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Identification of biomarkers that distinguish human
papillomavirus (HPV)-positive versus HPV-negative
head and neck cancers in a mouse model
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Head and neck squamous cell carcinoma (HNSCC) is a leading cause
of cancer mortality worldwide. Recent reports have associated a
subset of HNSCC with high-risk human papillomaviruses (HPVs),
particularly HPV16, the same subset of HPVs responsible for the
majority of cervical and anogenital cancers. In this study we
describe a mouse model for HPV-associated HNSCC that employs
mice transgenic for the HPV16 oncogenes E6 and E7. In these mice,
E6 and E7 induce aberrant epithelial proliferation and, in the
presence of a chemical carcinogen, they increase dramatically the
animal'’s susceptibility to HNSCC. The cancers arising in the HPV16-
transgenic mice mirror the molecular and histopathological char-
acteristics of human HPV-positive HNSCC that distinguish the latter
from human HPV-negative HNSCC, including overexpression of p16
protein and formation of more basaloid cancers. This validated
model of HPV-associated HNSCC provides the means to define the
contributions of individual HPV oncogenes to HNSCC and to un-
derstand the molecular basis for the differing clinical properties of
HPV-positive and HPV-negative human HNSCC. From this study, we
identify minichromosome maintenance protein 7 (MCM7) and p16
as potentially useful biomarkers for HPV-positive head and neck
cancer.
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16 (HPV16) | minichromosome maintenance protein 7 (MCM7) | p16 |
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H ead and neck cancers are the sixth most common malig-
nancy in the world (1), and recent advances in treating them
are not reflected in improved survival. Head and neck squamous
cell carcinoma (HNSCC) is etiologically associated with tobacco
use; alcohol consumption; and, in Southeast Asia, chewing of
betel nut (2-6). However, more recent studies have implicated
high-risk human papillomaviruses (HR-HPVs), the same vi-
ruses recognized as the causative agents of cervical and most
other anogenital malignancies, in the etiology of a subset of
HNSCC (7).

HR-HPV DNA has been detected in ~20% of HNSCC,
particularly in malignancies of the oropharynx, where ~50% of
the cancers have been found to harbor viral DNA. HPV16, the
type associated with the majority of cervical carcinomas, is the
HR-HPV linked with the overwhelming majority of HPV-
positive HNSCC (95%) (8-10). Other HR-HPYV genotypes have
been detected, including HPV18, HPV31, and HPV33. Viral
oncogenes E6 and E7, the papillomaviral genes considered
largely responsible for the onset as well as persistence of cervical
cancer, have been detected in both integrated and extrachro-
mosomal HPV genomes in HNSCC (11). E6 and E7 are best
known for their ability to bind and inactivate the tumor sup-
pressors p53 and pRb (12-17), and these respective properties
have been associated with their oncogenic properties (18, 19).
Consistent with E6 and E7 contributing to HPV-positive
HNSCC is the absence of genetic or epigenetic alterations in the
pS3 and pRb pathways in HPV-positive HNSCC, in stark
contrast to what is observed in HPV-negative HNSCC (11).
Furthermore, different sets of chromosomal aberrations have
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been shown to be associated with HPV-positive and -negative
disease (20, 21), implying that HPV-positive and HPV-negative
HNSCC represent distinct diseases.

In the studies described below we have developed an animal
model for HPV-associated HNSCC. This model is based on the
use of keratin 14 (K14) E6- and K14E7-transgenic mice, in which
the expression of the HPV16 oncogenes E6 and E7, respectively,
is targeted to stratified epithelia. Both E6 and E7 can induce a
variety of acute phenotypes studied previously in the epidermis
of these mice (22, 23). Furthermore, both K14E6 and K14E7
mice can develop spontaneous skin tumors in their adult life, and
in these mice E6 and E7, respectively, can contribute to distinct
stages of skin carcinogenesis, as investigated in a model for
chemically induced, multistage carcinogenesis (24). Doubly
transgenic mice (harboring both the K14E6 and K14E7 trans-
genes) show a greater propensity for tumors than the singly
transgenic mice, and these tumors arise earlier in life (24). These
HPV-transgenic mice have also been used to develop a model in
which both E6 and E7 have been shown to contribute to cervical
carcinogenesis (25).

We have now successfully generated a mouse model for
HPV-associated HNSCC by using these K14E6- and K14E7-
transgenic mice. The properties of the tumors and underlying
progressive disease arising in this animal model are remarkably
similar to those seen in human patients who develop HNSCC.
Because tobacco use is implicated in HNSCC, we monitored
cancers in K14E6/K14E7 doubly transgenic mice treated with
the chemical carcinogen, 4-nitroquinoline 1-oxide (4NQO).
4NQO causes a spectrum of DNA damage similar to that caused
by tobacco-associated carcinogens (26—30), and it induces can-
cers of the oral cavity in rodents when it is supplied in their
drinking water (31). 4NQO-treated, HPV16-transgenic mice
developed HNSCC at a much higher frequency than nontrans-
genic mice. Histopathological analyses of these mice demon-
strated the presence of a progressive neoplastic disease in the
oral cavity and esophagus with remarkable similarities to the
progressive disease associated with human HNSCC. The cancers
arising in the HPV-transgenic mice display properties distinct
from the cancers arising in nontransgenic mice. Importantly,
these differences are the same as those seen between HPV-
positive and HPV-negative human HNSCC, providing further
validation to this mouse model for HPV-associated HNSCC.
Using this mouse model, we identify minichromosome mainte-
nance protein 7 (MCM?7) to be a biomarker that distinguishes
between HPV-positive and HPV-negative HNSCC.
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Results and Discussion

HPV Oncogenes E6 and E7 Induce Aberrant Proliferation in Oral and
Esophageal Epithelia. K14E6 and K14E7 mice, transgenic for the
HPV16 oncogenes, were previously characterized for the tumor-
igenic phenotypes of E6 and E7 in the skin (22-24) and the cervix
(25). The transgenes in these mice use the human K14 tran-
scriptional promoter to drive expression of the HPV16 E6 or E7
gene in the basal layer of the stratified epithelium, the natural
host tissue of papillomavirus infection in humans. In this study
we characterized the tumorigenic properties of HPV16 E6 and
E7 in the oral mucosa, another natural site of infection by HPVs
in humans.

In other stratified epithelia evaluated in HPV-transgenic mice,
i.e., the epidermis of the skin and stratified epithelia of the
cervix, HPV16 E6 and/or E7 induces epithelial hyperplasia,
which is characterized by an induction of DNA synthesis in the
suprabasal compartment of the stratified epithelia (23, 32, 33).
We therefore assessed whether E6 and E7 together induced a
similar phenotype in the context of the oral and esophageal
epithelia. Young adult K14E6/K14E7 mice transgenic for both
E6 and E7, obtained from a cross between K14E6 and K14E7
mice, were injected i.p. with the nucleotide analog BrdU 1 h
before being killed, and BrdU-specific antibodies were used to
detect its incorporation into newly synthesized DNA on histo-
logical sections. As expected, in nontransgenic control mice,
nuclei undergoing DNA synthesis were only observed in the
basal layer of the epithelium. The percentage of suprabasal cells
actively synthesizing DNA was <1% in both the tongue and the
esophagus of these mice. In mice expressing E6 and E7, however,
nuclei undergoing DNA synthesis were observed not only in the
basal but also in the suprabasal compartment. The percentage of
suprabasal cells supporting DNA synthesis in the tongue and
esophagus of the K14E6/K14E7 mice was quantified as 7% and
6%, respectively. The difference in the frequency of suprabasal
cells supporting DNA synthesis between the transgenic and
control groups was statistically significant in both the tongue and
esophagus (P = 0.02) (Fig. 1). This result confirms that, as seen
in other tissues, E6 and E7 can reprogram cells in a normally
quiescent compartment of the epithelium to reenter the cell
cycle. Importantly, this short-term effect of E6 and E7 correlates
with their oncogenic potential in other tissues, leading us to
predict that HPV16 E6 and E7 would be tumorigenic in these
oral sites as well.

K14E6/K14E7-Transgenic Mice Are More Susceptible to 4NQO-Induced
Carcinogenesis. To assess the contributions of HPV16 E6 and E7
in HNSCC, we employed a strategy previously used to induce
oral and esophageal cancers in nontransgenic mice (31). This
strategy makes use of 4NQO, a carcinogen that, although not a
natural tobacco derivative, causes a spectrum of DNA damage
similar to that caused by tobacco-derived carcinogens (26-30).
Groups of HPV16-transgenic (K14E6/K14E7) mice and non-
transgenic mice were treated for 16 weeks with 4ANQO dissolved
in their drinking water at a dose 1/10th of that used in the
previous study (31). As in the prior study, mice were taken off
4NQO treatment for a period of 8 weeks and then killed. Overt
tumors in the tongue and esophagus were counted, and the
tissues were collected for further histopathological analyses. The
results of our study clearly indicated that E6 and E7 synergize
with 4NQO to induce tumors in the oral cavity and esophagus.
Specifically, the K14E6/K14E7 doubly transgenic mice were
significantly (P = 0.0001) more susceptible to tumors than their
nontransgenic counterparts (Table 1). Although nearly all
K14E6/K14E7 mice (20 of 21) had macroscopic tumors, only a
few of their nontransgenic counterparts (3 of 19) had macro-
scopically identifiable tumors at the same end point. Further-
more, a number of the 4NQO-treated K14E6/K14E7 mice
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Fig.1. HPV16 oncogenescaninduce DNA synthesis in the normally quiescent
compartment of oral and esophageal epithelia. Adult mice (7 weeks old) were
injected with the nucleotide analog BrdU 1 h before euthanasia. The tongue
and esophagus were harvested from each mouse, fixed, and embedded in
paraffin. BrdU-specific immunohistochemistry was performed on slides con-
taining sections of tongue (A and B) and esophagus (C and D) from nontrans-
genic (A and C) and K14E6/K14E7-transgenic (B and D) mice. The results from
three animals of each genotype were quantified (suprabasal positive nuclei/
total nuclei) (E). In both the tongue and esophagus of HPV16-transgenic mice
(E6E7), the increase in suprabasal DNA synthesis compared with that seen in
nontransgenic (NTG) counterparts was statistically significant (P = 0.02; Wil-
coxon rank-sum test).

(=40%) became runted and had to be killed ahead of the
predetermined end point because of tumors obstructing the
oropharynx or the esophagus. In contrast, all of the 4NQO-
treated nontransgenic mice, including the few with tumors
observed at necropsy, appeared healthy until the scheduled end
point. Untreated age-matched mice of both genotypes did not
develop tumors.

Studies have reported that smoking has a stronger association
with HPV-negative than HPV-positive HNSCC patients (34).
This aspect of the human disease is not necessarily reflected in
our model, which could be partly accounted for by the low dose
of carcinogen used in this work. One could imagine that human
HPV-negative patients with a low tobacco exposure might have
a lower incidence of HNSCC than HPV-positive patients with a
comparable exposure; however, those cases would be harder to
report in epidemiological studies because the effect would be
masked by the cases with the highest exposure.
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Table 1. Frequency and pathology of tumors arising in the
tongue and esophagus of 4-NQO-treated mice

Histopathological classification of disease

Carcinoma

Frequency grade

of overt Hyper/ -

Genotype tumors Normal dysplasia Papilloma | Il 1l
Nontransgenic 3/19 0 4 2 02 0
K14E6/K14E7 20/21 0 0 1 01 6

At the time of euthanasia, animals treated with 4-NQO were subjected to
necropsy. Macroscopic tumors (invasive and noninvasive) in the tongue and
esophagus of mice were scored (eight specimens per cohort), and the results
were tabulated. HPV16-transgenic (K14E6/K14E7) mice were significantly
more susceptible to the development of macroscopic tumors (two-sided Fis-
cher’s exact test; P < 0.0001). A subset of the mice scored for overt pathology
(including, in the treated nontransgenic group, all three mice that had overt
tumors, and, in the transgenic group, the one mouse with no overt tumors)
were embedded, sectioned, and stained with H&E. Every 20th section was
evaluated histopathologically for disease. Mice were scored for the most
severe phenotype found in any of the sections evaluated. The analysis was also
done with aset of age-matched mice not treated with carcinogen (untreated),
none of which showed any signs of neoplastic disease (not shown). Statistical
analysis confirmed that HPV-transgenic (K14E6/K14E7) mice are more likely to
develop invasive cancers than nontransgenic mice (two-sided Fisher’s exact
test; P = 0.04). Furthermore, the HPV16-transgenic mice developed cancers of
a higher grade, a result that is statistically significant (two-sided Wilcoxon
rank-sum test; P = 0.002).

Individuals who are HR-HPV-seropositive and who smoke
tobacco have been found to be at greater risk for HNSCC than
individuals who are positive for either one of these factors alone
(35). The nature of any cooperation between these two carci-
nogenic agents is a source of debate, with clinical studies that
support either a synergistic or an additive relationship between
them (35, 36). Transformation studies using oral keratinocytes
argue for a synergy between the viral oncogenes and tobacco
carcinogens. Even though HPV16 E6 and E7 are sufficient to
immortalize human oral keratinocytes, exposure to tobacco
carcinogens is required for these cells to become tumorigenic in
nude mice (37, 38). Synergy between a carcinogen and a
papillomavirus to induce tumors in the esophagus of animals has
also been shown with bovine papillomavirus 4-infected cattle
that were fed a diet of bracken fern, which contains the flavonoid
carcinogen quercetin (39). In our animal model, the severity of
the tumorigenic phenotypes observed in the 4NQO-treated
HPV16-transgenic mice compared with that observed in the
4NQO-treated nontransgenic mice and the untreated mice sup-
ports there being a synergy between the HPV oncogenes and this
chemical carcinogen. Thus, our study, although using a synthetic
carcinogen instead of tobacco smoke, strengthens the argument
for a synergistic carcinogenic effect in patients who are exposed
to both etiological factors, HR-HPVs and tobacco.

Neoplastic Disease in K14E6/K14E7 Mice Is More Aggressive than in
Nontransgenic Mice. To examine the pathology of the overt tumors
as well as the disease state of the overall tissue, a complete
histopathological examination of a subset of the mice was
performed. After scoring the overt tumor phenotypes, the entire
esophagus and tongue of eight 4NQO-treated and three un-
treated K14E6/K14E7 and nontransgenic mice were embedded
in paraffin and sectioned, and histopathological analysis was
performed on every 20th section of each tissue. The entire
epithelium on each section was scored for the presence of
disease, from simple hyperplasia (epithelial thickening) to dys-
plasia (hyperplasia accompanied by nuclear atypia and abnor-
malities of the basement membrane), and for the presence of
papillomas (noninvasive tumors) and carcinomas (invasive tu-
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Fig. 2. Carcinogen-treated mice develop a progressive neoplastic disease.
Shown are sections of tissues harvested from 4NQO-treated mice. The tissues
were fixed, embedded in paraffin, sectioned, and stained with H&E. (A-C)
Nontransgenic animals. (D-F) Bitransgenic animals. (A) The epithelium in
tissues from untreated animals remained normal. (B) Histopathologic analysis
of the treated mice indicated that they developed areas of hyperplasia with
embedded dysplasia (an example of dysplastic epithelium is demarcated by
arrowheads). Hyperplasia was not observed in the absence of dysplasia. This
phenotype was focal in nontransgenic mice but profuse in HPV-transgenic
mice. More severe neoplastic disease was also noted, ranging from benign
papillomas or polyps (C) that had not invaded the underlying stroma to grade
1(D), grade Il (E), and grade Il (F) invasive squamous-cell carcinomas. Note that
the grade | cancer is well differentiated, showing areas of keratinization
(keratin in C-E is demarcated by inverted arrowheads). In contrast, most of the
cells within the grade Il cancer have a basaloid morphology, with few differ-
entiated cells evident and virtually no keratin observed.

mors). Carcinomas were further subclassified from grades I to
1V, based on the degree of keratinization within the cancer (Fig.
2). Each mouse was scored based on the most severe degree of
disease found in any of the sections from its tissues, and the
results were tabulated (Table 1).

Whereas only a subset of the 4NQO-treated nontransgenic
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mice developed papillomas or low-grade carcinomas, there was
a complete penetrance of tumors in 4NQO-treated K14E6/
K14E7 mice, including the one 4NQO-treated K14E6/KI14E7
mouse that had no overt macroscopic tumors at the time of
necropsy (during detailed histopathological scoring, a micro-
scopic papilloma was found in the tissues from this mouse)
(Table 1). This statistically significant (P = 0.04; Fisher’s exact
test) difference confirmed the conclusion drawn from the overt
assessment of disease, i.e., that E6 and E7 cooperate with the
carcinogen 4NQO to induce squamous-cell carcinoma of the oral
cavity and upper digestive tract.

Histological assessment revealed two other striking differ-
ences between the disease arising in the nontransgenic versus
HPV-transgenic mice. First, the grade of carcinoma seen in
4NQO-treated K14E6/K14E7 mice was significantly more se-
vere (Table 1) (P = 0.002; Wilcoxon rank-sum test) than that
observed in the 4ANQO-treated nontransgenic mice. Second, very
few, if any, areas of the epithelium lining the esophagus or
tongue remained normal in the 4NQO-treated K14E6/K14E7
mice. The vast majority of the tissue was highly dysplastic, with
tumors arising in the context of this near-total disease state. In
contrast, the 4NQO-treated nontransgenic mice possessed nor-
mal epithelium throughout their esophagus and tongue with the
exception of focal areas of disease.

The more basaloid morphology and decreased keratinization
seen in cancers from HPV-transgenic mice correlate with human
HNSCC, in which the HPV-positive cancers are reported to have
a more basaloid pathology (8, 40, 41). In humans this histopatho-
logical difference as well as positivity for p16, discussed later in
the text (42), correlate with a greater responsiveness of HPV-
positive cancers to radiation treatment. The underlying reason
for this therapeutic response is unknown. A possible explanation
may be that the more proliferative nature associated with tumors
of this specific histopathology makes them more responsive to
radiation treatment. The availability of a relevant animal model
now provides the basis for further addressing the differences in
response to therapy seen in humans and in developing more
effective therapeutic interventions.

Tumors in tissues other than those of interest were not
detected by visual inspection at the time of necropsy, with the
exception of one 4NQO-treated K14E6/K14E7 mouse, which, in
addition to an esophageal tumor, also had a carcinoma in the
forestomach (an organ normally lined by stratified epithelium)
and a tumor on the surface of the liver. Histopathological and
immunohistochemical analyses indicated that the tumor on the
liver was a squamous-cell carcinoma (Fig. 3). This tumor mass on
the liver stained positive for K14, a keratin not normally
expressed in hepatocytes. We infer that this mouse likely suf-
fered from metastatic disease, presumably originating from the
cancer found in either the esophagus or forestomach.

In humans, HPV-associated HNSCC is strongly associated
with the oropharyngeal sites, particularly the base of the tongue
and the tonsil (11, 41, 43) in addition to other sites in the head
and neck (44-46), including the esophagus (47). In the case of
esophageal carcinoma, increasing reports of detection of HPV
DNA and serological evidence of virus infection in these cancers
are putting forth the notion that HPVs are a risk factor for this
cancer, at least in those geographical regions in which there is a
high incidence of this malignancy. In our mice, cancers arose
throughout the oral cavity and the esophagus. Because the
incidence of HPV-positive cancers is highest in the human
oropharynx, we took entire heads from a subset of the 4NQO-
treated HPV-transgenic mice, and we sectioned them sagittally
to allow us to examine the oropharyngeal area (not shown).
Tumors were present in this anatomical location. The high
penetrance of dysplasia and tumors throughout the mucosal
epithelium in this area obscured our ability to define clearly the
origin of the tumors within this portion of the oral cavity. In
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Fig. 3. Evidence for metastatic disease. Shown are cross-sections of tumors
collected from a 4NQO-treated K14E6/K14E7-transgenic mouse that had
tumors in the esophagus (A and B), forestomach (not shown), and liver (Cand
D). Normal liver is shown in E and F. (A, C, and E) Sections were stained with
H&E. (B, D, and F) Sections were stained with antibodies specific to K14. Note
the similarity in cellular morphology of the tumor from the esophagus (A) and
liver (C), which is distinct from the morphology of the liver hepatocytes (E).
Note the abundant cytoplasmic staining for K14 in the tumor from the
esophagus (B) and liver (D) and the absence of cytoplasmic staining for K14 in
the surrounding hepatocytes in the liver (F).

addition, the mouse equivalent to the human tonsil is anatom-
ically less well defined, making it more difficult to identify the
specific substructures from which the tumors originate. Regard-
less, the range of sites within the head and neck region in which
we observe tumors arising in our HPV-transgenic mice is similar
to that seen in humans, and therefore these mice are a useful
experimental model in which to study the role of HPV in
malignancies throughout the head and neck region.

Tumors in Transgenic and Nontransgenic Mice Have Molecular Differ-
ences Analogous to Those of Human HPV-Positive and HPV-Negative
HNSCC. Molecular differences between human HPV-positive and
HPV-negative head and neck cancers have been identified that
are indicative of these cancers evolving by different mechanisms,
even though they arise at the same anatomical sites. We there-
fore investigated whether in our mouse model for head and neck
cancers we observed similar molecular differences between
tumors arising in the nontransgenic versus HPV-transgenic mice.
First, we assessed whether there were any gross differences in the
proliferation indices of the tumors arising in the 4NQO-treated
nontransgenic versus the HPV-transgenic mice because such
differences could confound interpretation of differential stain-
ing patterns that might be observed with other biomarkers. We
found that the proliferation indices in tumors from nontrans-
genic mice were similar to those from HPV16-transgenic mice as
assessed by immunohistochemistry using an antibody specific to
the proliferation antigen Ki67 (3 tumors from nontransgenic and
12 tumors from transgenic mice tested). Cells with positive
nuclear staining for Ki67 were found throughout the thickness of
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Fig. 4. Cancers from nontransgenic and K14E6/K14E7-transgenic mice ex-
press different markers, results consistent with those seen in human HPV-
negative versus HPV-positive HNSCC. Shown are histological sections of tu-
mors from 4NQO-treated nontransgenic (A, C, and E) and K14E6/K14E7-
transgenic (B, D, and F) mice that were immunohistochemically stained for
Ki67 (A and B), p16 (E and F), or MCM7 (C and D). Note the similar frequency
of Ki67-positive cells in the tumors from nontransgenic and HPV-transgenic
mice. In contrast, note the increased frequency and intensity of staining for
p16 and MCM7 in the tumor from the HPV-transgenic mice compared with the
tumor from the nontransgenic mouse.

both tumors that arose in the 4NQO-treated nontransgenic and
K14E6/K14E7-transgenic mice at comparable levels (Fig. 4 A
and B).

A robust biomarker for use in distinguishing between HPV-
positive and HPV-negative head and neck carcinomas in humans
is the cyclin-dependent kinase inhibitor p16. This gene is fre-
quently inactivated epigenetically in HPV-negative head and
neck cancers by means of hypermethylation, an event that results
in minimal, if any, p16 protein being detectable by immunohis-
tochemistry (48, 49). In contrast, levels of the pl6 protein are
usually elevated in HPV-positive tumors of the head and neck
and anogenital tract. We performed pl6-specific immunohisto-
chemistry on head and neck tumors from nontransgenic (n = 3)
and HPV-transgenic mice (n = 12). As seen in human tumors,
there was almost no nuclear staining for p16 in any of the three
tumors tested from nontransgenic mice, whereas pl6-nuclear
staining was robust in 11 of 12 tumors arising in the HPV-
transgenic mice (Fig. 4 E and F).

The cumulative parallels that distinguish HPV-positive from
HPV-negative head and neck cancers in humans and our mouse
model validate the latter as a useful experimental system in
which to gain insights into the biology of HPV-positive HNSCC.
One such insight has been gained through our identification of
MCM?7 as an informative biomarker preferentially overex-
pressed in the tumors arising in the HPV-transgenic mice (Fig.
4). We previously demonstrated that MCM7 is highly induced in
human cervical cancers and in cervical cancers arising in our

14156 | www.pnas.org/cgi/doi/10.1073/pnas.0606698103

HPV-transgenic mice (32). To address whether MCM7 is a
marker for HPV-positive HNSCC, tumors from 4NQO-treated
mice were stained with antibodies specific to MCM7. MCM7 was
more abundant in tumors from the HPV-transgenic mice than in
tumors from the nontransgenic mice (Fig. 4 C and D). All three
nontransgenic tumors showed modest levels of staining, com-
parable with the amount of staining seen with Ki67 in the same
tumors. Of the 15 stained tumors from transgenic mice, all had
more nuclei with positive staining than any of the nontransgenic
tumors. In 10 of these 15 tumors, positive staining was observed
in nearly all nuclei. These findings indicate that MCM7 is a
robust marker that distinguishes between HPV-positive and
HPV-negative head and neck cancers.

MCMT7 overexpression likely reflects the specific ability of
HPV16 E7 to inactivate pRb and other pocket proteins, which
directly leads to increased E2F transcriptional activity. The
Rb-E2F pathway is likewise thought to be deregulated in
HPV-negative HNSCC by virtue of the decreased expression of
the cyclin-dependent kinase inhibitor p16. However, as demon-
strated by the difference in expression of the E2F-responsive
gene MCM?7, even though the same pathway is deregulated by
alternative means the consequences to the cell are quantitatively
different. We conclude that the up-regulation of MCM?7 in
HPV-positive lesions is a robust indicator of E7 activity, and it
may find use in the future as a biomarker that helps in distin-
guishing HPV-positive from HPV-negative disease in human
HNSCC and, perhaps, in understanding underlying differences
in the pathogenesis of the HPV-positive versus HPV-negative
HNSCC. Consistent with this possibility, MCM7 was recently
identified to be specifically up-regulated in HPV-positive
HNSCC (D. Pyeon, E. M. Smith, L. P. Turek, T. Haugen, and P.
Abhlquist, personal communication). This finding further sub-
stantiates the validity of our mouse model and the conclusions
we have drawn from its analysis.

Materials and Methods

Mice. The generation of K14E6 and K14E7 has been previously
described (22, 23). To obtain bitransgenic K14E6/K14E7 mice,
female K14E6 mice were crossed with male K14E7 mice. Tail
clippings were collected from all of the offspring at the time of
weaning, and DNA was isolated for genotyping by PCR. Mice
were then genotyped for the presence of both transgenes. All
mice were maintained on the FVB/N inbred genetic back-
ground. Mice were housed in the Association for Assessment of
Laboratory Animal Care-approved McArdle Laboratory Ani-
mal Care Unit at the University of Wisconsin Medical School.
All protocols for animal work were approved by the University
of Wisconsin Medical School Institutional Animal Care and Use
Committee.

4NQO-Induced Oral Carcinogenesis Study. Adult K14E6/K14E7-
transgenic and nontransgenic control mice (between 6 and 7
weeks of age) were treated with the carcinogen 4NQO (Sigma,
St. Louis, MO) in their drinking water at a concentration of 10
wg/ml for a period of 16 weeks. The mice were then returned to
anormal water supply for 8 weeks. At the end of this period, mice
were euthanized, overt tumors on the tongue and esophagus
were recorded, and the tissues were collected for histological
analysis.

Histological Analysis. The tongue and esophagus were fixed in 10%
(vol/vol) buffered formalin, embedded in paraffin, and thin-
sectioned (5 um). Every 20th section of the tissues was stained
with H&E and examined for the presence of hyperplasia,
dysplasia, papillomas, and carcinomas.

Immunohistochemistry. Procedures for immunohistochemical
staining of histological sections were performed as described in
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ref. 50. Incubations with primary antibodies were performed as
follows: BrdU (1:50 dilution; Calbiochem, La Jolla, CA) in
blocking solution at 4°C; Ki67 (1:25 dilution; Dako, Carpinteria,
CA); MCM7 (1:200 dilution; Neomarkers, Fremont, CA); pRb,
(G3-245, 1:50 dilution; Pharmingen, San Diego, CA); pl6
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incubated in a 1:100 dilution in PBS of biotinylated anti-rat Ig
(Pharmingen) for Ki67 or 1:100 Vectastain universal elite sec-
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