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High-risk human papillomaviruses (HPVs) are the causative agents of certain human cancers. HPV type 16
(HPV16) is the papillomavirus most frequently associated with cervical cancer in women. The E6 and E7 genes
of HPV are expressed in cells derived from these cancers and can transform cells in tissue culture. Animal
experiments have demonstrated that E6 and E7 together cause tumors. We showed previously that E6 and E7
together or E7 alone could induce skin tumors in mice when these genes were expressed in the basal epithelia
of the skin. In this study, we investigated the role that the E6 gene plays in carcinogenesis. We generated K14E6
transgenic mice, in which the HPV16 E6 gene was directed in its expression by the human keratin 14 promoter
(hK14) to the basal layer of the epidermis. We found that E6 induced cellular hyperproliferation and epidermal
hyperplasia and caused skin tumors in adult mice. Interestingly, the tumors derived from E6 were mostly
malignant, as opposed to the tumors from E7 mice, which were mostly benign. This result leads us to
hypothesize that E6 may contribute differently than E7 to HPV-associated carcinogenesis; whereas E7 pri-
marily contributes to the early stages of carcinogenesis that lead to the formation of benign tumors, E6
primarily contributes to the late stages of carcinogenesis that lead to malignancy.

Human papillomaviruses (HPVs) are small DNA tumor vi-
ruses that cause papillomas in human skin, genitalia, and upper
respiratory tract. Certain types of HPVs, referred to as high-
risk HPVs, are associated with malignant tumors (55). More
than 90% of cervical carcinomas, for example, are related to
HPV infections (11). In these cancer cells, HPV genomes com-
monly are found integrated into the cellular genome (11, 41).
The integration events leave intact the early region of the HPV
genome containing the E6 and E7 genes (41, 53). Transcripts
of the E6 and E7 genes are detected in the cervical cancer-
derived cell lines (47, 52), indicating these two genes poten-
tially play a role in HPV-associated carcinogenesis. Cell cul-
ture experiments have demonstrated that E6 and E7 possess
transforming activities; E6 or E7 each can transform estab-
lished cells; E6 is also found to immortalize primary human
mammary epithelial cells (3), whereas E7 is sufficient to im-
mortalize primary human keratinocytes (22).

The discovery of cellular targets of E6 and E7 provided
insight into the potential molecular mechanisms by which E6
and E7 cause cellular transformation. E6 can associate with
p53 through the E6 associate protein, leading to degradation of
p53 by the ubiquitin proteasome pathway (39, 40, 49). Re-
cently, other cellular factors, such as E6 binding protein (9),
paxillin (46), the human homologue of Drosophila large disc
tumor suppressor gene (29, 31), and E6TP1 (18), have been
reported to associate with E6. Whether and how these inter-
actions contribute to carcinogenesis is not yet clear. E7 can
also associate with multiple cellular factors, one of which is the
retinoblastoma tumor susceptibility gene product, pRb (8, 16).
Binding of E7 to pRb promotes degradation of pRb and leads
to the inhibition of pRb functions (5, 26). Other proteins that
associate with E7 are prominently related to the regulation of
the cell cycle, such as cyclins/cyclin-dependent kinase inhibitors
(17, 25, 54) and other members of the Rb gene family (12, 15).

As many of the cellular factors that E6 and E7 interact with are
either tumor suppressors or cell cycle regulators, it is not sur-
prising that E6 and E7 can cause fundamental changes in cell
growth behavior.

Cells transformed by E6 or E7 rarely grow into tumors when
transplanted into nude mice, indicating that other molecular
events must be required for the transformed cells to become
tumorigenic (27, 35, 51). This observation is consistent with the
epidemiological data from human cancers in that high-risk
HPV infections require long latency periods before their asso-
ciated cervical cancers develop. To test whether E6 and E7 are
oncogenic in vivo, experiments using transgenic mice have
been conducted. E6 and E7 together cause tumors in mice (2,
10, 20). To dissect the roles of E6 and E7 in HPV carcinogen-
esis, we generated transgenic mice in which the HPV type 16
(HPV16) E7 gene was expressed in the epidermis by the hu-
man keratin 14 (hK14) promoter. These mice had multiple
phenotypes, including epidermal hyperplasia and skin tumors
(23). Thus, HPV16 E7 alone causes tumorigenesis in animals.
In the present study, we have addressed the role of E6 in
HPV-induced carcinogenesis. We generated K14E6 transgenic
mice in which the HPV16 E6 gene was expressed in the basal
layer of epithelia, using the hK14 promoter. Expression of E6
increased cell proliferation and induced epidermal hyperpla-
sia. Skin tumors developed in adult K14E6 mice with an inci-
dence of about 7% at 1 year of age. In contrast to the tumors
derived from K14E7 transgenic mice, which were primarily
benign, tumors derived from K14E6 transgenic mice were
mostly malignant, indicating that E6 alone not only is sufficient
to induce tumors but may contribute to the development of
malignancy in animals.

MATERIALS AND METHODS

Construction of transgene and generation of transgenic mouse. The K14E6
transgene was constructed similarly to the K14E7 transgene (23). Briefly, a DNA
fragment from the HPV genome spanning nucleotides 79 to 883 and encom-
passing the E6 and E7 open reading frames (ORFs) was PCR amplified with
primers containing BamHI sites. In this amplified DNA fragment, a translational
termination linker (TTL) is present in the early region of the E7 ORF, preclud-
ing expression of E7. The BamHI fragment was inserted into the unique BamHI
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site between the hK14 promoter and hK14 polyadenylation sequences in plasmid
pG1Z-K14 to generate plasmid pK14HPV16E6. The construct was sequenced to
verify the intact state of the E6 ORF. The presence of TTL in the E7 ORF was
verified by presence of an engineered HpaI site in the linker. This recombinant
plasmid was digested with HindIII and EcoRI to release a 3.2-kbp fragment that
contains hK14 promoter, HPV16 sequences, and the K14 polyadenylation se-
quences. The fragment was purified by gel electrophoresis and microinjected into
fertilized mouse FVB/N eggs as described previously (20, 24). Mice born from
these eggs were screened for the presence of transgene in their genome by
Southern analysis of genomic DNA prepared from tail biopsies. The hybridiza-
tion probe was the approximately 800-bp HPV16-specific DNA fragment re-
leased from plasmid pK14HPV16E6 by digestion with BamHI; it was 32P labeled
by random primer extension. To estimate the copy number of each of the
transgenic lineages, standard DNA of plasmid pK14HPV16E6 equal in amount
to 1, 10, or 20 copies per mouse genome was included in the Southern analysis.
The blot was quantified with a Molecular Dynamics PhosphorImager. Multiple
lineages of K14E6 mice were bred in the Association for Assessment and
Accreditation of Laboratory Animal Care-approved animal facilities in the
McArdle Laboratory for Cancer Research. All offspring were screened by South-
ern analysis or PCR.

Analysis of transgene expression by in situ hybridization. Eight-day-old and
six-week-old mice were sacrificed, and skin and ear samples were collected. The
samples were fixed in buffered formalin, embedded in paraffin, and cut into
5-mm-thick sections. In situ hybridization was performed as described previously
(21). Sense and antisense E6 cRNA probes were transcribed in vitro from a
plasmid containing the HPV16 E6 and E7 ORFs downstream of SP6, and both
[35S]UTP and [35S]CTP were incorporated. Photographic emulsion-coated slides
were kept at 220°C for 2 weeks before development. The hybridization signals
were examined by dark- or bright-field microscopy.

Immunohistochemistry for BrdU, PCNA, and K14. Skin sections from torso
skin of 8-day-old mice or from the ears of 6-week-old mice were deparaffinized
in xylenes and rehydrated in graded alcohol and phosphate-buffered saline
(PBS). Endogenous peroxidase was quenched by treatment of skin sections with
3% hydrogen peroxide for 15 min. For detection of 59-bromo-29-deoxyuridine
(BrdU), the mice were pulse-labeled with BrdU (100 mg/g of body weight; Sigma
catalog no. B-5002) 1 h before sacrifice, and tissue sections were stained by the
protocol provided with the BrdU staining kit (catalog no. HCS24; Oncogene
Research Products, Calbiochem). Briefly, tissue sections were digested with
trypsin and treated with a denaturing solution. After incubation with biotinylated
mouse anti-BrdU antibody and then streptavidin-peroxidase, the slides were
exposed to the peroxidase substrate (diaminobenzidine) mixture for 5 min and
counterstained with hematoxylin. To compare the proliferation index of 8-day-
old skin among lineages, the total numbers of cells and the number of BrdU-
positive cells in the epidermis were counted in 30 randomly selected microscopic
fields (magnification of 3400) of skin sections from three mice.

For proliferating cell nuclear antigen (PCNA) detection, tissue sections were
blocked with 5% nonfat dry milk–PBS and/or 5% normal goat serum for 30 min,
mouse monoclonal anti-mouse PCNA antibody (Boehringer Mannheim), diluted
1:200 in 5% milk–PBS, was added, and the the mixture was incubated for 3 h at
room temperature. After incubation with peroxidase-labeled anti-mouse second-
ary antibody (30 min) and then with Vectastain ABC reagents (30 min), the
slides were exposed to diaminobenzidine substrate. The slides were counter-
stained with fast green and examined for nuclear staining of PCNA. Mouse K14
staining was performed similarly except that the slides were incubated with
1:500-diluted rabbit polyclonal antibody against mouse K14 (catalog no. PRB-
155P-100; BAbco, Richmond, Calif.) for 1 h, and the slides were counterstained
with hematoxylin.

Monitoring and statistical analysis of skin tumors. Mice were checked every
2 weeks for 15 months to monitor the development of skin tumors. At time of
animal sacrifice, part of tumor tissue was fixed in buffered formalin for histolog-
ical analysis; another part was frozen and kept in 220°C for preparation of
genomic DNA. Fixed tissue was embedded in paraffin and cut into 5-mm sections
for staining with hematoxylin and eosin. Tumor type was determined by histo-
logical analysis. The incidence of tumors from different lineages was analyzed for
statistical difference by the chi square test.

Analysis of H-ras mutations with PCR and RFLP. H-ras mutations were
analyzed by PCR and restriction fragment length polymorphism RFLP. The
DNA fragments encompassing codons 12 and 13 (collectively referred to as
codon 12/13) (GGAGGC) or codon 61 (CAA) were amplified via PCR from
tumor genomic DNA with two pairs of primers. The primers for codon 12/13
were 59-GGGTCAGGCATCTATTAGCCG and 59-CCAGCCTACACCCTTG
CACCTC; primers for codon 61 were CTCCTACCGGAAACAGGTGGTC and
59-GCTAGCCATAGGTGGCTCACC. Activated H-ras mutations commonly
are G-to-A transitions or G-to-T transversions at the second position of codon 12
or 13 (6, 33). Transition mutations at codon 61, from CAA to CTA or CAT or
GAA, are also frequently involved in H-ras activation, especially in some chem-
ically induced tumors (7). These mutations create new restriction sites. At codon
12, GGA-to-GTA and GGA-to-GAA changes can be detected by digestion with
SfcI and Eco57I, respectively; at codon 13, GGC-to-GTA and GGC-to-GAC
changes can be detected by digestion with MaeII and HinfI, respectively; at
codon 61, CAA-to-CTA and CAT-or-GAA changes can be detected by digestion
with XbaI, BspHI or TaqI. PCR products digested with these enzymes were run
on 3% Metaphor agarose gels and examined visually by ethidium bromide
staining.

Analysis of DNA damage responses. Eight-day-old mice from line 5718 and
line 5737 were irradiated with g rays from a (137Cs) source at a dose rate of 3.1
Gy/min. A total dose of 5 Gy was delivered to the whole body of each mouse
individually. Three mice from each lineage were sacrificed at each time point of
4, 24, or 48 h following irradiation. Unirradiated mice were used as controls.
Mice were injected with BrdU 1 h before sacrifice, similarly as described above.
Skin samples were obtained from the dorsal area, fixed in 10% buffered formalin.
Paraffin-embedded tissue sections were stained for BrdU. Total epidermal cells
and BrdU-positive epidermal cells in 10 microscopic fields of skin section from
each mouse were counted. The average percentage of BrdU-positive cells and
standard deviation were calculated from the data generated from three mice for
each time point.

RESULTS

Generation of K14E6 transgenic mice. To direct expression
of HPV-16 E6 to the basal layer of squamous epithelia, we
cloned a fragment of HPV16 DNA sequence from HPV16
nucleotides 79 to 883 that contains both the E6 and E7 ORFs
behind the hK14 promoter. A TTL was inserted into the 59
region of E7 gene so that translation of E7 is disrupted. The
3.2-kbp recombinant DNA fragment containing the intact
HPV16 E6 gene flanked by hK14 promoter and hK14 polyad-
enylation sequences was injected into fertilized eggs from in-
bred FVB mice. Of the 18 mice born, 5 were positive for the
K14E6 transgene, based on Southern analysis. The F0 mice
were bred to establish five lines of E6 transgenic mice (Table
1).

To determine whether E6 was expressed specifically in the
epidermis, we examined the pattern of E6 mRNA expression
by in situ hybridization with a probe specific for E6 mRNA. E6
mRNA was detected in the epidermis in both low- and high-
copy-number transgenic mice (Fig. 1B and C). Lower levels of
E6 expression were also detected in the underlying dermis, but
restricted primarily to the hair follicles. Epidermis from the ear
demonstrated high levels of mRNA of E6. There was an ab-
sence of signal in the dermis, which in the ear has a paucity of
hair follicles (Fig. 1D).

TABLE 1. Phenotypes of K14E6 transgenic lineages

Line Transgene
copy no.

Skin
thickening Cataract Testicular degenerative

syndrome
Skin tumor incidence

by 15 mo
%

Malignancya

5718 2 2 2 2 0/129
5719 1 2 2 2 NDb

5737 15 1 1 2 26/180 75
5738 2 2 2 2 0/93
5743 20 1 1 1 7/73 57

a Percentage of malignant tumors in skin tumors derived from lines 5737 and 5743, based on histopathological screening of tumors.
b ND, not done.
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Phenotypes of K14E6 transgenic mice and hyperprolifera-
tion of E6-expressing cells. All founder mice and their off-
spring were carefully examined for overt and microscopic phe-
notypes. Of the five K14E6 transgenic lineages, lines 5737 and
5743, which have high copy numbers of the transgene per cells,
developed overt phenotypes, including thickened ears and cat-
aracts in the eye (Table 1). All mice in these lines, including
founders, developed these overt phenotypes.

Histologically, the thickening of the ear was due to the
thickening of epidermis (Fig. 2A and B). The epidermis of the
normal (i.e., nontransgenic) adult mouse contains no more
than two layers of nucleated cells beneath a keratinized layer.
The basal cells in the stratum basale are normally well orga-
nized and are the only cells positively stained for keratin 14
(Fig. 2M). In the K14E6 transgenic mice, there was an expan-
sion in the number of layers positively stained for K14 (Fig.
2N). To determine whether E6 induces hyperproliferation in
the epidermis, we monitored nuclear staining for PCNA, a
marker for cell proliferation. Compared with nontransgenic
mice, the number of PCNA-positive cells in the epidermis from
the ear of the K14E6 transgenic mice was significantly in-
creased, and PCNA-positive cells were not restricted to the
basal layer but included suprabasal cells (Fig. 2E and F). To
test whether the suprabasal cells were actively synthesizing
DNA, we pulse-labeled the mice with BrdU before sacrifice
and measured BrdU incorporation immunohistochemically. As
expected, BrdU-positive cells were seen only in the stratum
basale of the epidermis in the nontransgenic mice. In the
K14E6 transgenic epidermis of the ear, however, many BrdU-
positive cells were also seen in the suprabasal compartment.
All nucleated cell layers in the K14E6 epidermis had BrdU-
positive cells, indicating that these cells were aberrantly pass-
ing through S phase (Fig. 2I and J). The proliferation index
of the epidermis from skin taken from the torso was also
measured by using the same BrdU incorporation assay. The
percentage of BrdU-positive cells in the torso epidermis was
significantly higher in K14E6 transgenic mice than in the non-
transgenic mice (Table 2). An increase in the proliferation
index was observed in the skin from both low-copy-number

(line 5718) and high-copy-number (line 5737) mice, but it was
statistically significant only in the latter mice. The ability of E6
to promote cell proliferation seemed to be p53 independent, as
the epidermis from p53-knockout mice did not display an in-
crease in the BrdU labeling index in body skin (Table 2).

To determine further whether E6-induced thickening of the
epidermis is due to E6’s p53-independent activities, we gener-
ated K14E6 transgenic/p53-null mice and compared their phe-
notypes with that of p53-null mice. The epidermis from p53-
null mice was not different from that of nontransgenic mice
(Fig. 2C, G, K, and O). In contrast, the epidermis from K14E6/
p53-null mice was thickened, the K14-positive compartment
was expanded, and there was an increase in the number of
PCNA- and BrdU-positive cells, including their abundance in
the suprabasal compartment (Fig. 2D, H, L, and P). These data
indicate that E6 activities other than its inactivation of p53
contribute to its induction of epithelial hyperplasia.

Histological analysis of the eyes from K14E6 mice indicated
that the cataracts in their eyes resulted from the existence of
nucleated cells in the interior of the lens (data not shown).
Preliminary evidence indicates that the K14E6 transgene was
expressed in the transitional zone of the lens epithelium (33a).
BrdU incorporation assays demonstrated that some of the nu-
cleated cells in the interior of the lens were able to synthesize
DNA. Similar phenotypes were also seen in the lens of the
K14E6/p53-null mice but not in the lens of p53-null mice.

One line of K14E6 mice (line 5743) showed a testicular
degenerative syndrome. Mice from this lineage were initially
found difficult to breed. Their litter sizes were small, and only
some of the male mice were fertile. We examined the tissue
section of testes from these mice and found that the seminif-
erous tubules in these sections were structurally normal but
lacked mature sperm cells in the seminiferous lumen. Instead,
many giant cells with dark nuclei were observed inside the
seminiferous tubules (Fig. 3). These cells are hallmarks of a
degenerative testicular syndrome. Interestingly, this syndrome
occurs in some p53-knockout mice and mice with reduced
levels of p53 protein (37). Loss of p53 function in the mice
from the K14E6 lineage may be responsible, therefore, for the
development of this syndrome.

HPV16 E6 induces primarily malignant skin tumors. To
determine whether E6 alone is sufficient to induce tumors in
vivo, mice from each K14E6 transgenic lineage were moni-
tored closely for tumorigenesis over their life span. The two
lines with high copy numbers of the E6 transgene, line 5737
and 5743, developed skin tumors with incidences about 14 and
10% at 15 months of age, respectively (Table 1). All tumors
arose on the torso and limbs of the mice. We did not observe
any skin tumors in the nontransgenic mice in the same period
of time. The first onset of tumor was at 6 months of age; most
tumors, however, developed in late adult life, indicating that a
long latency is required. Interestingly, majority of these tumors
showed signs of being malignant, as evidenced by their open
and invasive characteristics. Upon histopathological examina-
tion, these malignant tumors were diagnosed as grade I, II, or
III epidermoid carcinomas (Fig. 4). Among 24 tumors exam-
ined, 6 were papillomas and 5 were grade I, 11 were grade II,
and 2 were grade III epidermoid carcinomas.

The overt phenotype and tumor incidence appeared to be
dependent on gene dosage of E6 transgene, because only the
two lines with higher copy number spontaneously developed
tumors. To examine the gene dosage effect further, transgenic
mice homozygous for the E6 transgene were generated from
line 5737 and monitored for tumor development. The mice
homozygous for the K14E6 transgene (5737-H) developed skin
tumors earlier and with a higher incidence than did mice from

FIG. 1. Examples of skin sections analyzed for E6 mRNA by in situ hybrid-
ization with a specific antisense RNA probe. (A to C) Dark-field images (mag-
nification, 3400) of skin sections from nontransgenic (A), K14E6 transgenic line
5718 (B) and K14E6 transgenic line 5737 (C) mice. Bright areas indicate strong
hybridization to an E6-specific probe. Note that signal is brightest in the epider-
mis (ep) but also present in underlying epithelial structures (hair follicles) in the
dermis (dm). (D) Bright-field image (3100) of an ear section from K14E6 line
5737. Dark areas in the epidermis of both sides of the ear indicate strong
hybridization to the E6-specific probe. Note absence of signal in the underlying
dermis and cartilage (ct).
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the same line hemizygous for the K14E6 transgene (Fig. 5).
Tumors in the homozygous line 5737 were seen as early as 4
months of age, and the incidence of skin tumors increased to
more than 20% by 1 year of age, compared to 7% in the line
5737 mice hemizygous for the K14E6 transgene. The difference
in the incidence of skin tumors in line 5737 hemizygotes and
homozygotes was statistically significant (P , 0.01). This result
demonstrated that E6 gene dosage strongly influences tumor
development in these animals.

Abrogation of DNA damage response is not sufficient for
tumor induction. We have reported earlier that E6 can abro-
gate responses to DNA damage in vivo (45). Abrogation of
DNA damage responses may contribute to carcinogenesis. Be-

cause tumors developed in the K14E6 mice with high copy
numbers of transgene but not in low-copy-number mice, we
tested whether there was a similar difference in the abrogation
of responses to DNA damage in these different transgenic
lineages. Growth arrest was abrogated in the mice of the line
with low copy number as efficiently as in the mice with high
copy numbers (Fig. 6). Furthermore, induction of levels of p53
protein by ionizing radiation was not detectable in either line
(reference 45 and unpublished data). This observation indi-
cated that the responses to DNA damage in the skin must be
sensitive to the presence of E6 and therefore were equally
abrogated in both lines with high and low copy numbers of the
transgene.

H-ras gene mutation does not play a role in E6-induced
tumorigenesis. H-ras mutations are considered to be an initi-
ation event in development of skin tumor, especially in chem-
ically induced tumorigenesis (13, 32). H-ras mutations at codon
61 are predominant events in the dimethylbenzanthracene-
induced tumors; most papillomas induced by chemical carcin-
ogens contain A-to-T transversions at this codon (7, 38). Mu-
tations at codon 12/13, especially G-to-T or G-to-A mutations
at the second nucleotide of codon 12 or 13, also can activate
H-ras and are found in murine experimental skin tumors (33).
Earlier investigations have implicated the involvement of ras
mutations in the carcinogenesis by HPV in humans (1) or in

FIG. 2. Histological and immunohistochemical analysis of epidermis from the ears of 6-week-old nontransgenic, K14E6 transgenic line 5737, p53-null, and
E6/p53-null mice. All tissue sections were paraffin embedded. (A to D) Hematoxylin-and-eosin-stained sections of the ear at high magnification (3200). The epidermis
is indicated by the arrow. Note thickening of the epidermis in the ears of K14E6 and K14E6/p53-null mice. Ear sections were stained immunohistochemically for PCNA
(E to H) and BrdU (I to L). Positive cells are indicated by arrows. Note increased numbers of PCNA-positive and BrdU-positive cells and their appearance in the
suprabasal portion of the epidermis in both K14E6 mice and K14E6/p53-null mice. In panels M to P, ear sections were stained for K14. Note thickening of the
K14-positive portion of the epidermis in the K14E6 and K14E6/p53-null ear sections.

TABLE 2. Proliferation index of epidermis from different
mouse strains

Mice strain Avg % BrdU-positive
cells 6 SDa

FVB (nontransgenic) ........................................................ 4.51 6 0.26
K14E6 line 5718 ................................................................ 5.39 6 1.19
K14E6 line 5737 ................................................................ 7.93 6 1.54
FVB p53 null ..................................................................... 4.48 6 0.72

a Data were generated from 30 microscopic fields on tissue sections of three
mice from each mouse strain.
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mice (19); in vitro experiments demonstrated that activated ras
cooperates with E6 in cell transformation (4, 34). To learn
whether activation of H-ras plays a role in the E6-induced
tumor development, we amplified portions of the H-ras gene
encompassing either codon 12/13 or codon 61 by PCR. The
PCR product was digested with different restriction enzymes to
identify activating mutations at these codons which generate
new restriction sites. Twenty-four tumors derived from E6
transgenic mice were screened. No mutations at either codon
12/13 or codon 61 were detected.

DISCUSSION

E6 induces cellular hyperproliferation and epidermal hy-
perplasia. In the K14E6 mice, the epidermis was thickened.

There was an increase in the number of PCNA-positive and
BrdU-positive cells in the K14E6 epidermis, and these cells
were found not only in the basal layer but also in the supra-
basal compartment. A similar observation was made in the lens
from these mice, in which the transgene was also found to be
expressed. Nucleated cells were present in the center of the
lens from these mice, whereas nontransgenic lens lack nucle-
ated cells. PCNA and BrdU staining experiments indicated
that some of these lens cells were supporting DNA synthesis
(data not shown). The observations made in the skin and lens
of K14E6 mice demonstrate that E6 induces cell proliferation.
This induction of cell proliferation also was associated with an
expansion in the K14-positive compartment in the K14E6 epi-
dermis, indicating that the normal differentiation program is
delayed. This delay may explain why other investigations have
observed E6-positive human foreskin keratinocytes in tissue
culture to be at least partially resistant to signals that normally
induce their differentiation (42, 43).

E6 appears to induce hyperproliferation independently of
p53 inactivation, because the cellular proliferation index was
not increased in the epidermis of p53-null mice. Furthermore,
the epidermis of p53-null mice appeared macroscopically and
microscopically normal. That the p53-null epidermis is normal
conforms with the observation made previously that p53 does
not interfere with cell division and differentiation under nor-
mal conditions (48). Therefore, the hyperproliferation and the
related delay in differentiation in the epidermis of K14E6 mice
must be caused, at least in part, by activities of E6 other than
its inactivation of p53. This prediction was supported by the
data obtained with K14E6/p53-null mice (Fig. 2) in which E6
retained its capacity to induce epithelial hyperplasia. A re-
quirement for p53-independent activities of E6 also has been
posited to contribute to E6’s ability to bestow on human fore-
skin keratinocytes resistance to differentiation in tissue culture.

E6 primarily induces malignant tumors. Our animal studies
demonstrate that E6 performs a different role than E7 in
carcinogenesis. Earlier, we found that E7 alone usually induces
benign tumors in adult K14E7 mice (23). By contrast, we found
E6 alone usually induces malignant tumors in the K14E6 mice
(this study). Carcinogenesis is a multistaged process, with mul-
tiple genetic events being required for induction of benign
tumors and additional genetic events being required for pro-
gression of these benign tumors to malignancies. The simplest
interpretation of our tumor data is that E7 contributes primar-
ily to the early stages in carcinogenesis required for formation
of benign tumors whereas E6 contributes to late stages in

FIG. 3. Histological analysis of mouse testes. Normal mature sperm cells
(sp), diploid spermatogonia stem cells (sg), and 4N spermatocytes in the semi-
niferous tubules from nontransgenic mice are indicated by arrows (A). Many
giant cells (gc), not mature sperm cells, are seen in seminiferous tubules from
K14E6 transgenic line 5743 mice (B).

FIG. 4. Histology of skin tumors derived from K14E6 transgenic mice. The K14E6 mice developed both benign and malignant skin tumors. (A) Section of papilloma,
a benign outgrowth of skin with epidermal hyperplasia. The morphology of cells are relatively normal and the basement membrane in this lesion is intact (arrow). The
epidermis and underlying dermis (arrowhead) are clearly demarcated. (B) Epidermoid carcinoma grade I. The cells form a concentric pattern that is poorly demarcated
(arrowheads). In the center of these structures are keratinized and differentiated cells. Note the presence of “pearls” of keratin (arrow), characteristic of well-
differentiated epidermoid carcinoma. (C) Example of grade III epidermoid carcinoma. The cells are more anaplastic than in panel B and do not form keratin pearls.
These cells are still able to be keratinized individually (arrow).

VOL. 73, 1999 HPV16 E6 INDUCES MALIGNANT TUMORS 5891



carcinogenesis involved in the evolution to malignancy. Inter-
estingly, the activation of telomerase is preferentially detected
in cervical carcinomas and a subset of cervical intraepithelial
neoplasia grade III lesions (44). E6, but not E7, can activate
telomerase (30). Thus, E6’s activation of telomerase may ac-
count at least in part for its capacity to induce malignant
tumors.

Multiple factors may be involved in E6 carcinogenesis. A
well-recognized cellular target of E6 is p53. Loss of p53 in mice
leads to early spontaneous development of tumors (14) and
enhances the malignant progression of chemically induced skin
tumors (28). Therefore, inactivation of p53 by E6 likely also
contributes to E6’s capacity to induce malignant skin tumors.

Inactivation of p53, however, may not be the only mecha-
nism for E6-induced carcinogenesis. The K14E6 mice that
developed tumors also displayed hyperplastic changes in the
epidermis, a property that, as discussed above, cannot be as-
cribed to E6’s inactivation of p53. It is likely that the hyper-

proliferation induced by E6 is important for its carcinogenesis.
Another activity that may contribute to E6-associated carcino-
genesis is its apparent inhibition of cellular differentiation.
Cancer cells usually lack the ability to terminally differentiate.
In this study, we found that the suprabasal compartment of the
K14E6 transgenic epidermis stained for K14, indicating that
E6 may also perturb cellular differentiation; this perturbation
was caused by p53-independent activities of E6.

The fact that E6 needs such a long latency to induce tumors
indicates that although E6 inhibits functions of p53 and causes
hyperplasia, other genetic events must be required for it to
cause cancer. Mutations of H-ras have been implicated casually
in the development of spontaneous and chemically induced
skin tumor. We therefore assayed for mutations at H-ras
codons 12, 13, and 61. No mutations were detected, indicating
that H-ras mutations are not involved in E6-induced carcino-
genesis. Genomic instability is thought to be one of the impor-
tant events in malignant progression of tumors. In cell culture
studies, E6 was demonstrated to induce genomic instability,
including aneuploidy and gene amplification, and this induc-
tion was ascribed to E6’s ability to inactivate p53 (36, 50). E6’s
ability to induce malignant tumors may be related to its capac-
ity to induce genomic instability. We now are in the process of
investigating whether there are genomic changes in tumors
derived from E6 transgenic mice.
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