copy number per
cell (Fig. 6A; Tm2, Tm6, and Tm14). The K14E7 tumors as a group
had an average CIX of 4.0, thus defining chromosome instability as a
general feature of these E7-induced tumors. Tumors from K14E6
transgenic mice also had a variation in CIX with average values
ranging from fewer than 1 (Tm 5) to as many as 10 changes per cell
(Tm 49), with no significant differences observed between spontane-
ous and chemically induced tumors. As a group, the K14E6 tumors
had an average CIX of 3.7, similar to that observed for the K14E7
tumors. Thus, the level of chromosome segregation errors was not
appreciably different between tumors derived from K14E6 or K14E7
transgenic mice.

To understand how chromosome instability would affect the ge-
nome of these tumors after long periods in culture, karyotype analysis
also was performed on late passage (passage 40) samples from two
spontaneously formed E6 (Tm5*) and E7 (Tm9*) tumors. The chro-
mosome deletions and numeric changes identified in the early-passage
karyotypes also were present after prolonged passage, implying a
selective pressure to maintain these specific genomic alterations. As a
consequence of the genomic instability, however, both tumors ac-
quired additional structural and numeric aberrations. As such, the CIX
for both tumor cell lines increased slightly after prolonged passage

(0.0 and 0.4 at passage 6 versus 0.5 and 2.8 at passage 40 for Tm5*
and Tm9*, respectively).

Most of the tumors, whether they occurred because of inhibition of
Rb or p53 function, contained predominantly numeric chromosome
aberrations, a finding consistent with a compromise in chromosome
segregation fidelity during mitosis. Attachment of mitotic spindles to
the kinetochore of each chromosome is essential for correct segrega-
tion during mitosis, and it is the role of the centrosome to nucleate and
organize these structures (3). Therefore, we used an antibody against
�-tubulin, a protein that is concentrated in the centrosome during all
stages of the cell cycle, to investigate whether abnormalities in cen-
trosome number or function could account for the chromosomal
aneuploidies we observed in the E7 and E6 tumors. Although we
found many interphase cells with normal (1–2) centrosome numbers

Fig. 5. Ras expression levels. RNA transcript levels of H-ras (black bars) and K-ras
(gray bars) have been normalized to those observed in normal mouse skin keratinocytes.
Tm12 and Tm2 are spontaneous tumors, whereas Tm27, Tm51, Tm14, and Tm17 were
chemically induced. All three E6 tumors and one E7 tumor (Tm17) have increased copies
of chromosome 6. All three E7 tumors are homozygous wild-type for H-ras; Tm12 is
heterozygous; and Tm27 and Tm51 have homozygous-activating mutations.

Fig. 6. Chromosome instability and centrosome aberrations. A, the tumors are orga-
nized based on their origin from keratin 14 (K14) E6 or K14E7 transgenic mice. Within
each category, the tumors are arranged by increasing instability for visual simplicity.
Black bars represent spontaneous tumors, and the gray bars represent those that were
chemically induced. *Late passage tumors. The percentage of cells containing more than
two centrosomes was determined for 500 interphase (B) and 50 mitotic (C) cells.
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(Fig. 1A), a significant proportion of cells also displayed an increased
number of centrosomes. In some instances, cells managed to maintain
the normal juxtaposition of these supernumerary structures to the
nuclear membrane (Fig. 1B), whereas in other cells, some of the
centrosomes were no longer located perinuclearly (Fig. 1C). Between
13% and 48% of E7 interphase cells displayed centrosome abnormal-
ities compared with E6 tumors, in which abnormal centrosomes were
observed in 18–37% of interphase cells (Fig. 6B). In undifferentiated
mouse keratinocytes isolated directly from the skin of normal mice,
we observed no more than 6% of interphase cells with centrosome
aberrations.3

To determine if these supernumerary centrosomes had conse-
quences during nuclear division, we also analyzed cells in the process
of segregating their genome. In addition to cells containing two
centrosomes and undergoing normal bipolar mitoses (Fig. 1D), we
observed some cells with bipolar chromosome segregation but an
increased number of centrosomes (Fig. 1E). Despite the bipolar nature
of these cell divisions, however, one can neither assess the fidelity
with which the genome is being partitioned to the daughter cells nor
whether the supernumerary centrosomes are contributing to unequal
chromosome segregation. This is not the case for the third subpopu-
lation of cells observed, in which nucleation of mitotic spindles from
more than two centrosomes resulted in the division of chromosomes
in more than two directions, thereby increasing the likelihood that the
resulting daughter cells, if viable, would be extremely aneuploid (Fig.
1F). Between 2% and 22% of E7 cells and between 3% and 35% of
E6 cells displayed abnormal mitoses attributed directly to centrosome
amplification (Fig. 6C).

DISCUSSION

The tumor-promoting HPV contains at least two genes, E6 and E7,
which encode for proteins that interfere with cell-cycle regulation. E7
disrupts the cell cycle via its direct binding to Rb and other members
of the retinoblastoma family (p107 and p130) [Refs. 33–36] and the
cell-cycle regulatory proteins p21 (37–39) and p27 (40). The most
prominent role of E6 involves the degradation of p53 via the ubiquitin
pathway, thus impairing the ability of cells to either arrest the cell
cycle or enter the apoptotic pathway in response to DNA damage.
This action has been demonstrated to allow the progression of benign
tumors to carcinomas. Transgenic mice expressing the E6 and/or E7
genes under keratin promoters develop skin papillomas, which, more
frequently in the case of the former, progress into carcinomas (20, 24,
25, 43). We were interested in identifying whether these processes
involved alteration of the genome through chromosome mis-segrega-
tion and, more importantly, whether such changes could distinguish
the different tumorigenic pathways caused by each protein.

Tumors induced via chemical carcinogens, specifically the promot-
ing agent DMBA followed by the initiator TPA, result in mutations in
codons 12/13 and 61 of the H-ras proto-oncogene. Because these
genetic modifications occur early during the formation of papillomas,
they are considered generally to be causative events (41, 42). Similar
mutations have been observed in tumors from transgenic mice ex-
pressing the HPV-18 E6 and E7 genes under control of the keratin 1
promoter (43). Expression of an activated form of H-ras is sufficient
as an initiating agent in the formation of skin papillomas (44–46).
Our mutational analysis, despite the presence of H-ras codon 61
mutations in four of the tumors, failed to reveal any unique correlation
with expression of either the K14E6 (Tm12, Tm27, and Tm51) or
K14E7 (Tm22) transgene. Although homozygosity for the activating
codon 61 A3T transversion was observed only in tumors from mice

exposed to DMBA and TPA, not all of the chemically induced tumors
contained mutations in H-ras. Additionally, none of the analyzed
tumors contained mutations at codon 12/13. On the basis of previous
reports, it is highly likely that mitotic recombination resulting in loss
of heterozygosity was responsible for the observed allelic imbalances
of the normal H-ras gene (47–50).

Copy number gains of chromosome 7, where the H-ras gene is
located, have been observed in some instances to be concurrent with
H-ras mutations (48). A gain of chromosome 7 was not seen in any of
the K14E6 or K14E7 tumors, but rather a loss in one spontaneous
K14E7 tumor by SKY and CGH (Tm9) and in one chemically induced
K14E7 tumor by SKY only, and this was on a tetraploid background
(Tm14). However, we did observe consistently copy number increases
of mouse chromosome 6 in the K14E6-induced tumors. Mouse chro-
mosome 6 contains the K-ras oncogene, an appealing target for
increased gene copy number and expression. Quantitative real-time
PCR on three E6 tumors and one E7 tumor trisomic for chromosome
6 did not reveal any increased expression of K-ras relative to two E7
tumors disomic for this chromosome. Thus, it appears that overex-
pression of the K-ras oncogene via increased gene dosage does not
explain the consistent trisomy 6 in the K14E6-induced tumors. Gains
of chromosome 6 also have been observed in skin tumors from
Senecar mice (47) and TP-ras transgenic mice (46) treated with
DMBA and TPA. In the former study, however, they additionally
observed H-ras mutations and gains of chromosome 7, whereas in the
latter, translocations of chromosome 4 were seen, resulting in reduced
expression of p16INK4A. Our results did not reveal any correlation
between H-ras mutations and a gain of chromosome 6. We did notice
that the expression levels of H-ras were lower in those tumor cell lines
with homozygous-activating mutations at codon 61, implying that in
the presence of a constitutively activated H-ras, overexpression of the
protein is not required for cell growth deregulation. Therefore, addi-
tional analysis will be necessary to identify the selective advantage
associated with gains of chromosome 6 in mouse skin epithelial
tumors.

HPV infection is observed in �95% of human cervical cancers and
is believed to be the earliest event in the pathway to tumorigenesis
(19, 51). Likewise, a gain of the long arm of chromosome 3 (3q) is
found in 85% of cervical cancers (52–55). The percentage of cells
with this cytogenetic alteration increases with the degree of cellular
dysplasia (21) and occurs before transition to overt invasive disease
(56, 57). Therefore, we were extremely interested to determine
whether the chromosome aberrations we observed in our HPV mouse
model system correlate with the gain of chromosome 3q in human
cervical cancer. Regions corresponding to human chromosome 3p are
found on mouse chromosomes 3, 6, 14, and 17, whereas genes
localized to human 3q map to mouse chromosomes 3, 6, 9, and 16.
Thus, a subset of genes gained in human cervical cancer also is gained
consistently in the skin tumors from mice expressing the HPV-E6
oncogene. Recent studies have examined the activation of telomerase
in cervical tumors (58) in response to HPV-E6 expression (59) and as
a useful biomarker for the early detection of cervical cancer (57, 60).
The RNA component of telomerase (TERC) maps to the region of
chromosome 3 that is gained in cervical cancer (3q26). However, the
orthologous region in the mouse (3F/G) is not gained in any of our
skin tumors. One interpretation of this result is that a gain of the TERC
gene is not necessary for tumorigenesis in the presence of E6 expres-
sion and that other genes on mouse chromosome 6 that are ortholo-
gous to human 3q are the targets of this chromosome gain. Alterna-
tively, the observed disparity in chromosome aneuploidy may be
because of differences between mice and humans or in the affected
tissue types (cervical versus skin epithelial cells).

Aldaz et al. (47, 61) have performed numerous studies leading them3 Unpublished observations.
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to the conclusion that mouse papillomas contain the gain of a few
chromosomes, namely 6 and 7, and that diverse degrees of aneuploidy
exist at the carcinoma stage. Although our study cannot address the
chromosomal changes in papillomas, we are in agreement that carci-
nomas have differing amounts of aneuploidy. However, this was not
a reflection of the viral oncogene expressed because the average CIX
for the K14E6 and K14E7 tumors was nearly identical (3.7 and 4.0,
respectively). It was also not a reflection of the degree of centrosome
aberrations. Although the E7 protein acts on the retinoblastoma sus-
ceptibility protein pRb and the E6 protein acts, at least in part, to bind
and inactivate the tumor suppressor p53, their effects on centrosome
numbers do not appear to be markedly different. More precisely, we
conclude that murine keratinocytes expressing either E7 or E6 display
centrosome abnormalities well above those observed in normal kera-
tinocytes under similar culture conditions. Thus, both proteins have
the ability to disrupt centrosome fidelity and generate chromosomal
copy number changes via aberrant mitoses.

However, we cannot conclude based on the random chromosome
instability observed in our SKY analysis that one affects chromosome
segregation more or less than the other. One particularly interesting
result from our analysis is that there was not a direct correlation
between the level of centrosome aberrations and the degree of chro-
mosome instability in the tumors. Tm5, for instance, has a rather high
level of centrosome aberrations in interphase and metaphase, and yet
the SKY analysis indicates that these cells are the most chromosom-
ally stable. Conversely, Tm49 had one of the highest instability
indices and yet was not dissimilar with respect to centrosome pheno-
type from tumors with much lower levels of aneuploidy. Thus, we are
unable to draw any direct correlation between the extent of centro-
some aberrations and the frequency of chromosomal mis-segregation
events.

The fact that our K14E7 tumors contain centrosome abnormalities
differs from a previous report indicating that inactivation of Rb does
not result in an increase in centrosome numbers (13). Duensing et al.
(9, 62) have demonstrated that E7 and E6 are capable of inducing
centrosome aberrations in skin tumors and during the immortalization
of oral epithelial cells (14). The latter report reveals that this may be
caused directly by E7 expression because inhibition of the Rb path-
way via loss of expression of p16INK4A or ectopic expression of cdk4,
although resulting in immortalization, did not cause centrosome ab-
errations (14). Thus, it appears that E7 causes dysregulation of the
centrosome cycle through inactivation of another protein either alone
or in conjunction with inhibition of Rb function.

Tumors from the K14E7 mice contain exceedingly few clonal
cytogenetic aberrations, none of which were observed consistently in
the group as a whole. Thus, we are unable to reveal a specific
associated causative cytogenetic event during tumor formation in the
K14E7 mice. However, carcinomas induced by HPV-16 E6 are dis-
tinct from their E7 counterparts because they contain a gain of
chromosome 6. Our quantitative PCR results argue against the idea
that this specific aneuploidy is selected for during tumorigenesis to
increase the copy number, and in turn the expression level, of the
K-ras oncogene in the absence of E7 induction. In conclusion, it
appears that our K14E6 and K14E7 mouse models represent two
distinct mechanisms of skin tumorigenesis, both of which are inde-
pendent of H-ras mutations or copy number alterations in the K-ras
gene.
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