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Although the human papillomavirus (HPV) E7 oncogene is known to contribute to the development of
human cervical cancer, the mechanisms of its carcinogenesis are poorly understood. The first identified and
most recognized function of E7 is its binding to and inactivation of the retinoblastoma tumor suppressor
(pRb), but at least 18 other biological activities have also been reported for E7. Thus, it remains unclear which
of these many activities contribute to the oncogenic potential of E7. We used a Cre-lox system to abolish pRb
expression in the epidermis of transgenic mice and compared the outcome with the effects of E7 expression in
the same tissue at early ages. Mice lacking pRb in epidermis showed epithelial hyperplasia, aberrant DNA
synthesis, and improper differentiation. In addition, Rb-deleted epidermis (i.e., epidermis composed of cells
with Rb deleted) exhibited centrosomal abnormalities and failed to arrest the cell cycle in response to ionizing
radiation. Transgenic mice expressing E7 in skin display the same range of phenotypes. In sum, few differences
were detected between Rb-deleted epidermis and E7-expressing epidermis in young mice. However, when both
E7 was expressed and Rb was deleted in the same tissue, increased hyperplasia and dysplasia were observed.
These findings indicate that inactivation of the Rb pathway can largely account for E7’s phenotypes at an early

age, but that pRb-independent activities of E7 are detectable in vivo.

Human papillomaviruses (HPVs) are small DNA viruses
that infect various epithelial tissues, causing the formation of
warts. A subset of HPVs that infect the anogenital tract, the
high-risk HPVs, including HPV type 16 (HPV-16), are associ-
ated with almost all cases of cervical cancer, a leading cause of
cancer mortality in women worldwide (54). In these cancers,
the HPV genome is often found integrated into the host ge-
nome (59), and this integration results in increased expression
of two viral genes, E6 and E7 (20). These data suggest that E6
and E7 expression is necessary for the development of the vast
majority of cervical cancers.

HPV-16 E7 is a small nuclear phosphoprotein with potent
transforming and oncogenic properties. Coexpression of E6
and E7 is necessary and sufficient to transform primary human
keratinocytes (31), and E7 is strongly positive in a number of
other in vitro transformation assays (2, 27, 36, 46, 49, 50). In
culture, E7-expressing cells exhibit genomic instability (10, 39,
51, 52) and lack normal responses to DNA damage (7, 44). In
addition, expression of E7 in primary human keratinocytes
results in abnormal centrosome synthesis, with resulting mul-
tipolar mitoses and aneuploidy (8-10). Previously, our lab gen-
erated mice transgenic for HPV-16 E7 under the control of the
keratin 14 (K14) promoter, targeting E7 expression to the
basal layer of stratified squamous epithelia such as the skin and
cervical epithelium (16). These mice, which express E7 at lev-
els similar to the levels seen in human cervical carcinoma cell
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lines (I. Frazier, unpublished data), have a broad spectrum of
phenotypes. These include epithelial hyperplasia, increased
cell cycle progression in all epithelial cell layers, disrupted
epithelial differentiation, loss of DNA damage-induced cell
cycle arrest, spontaneous skin tumors, and cervical cancers in
estrogen-treated mice (16, 40, 45).

The first described function of E7 was binding and inactiva-
tion of the retinoblastoma tumor susceptibility gene product,
pRb (11). Interaction between E7 and pRb results in protea-
somal degradation of pRb in cultured cells (4, 12, 22) and
disrupts the ability of pRb to bind to and inactivate the trans-
activation activity of cellular E2F transcription factors (5, 35).
Disruption of the Rb regulatory pathway is frequent in most
human cancers and pRb represents a target common to many
highly tumorigenic or transforming viruses. E7 has also been
reported to bind and inactivate other known cell cycle regula-
tors in vitro, including the pRb family members p107 and p130,
and the cyclin-dependent kinase (cdk) inhibitors p21 and p27
(12, 21, 22, 53). Remarkably, at least 14 additional cellular
binding partners of the 98-amino-acid E7 protein have now
been reported from in vitro studies (6, 30). Thus, E7 is a
multifunctional protein in vitro with pleiotropic effects in vivo.

It is unclear which of E7’s reported binding interactions is
responsible for its phenotypes observed in vivo. pRb inactiva-
tion is likely to account for many of E7’s effects, since pRb is
known to affect cell cycle regulation, differentiation, and DNA
damage responses in many cell types in vitro and in vivo (19,
28, 44). Consistent with this, E7 mutants that fail to bind or
inactivate pRb fail to induce any phenotypes in vivo (13).
These mutants, however, are also deficient for binding multiple
other cellular targets, so they do not isolate the importance of
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the E7-pRb interaction. In addition, the effects of pRb inacti-
vation cannot be studied in adult animals by using traditional
knockout technology, since the Rb~/~ status is lethal to em-
bryos (19).

In the present study, we analyzed the effect of somatic pRb
inactivation in murine skin by using a Cre-lox based system.
This system allows comparison of pRb-deleted tissue to E7-
expressing tissue in adult mice to determine which effects of E7
expression may be attributable to pRb inactivation. We dem-
onstrate that pRb inactivation recapitulates all known pheno-
types associated with E7 expression in murine skin. However,
pRb-independent activities of E7 are detectable when E7 is
expressed and Rb inactivated in the same tissue. Possible in-
terpretations of these results are discussed.

MATERIALS AND METHODS

Transgenic mice. K/4E7 mice have been previously described (16). KI4Cre
mice were obtained from Anton Berns at The Netherlands Cancer Institute;
details on their generation and characterization will be described elsewhere. For
our studies, we verified the tissue-specific expression of Cre in stratified squa-
mous epithelia by using the Z/AP Cre recombinase reporter strain (26) (data not
shown). The Rb floxed mice have been described previously (41). Briefly, this
mutant strain contains lox P sites flanking Rb exon 3, with no other additional
sequences; a Puro cassette incorporated during the generation of the mutant
allele was removed from this mouse strain to eliminate any potential hypomor-
phic effects. All mice were bred and maintained in the American Association for
Accreditation of Laboratory Animal Care-approved McArdle Laboratory Can-
cer Center Animal Care Facility. All studies were performed on a mixed 129-
FVB-C57BL/6 background, with all genotypes bred to contain the same levels of
genetic heterogeneity. All mice were genotyped by PCR for K14E7, K14Cre, and
Rb by using the following primers: for E7, oligonucleotides 709-1 (5'-GGCGG
ATCCTTTTATGCACCAAAAGAGAACTG-3') and 709-4 (5'-CCCGGATCC
TACCTGCAGGATCAGCCATG-3'); for Cre, oligonucleotides Cre-5 (5'-GCA
CGTTCACCGGCATCAAC-3") and Cre-3 (5'-CGATGCAACGAGTGATGA
GGTTC-3"); and for Rb, oligonucleotides 5'-lox (5'-CTCTAGATCCTCTCAT
TCTTC-3") and 3'-lox (5'-CCTTGACCATAGCCCAGCAC-3"). One hour prior
to sacrifice, all mice were intraperitoneally injected with bromodeoxyuridine
(BrdU; 10 i per g of body weight of a 12.5-mg/ml solution). For the irradiation
study, mice were exposed to 0 or 5 Gy of ionizing radiation from a '*’Cs source
24 h prior to BrdU administration.

Immunohistochemical and immunofluorescence analysis of epidermis. Skin
and ear epidermal samples were fixed in 10% phosphate-buffered formalin,
embedded in paraffin, and cut into 5-pm sections. Serial sections were used for
hematoxylin and eosin staining, immunohistochemical staining for pRb and
BrdU, and immunofluorescence staining for K14, K10, and gamma-tubulin.

For immunohistochemical stains, sections were deparaffinized in xylenes and
rehydrated through a graded series of ethanol-water solutions. Endogenous
peroxidase activity was quenched by treatment in 3% H,O, in methanol for 10
to 20 min. Slides were washed in phosphate-buffered saline (PBS) and heated in
boiling 10 mM sodium citrate (pH 6.0) for 20 min. Further unmasking was
achieved with 20 min of immersion in 2 N HCI. Samples were blocked for 30 min
at ambient temperature in 5% horse serum in PBS. Primary antibodies were
diluted in blocking buffer and applied as follows: 1:50 anti-pRb (clone G3-245,
Pharmingen catalog no. 554136) or 1:40 anti-BrdU (Oncogene catalog no.
NA20-100UG) for 2.5 h at room temperature. After washes in PBS, biotinylated
secondary antibody and streptavidin-peroxidase conjugate were applied accord-
ing to the Vectastain ABC kit instructions (Vector Labs catalog no. PK-6200).
Staining was developed in 3,3'-diaminobenzidine (DAB) solution (Vector Labs
catalog no. SK-4100) for 1 to 2 min and then quenched in H,O. Slides were
counterstained with hematoxylin, dehydrated through a series of ethanols and
xylenes, and covered with a coverslip.

For immunofluorescent stains, sections were deparaffinized and rehydrated as
described above. For cytokeratin stains, slides were blocked with 10% horse
serum-3% bovine serum albumin for 30 min. A 1:1,000 dilution of anti-mouse
K14 (Covance catalog no. PRB-155P) in blocking solution was applied overnight
at 4°C. Slides were then washed in PBS, and biotinylated universal secondary
antibody (Vector Labs catalog no. PK-6200) at 1:250 was applied for 30 min at
room temperature. After washes in PBS, streptavidin-Texas red (Vector Labs
catalog no. SA-5006) at 1:150 was applied for 30 min at room temperature,
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followed by additional washes. Slides were then incubated overnight with fluo-
rescein isothiocyanate-conjugated anti-keratin 10 (Covance catalog no. FITC-
159L) at 1:200 in blocking buffer. Slides were rinsed in PBS, mounted in Vecta-
shield mounting medium with DAPI (4’,6’-diamidino-2-phenylindole; Vector
Labs catalog no. H-1200), and visualized by using a Zeiss Axiophot fluorescence
microscope. For centrosome stains, slides were deparaffinized as described above
and boiled in 10 mM sodium citrate buffer (pH 6.0) for 30 min, followed by
pepsin treatment (Digest-All 3; Zymed, South San Francisco, Calif.) for 10 min
at 37°C. Sections were blocked with 10% donkey serum in destilled H,O for 15
min at room temperature, followed by incubation with an anti-gamma-tubulin
monoclonal antibody (GTU-88; Sigma, St. Louis, Mo.) at a 1:1,000 dilution in
PBS overnight at 4°C. After a wash in PBS, cells were incubated with a rhoda-
mine red-conjugated donkey anti-mouse secondary antibody (Jackson Immu-
noresearch, West Grove, Pa.) at a 1:100 dilution in PBS for at least 2 h at 37°C.
After a final wash in PBS, sections were counterstained with DAPI and then
analyzed by using a Leica DMLB epifluorescence microscope.

Quantitation of pRb loss and cell proliferation. To quantify the loss of pRb
expression, sections of ear epidermis were stained for pRb and counted. Simi-
larly, BrdU incorporation into newly synthesized DNA was used as a measure of
keratinocyte proliferation by counting BrdU-stained skin and ear sections. All
keratinocytes in 10 visual fields were scored as either positive (brown) or negative
(blue) for pRb expression or BrdU incorporation in both basal and suprabasal
layers of the epidermis. For counting purposes, even slightly brown cells were
counted as positive. Three to six mice were counted per genotype. Statistical
analyses of results were performed by using the two-sided Wilcoxon rank sum
test.

Quantitation of centrosome abnormalities. On each tissue section, cells show-
ing a dot-like staining for gamma-tubulin were identified, and the number of
centrosomes was determined. Since normal cells contain up to two centrosomes,
cells with more than two centrosomes were considered abnormal. Due to tissue
sectioning, centrosomes were detectable only in a proportion of cells on each
section. On average, 164 cells were assessed per section, and the mean *
standard error of the percentage of cells with more than two centrosomes was
calculated. Statistical significance was assessed by using Student two-tailed ¢ test
for independent samples.

RESULTS

Somatic inactivation of Rb in murine skin. To eliminate pRb
expression in murine skin, mice transgenic for Cre under the
control of the K14 promoter were crossed to mice carrying a
“floxed” Rb allele (RV). This allele is described further else-
where (41). Briefly, the Rb allele contains two loxP sites in the
introns flanking exon 3, with no other inserted sequences. In
the presence of Cre recombinase, recombination excises the
regions between the loxP sites (Fig. 1A). Excision of exon 3
from the Rb gene results in a frameshift, so that only the
extreme N terminus of pRb is produced from the recombined
allele. The recombined allele thus resembles the previously
characterized null allele of Rb, which contains two termination
codons in exon 3 (19). Mouse embryonic stem cells containing
the recombined floxed allele lack detectable pRb protein and
have no detectable pRb-E2F complexes in electrophoretic mo-
bility shift assays (42). Use of the K14 promoter-driven Cre
transgene limits Cre expression to the basal layer of stratified
squamous epithelia, leaving pRb expression intact in other
tissues (data not shown). Since epidermal stem cells are be-
lieved to be K14 positive, this transgene should cause perma-
nent inactivation of pRb in murine epidermis (3, 47).

Mice expressing Cre and heterozygous for the floxed Rb
allele (K14CreRb™" mice) had no apparent phenotypes, either
overtly or in any of the assays reported in the present study. In
addition, no differences were detected between RH"** and
RV mice or between KI4E7Rb"™' and KI4E7Rb" mice.
These observations indicate that neither the presence of loxP
sites in Rb nor the expression of Cre had any direct effects on
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FIG. 1. Cre-mediated inactivation of pRb in 21-day-old murine epidermis. (A) Schematic of the floxed Rb allele before and after recombina-
tion. Cre expression under the K14 promoter limits recombination to stratified squamous epithelia. (B) pRb immunohistochemistry of ear
epidermal sections. (C) Quantification of pRb inactivation. Keratinocytes from Rb or K14CreRb"' sections stained for pRb were counted either

as pRb positive (brown) or negative (blue).

murine epidermis. K74Cre mice homozygous for the floxed Rb
allele (KI4CreRb"”’ mice) were generated by mating
KI14CreRp"™" mice to Cre-negative, RV mice. From these
crosses, K14CreRb” mice were obtained in the expected Men-
delian ratios. These pups had several overt phenotypes remi-
niscent of K/4E7 mice, including wrinkled, thickened skin, a
scruffy appearance associated with a less dense coat of hair,
and a slightly smaller size than littermate controls, although
these mice grew to normal weight by about 6 weeks of age
(data not shown). Both males and females of this genotype
were fertile and bred normally.

To assess the efficiency of Cre-induced inhibition of pRb
expression, ear and dorsal skin epidermal sections from mice
of different ages were stained for pRb. To minimize variations
in staining intensity, all slides were stained simultaneously us-
ing the same reagents and developed in DAB for identical
times. When the animals were 21 days old, pRb staining was
drastically reduced in KI4CreRb" ear and skin epidermis but
still strongly evident in Cre-negative Rb epidermis (Fig. 1B).
Since Cre-mediated recombination could occur independently
in each keratinocyte, inactivation of pRb was quantified on a
per-cell basis by counting cells as positive or negative for pRb
staining. This revealed a 96% decrease in the fraction of cells

expressing detectable pRb in KI14CreRb" mice compared to
Cre-negative Rb” controls, with the remaining positive cells in
K14CreRb" epidermis staining very weakly (Fig. 1C). Rb inac-
tivation was only slightly less efficient in dorsal skin, where a
91% reduction in pRb-positive cells was seen. Thus, pRb ex-
pression is inhibited in the vast majority of keratinocytes in
K14CreRb" mice by 21 days of age. Interestingly, pRb staining
was detected in most keratinocytes in K/4E7 mice, although
staining intensity in individual cells was often diminished com-
pared to Cre-negative Rb epidermis. This observation sup-
ports the hypothesis that E7 not only binds but also degrades
pRb in vivo (4, 12, 22). Since nearly complete loss of detectable
pRb was achieved in KI4CreRb" mice by 21 days of age, all
further analyses were performed on 21-day-old mice.
Hyperproliferation in Rb-deleted and E7-expressing epider-
mis. Pronounced hyperplasia was evident in the ear epidermis
of both K14E7 and K14CreRb" mice (Fig. 1B and 2A; see also
Fig. 5). To compare quantitatively the hyperproliferative ef-
fects of E7 expression versus loss of pRb, mice were injected
with the deoxynucleotide analog BrdU 1 h prior to sacrifice.
Sections were stained with anti-BrdU antibody to detect DNA
synthesized during the hour prior to sacrifice (Fig. 2A). Count-
ing of these sections revealed several phenotypes in Rb-deleted
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FIG. 2. Hyperplasia in E7-expressing and Rb-deleted epidermis. (A) BrdU immunohistochemistry of ear epidermal sections from mice injected
with BrdU 1 h prior to sacrifice. (B) Quantification of BrdU incorporation. Basal and suprabasal cells were counted as BrdU positive (brown) or
BrdU negative (blue), and the percentage of keratinocytes in each layer incorporating BrdU was calculated (basal cells are in contact with the
basement membrane, but suprabasal cells are not). Increases in DNA synthesis in K14CreRb"’ (Cre-f/f) and KI4E7 (E7) basal and suprabasal layers
were statistically significant compared to Rb (f/f) and K14CreRb™" (Cre-f/+) mice (P < 0.03). Differences between K14CreRb"' and KI14E7 mice

were not statistically significant.

epidermis. These phenotypes included an ~2-fold increase in
DNA synthesis in the basal layer of keratinocytes, as well as
inappropriate DNA synthesis in normally quiescent suprabasal
keratinocytes (Fig. 2B). These phenotypes are strikingly similar
to those seen in K/4E7 mice (Fig. 2). Indeed, the fraction of
cells incorporating BrdU in KI4CreRb” mice was indistin-
guishable from that in K/4E7 mice in both the basal and
suprabasal epidermal layers. Since the severity of E7-associ-
ated phenotypes is known to vary with the expression level of
E7 (16), it is important to note here that the line of KI4E7
mice used in these studies expresses E7 in ear epidermis at a
level similar to the E7 expression levels in human cervical
carcinoma cell lines, as measured by an enzyme-linked immu-
nosorbent capture assay (Frazier, unpublished).

A greater degree of hyperplasia was seen in KI4E7 epider-
mis than in KI4CreRb" epidermis, as determined by the total
number of suprabasal cells per visual field (P < 0.02) (Fig. 2
and data not shown). However, this difference may merely

reflect the fact that E7 is expressed in the epidermis of KI4E7
mice from day 6 after birth (13), whereas Cre-mediated pRb
loss only becomes complete some time between 10 and 21 days
of age (see below), thus allowing more time for hyperplasia to
develop in KI4E7 mice than in K14CreRb" mice.

PRb loss inhibits radiation-induced cell cycle arrest. Having
seen similarities between the effects of loss of pRb and the
expression of E7 on epithelial cell proliferation, we conducted
experiments to determine whether other acute effects of E7
expression in epithelium were reproduced in Rb-deleted tis-
sues.

Expression of E7 in stratified squamous epithelia in mice
inhibits the ability of these cells to suppress DNA synthesis in
response to DNA damage (45). To determine whether loss of
pRbD also abolishes the normal DNA damage response of ep-
ithelia, K14CreRb" and K14E7 mice were exposed to 0 or 5 Gy
of ionizing radiation at 21 days of age, BrdU was injected 24 h
later, animals were sacrificed 1 h after that, and ear epidermal
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FIG. 3. Disruption of DNA damage-induced cell cycle arrest by E7
expression or Rb deletion. Mice were exposed to 0 or 5 Gy of ionizing
radiation 24 h prior to BrdU injection and sacrificed 1 h after BrdU
administration. Epidermal sections were stained for BrdU incorporation
and counted as in Fig. 2. Only Rb (f/f) and K14CreRb"" (Cre-f/+) mice
exhibited significant decreases in BrdU incorporation in response to ion-
izing radiation (P < 0.05). Cre-f/f, KI4CreRb"" mice; E7, KI4E7 mice.

sections were taken. Histological sections were stained for
BrdU, and the percentage of epidermal cells staining positively
for BrdU in tissues from irradiated versus unirradiated mice
was determined (Fig. 3). As expected, the epidermis from
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control mice (RP"" and K14CreRb"" mice) displayed a drastic
decrease in BrdU incorporation after irradiation compared to
that from the unirradiated control mice; in contrast, the epi-
dermis from KI4E7 mice failed to display any significant de-
crease in the frequency of cells supporting DNA synthesis after
irradiation. Epidermis of K14CreRb" mice also failed to dis-
play any decrease in the frequency of cells supporting DNA
synthesis after irradiation. Thus, the loss of pRb function is
sufficient to inhibit DNA damage-induced responses in the
mouse epidermis.

Disrupted differentiation in Rb-deleted epidermis. E7 dis-
rupts the differentiation of keratinocytes in vivo, producing an
expansion of the poorly differentiated, K14-positive pool of
cells from the basal layer into the suprabasal layers where cells
normally express the differentiation marker K10 (13, 16). Sim-
ilarly, pRb also has been shown to affect the differentiation of
several cell types, including human keratinocyte cell lines (28,
34). To determine whether E7 expression and loss of pRb
function lead to similar effects on keratinocyte differentiation
in vivo, K14CreRb" and K14E7 mice were stained for K10 and
K14 (Fig. 4). In control mice, K14 expression was confined
primarily to the poorly differentiated basal layer of the epider-
mis, with some parabasal cells were also K14 positive. K10
expression in control mice was absent in the basal cell layer but
present in nearly every suprabasal cell. In contrast, E7-express-
ing epidermis was positive for K14 in nearly all cell layers
below the squames and was often negative for K10 in at least
three cell layers. These data agree with previous observations
that E7 delays keratinocyte differentiation in vivo, resulting in
an expansion of the poorly differentiated cell population of the

K14Cre-Rbf/f

s AN
p s m i

FIG. 4. E7 expression or pRb inactivation disrupts epithelial differentiation. Ear epidermal sections of KI14E7, K14CreRb", and control mice
were stained for the basal layer marker K14 (red) and the suprabasal layer marker K10 (green) and then counterstained with DAPI. For
K10-stained sections, the white line represents the basement membrane.
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epidermis (13, 16, 45). Epidermis from K14CreRb" mice typ-
ically resembled E7 epidermis, with an expanded K14-positive
layer and an increase in K10-negative cell layers. Thus, somatic
pRbD inactivation can recapitulate the delayed differentiation
seen in epidermis of K/4E7 mice. However, a subset (two of
six) of the 21-day-old KI4CreRb" mice examined lacked this
phenotype. This variability may reflect differences in the timing
of Rb gene inactivation. We have noted that Cre-induced re-
combination of floxed alleles within the epidermis of the
KI14Cre mice is not complete at day 10, as evidenced by incom-
plete activation of human placental alkaline phosphatase in
crosses with the Z/AP Cre-recombination reporter mice and
incomplete loss of pRb expression in K14CreRb" mice at this
earlier time point (data not shown). Therefore, it is possible
that in some KI4CreRb" mice complete Rb inactivation within
the epidermis of 21-day-old mice may have only been reached
shortly prior to 21 days of age, and therefore some suprabasal
cells may have already undergone their normal differentiation
program prior to Rb inactivation.

Detection of pRb-independent activities of E7 in pRb-de-
leted epidermis. To assess whether E7 confers any acute bio-
logical effects on stratified squamous epithelia that are inde-
pendent of its ability to inactivate pRb, we crossed K14CreRb"
mice to KI4E7Rb" mice to generate KI4E7KI14CreRb"” mice.
KI14E7K14CreRb” mice were severely stunted in their growth
compared to their littermates, with some dying apparently of
undernourishment before they reached weaning age. The
cause of these deaths is uncertain, but they may have resulted
from hyperproliferation in the K14-positive epithelia lining the
upper digestive tract, resulting in constriction of the esophagus
and forestomach, as seen previously in some lines of KI4E7
mice (16). Examination of epidermal sections from surviving
KI4E7K14CreRb" mice revealed dysplastic lesions in both ear
and skin epidermis by 21 days of age (Fig. 5). These lesions
included unusual projections, enlarged hair follicles, and the
formation of keratin pearls (Fig. 5). No such lesions were seen
in K14E7 or K14CreRb" mice. No increase in the percentage of
BrdU-positive cells was seen in ear epidermis of KI4E7KI4
CreRb" mice compared to KI4E7Rb" or K14CreRb"” mice. In
the dorsal skin of KI4E7K14CreRb™ mice, however, the fre-
quency of BrdU-positive epidermal cells was increased com-
pared to that in the KI14E7 or K14CreRb" mice (P < 0.05), and
this reflected an increased thickness of the epidermis (Fig. 5).

Importantly, the dysplasia and hyperplasia seen in
KI4E7K14CreRb" mice is not due to any effect of E7 on the
timing or efficiency of Cre-mediated Rb deletion, since the
extent of Rb inactivation is the same in KI4E7K14CreRb" and
KI14CreRb" mice (data not shown). Similarly, since E7-medi-
ated pRb inactivation does not affect the KI14Cre transgene in
KI4E7K14CreRb" mice, it is unlikely that Cre-mediated Rb
inactivation has any effect on expression of the K/4E7 trans-
gene in these mice. Thus, the detection of E7-induced pheno-
types in Rb-deleted tissue indicates that E7 posesses pRb-
independent effects that lead to either increased dysplasia or
increased hyperplasia and dysplasia, depending on the epithe-
lial tissue.

Centrosome abnormalities in KI4E7 and K14CreRb" mice.
E7 expression has been shown to induce aberrant centrosome
duplication and chromosomal instability in keratinocytes in
monolayer and organotypic cultures (8-10). To determine
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whether pRb inactivation is sufficient to deregulate centro-
some synthesis, epidermal sections from the ears of mice were
stained for the centrosome marker gamma-tubulin, counter-
stained with DAPI, and the proportion of cells with abnormal
centrosome numbers was enumerated (Fig. 6). We detected a
statistically significant (P = 0.05) 6.1-fold increase of the pro-
portion of cells with more than two centrosomes when we
compared K14CreRb" (4.3% = 1.5%) to Rb controls (0.7%
+ 0.6%). Similarly, statistically significant 6- and 6.9-fold in-
creases of cells with numerical centrosome abnormalities were
found when we compared KI/4E7 mice (4.2% * 0.4%) and
KI4E7K14CreRb" mice (4.8% + 1.2%), respectively, to con-
trols (P = 0.01). No significant differences were observed be-
tween KI4E7, K14CreRb", and KI4E7K14CreRb™ (P > 0.05).
These data indicate that E7 deregulates centrosome synthesis
in vivo and that inactivation of pRb is sufficient to deregulate
centrosome synthesis.

DISCUSSION

We report here the first genetic analysis comparing the phe-
notypes of E7 to that of Rb deficiency in stratified squamous
epithelia, the natural site of expression of E7 in infected hosts.
We make two important observations. First, the inactivation of
pRb largely mimics the acute biological properties of E7. Sec-
ond, E7 possesses other activities than its inactivation of pRb
that contribute to its biological effects.

Consequences of somatic inactivation of pRb in murine ep-
ithelia. We achieved nearly complete (>90%) inhibition of
pRb expression in murine stratified squamous epithelia by 21
days of age (Fig. 1). Loss of pRb expression in keratinocytes
resulted in multiple phenotypes, including epithelial hyperpla-
sia with increased and deregulated cell cycle progression (Fig.
2). This was accompanied by a wrinkled skin phenotype with
visible thickening of the ears and a scruffy appearance. These
results were anticipated given the well-established role of pRb
in cell cycle regulation (33). Interestingly, however, the extent
of hyperplasia induced by Rb deletion varied between different
epidermal sites, with pronounced hyperplasia in ear epidermis
and only mild hyperplasia in dorsal skin (Fig. 5). This obser-
vation indicates different roles for pRb in epidermal tissue
from different anatomic locations. A similar difference has long
been noted with our K/4E7 mice (16) (Fig. 5). There, however,
we could not discriminate between a difference in the level of
expression of E7 versus a difference in the biology of the
different tissues. Inactivation of pRb also disrupted the normal
differentiation program of the stratified squamous epitheium,
demonstrating that pRb plays an important role in the differ-
entiation of this tissue in vivo (Fig. 4). We observed delayed
differentiation in Rb-deleted epidermis, with an expansion of
the poorly differentiated, K14-positive cell compartment, and a
delay in the onset of expression of the differentiation marker
K10. These observations are consistent with studies in which a
role for pRb in the differentiation of other cell types has been
discerned in vitro and in vivo (28).

We found that the loss of pRb was sufficient to inhibit DNA
damage responses in murine epidermis (Fig. 3). Prior studies
have argued that E7’s binding to pRb was necessary but not
sufficient for E7 to inhibit radiation responses in human ker-
atinocytes in tissue culture (14, 15, 44). In that system, E7’s
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FIG. 5. Increased phenotype severity in KI4E7K14CreRb" mice and phenotypic variation between epidermal sites. Hematoxylin-and-eosin-
stained sections from dorsal skin and ear of 21-day-old mice are shown. KI4E7 and K14CreRb" mice have pronounced hyperplasia in ear epidermis
but relatively little hyperplasia in dorsal skin epidermis. KI4E7K14CreRb" mice, however, exhibit pronounced hyperplasia at both epidermal sites.
Also shown are examples of dysplastic lesions common in K14E7K14CreRb" mice but not seen in other genotypes.

inactivation of p21 was also found to contribute to the ability of
E7 to inhibit DNA damage responses. A likely explanation is
that inactivation of pRb is sufficient to disrupt DNA damage
responses both in vitro and in vivo, but E7 does not inactivate
pRb solely by binding and degrading pRb. Rather, E7 must
also promote pRb phosphorylation by suppressing the activity

of cdk inhibitors such as p21. This is of particular importance
in the context of DNA-damaging agents, which lead to the
induction of p21.

Loss of pRb also deregulated centrosome synthesis in mu-
rine keratinocytes (Fig. 6). Although the molecular mechanism
of this effect is not clear, centrosome duplication is normally
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FIG. 6. Centrosome abnormalities in E7-expressing and Rb-de-
leted epidermis. Ear epidermal sections from 21-day-old animals were
stained for gamma-tubulin and counterstained with DAPI. The frac-
tion of cells containing >2 centrosomes was counted for three to seven
mice per genotype. KI4E7, K14CreRb"”, and KI4E7K14CreRb" sec-
tions all had increases over Rbf/f sections (P < 0.05), but the former
three genotypes did not differ from one another.

coupled to the onset of DNA replication at the G,/S transition
(17, 18, 23) and is dependent on cyclinE-cdk2 activity in many
systems (18). Thus, since cyclin E is an E2F-responsive gene
(43), loss of pRb could result in inappropriate cyclin E expres-
sion and cdk?2 activation, triggering abnormal centrosome syn-
thesis.

Centrosome abnormalities result in multipolar mitoses, with
consequent genomic instability and aneuploidy (25, 29, 38).
Therefore, the demonstration of a direct role for pRb in the
regulation of proper centrosome synthesis indicates yet an-
other important tumor suppressor function of pRb. This find-
ing may have broad implications for tumor biology, since the
pRb pathway is disrupted in nearly all human tumors (33).
Importantly, however, dysregulation of the pRb pathway in
primary human epithelial cells by loss of p16"™%** function
and/or ectopic expression of the pRb kinase cdk4 does not
cause centrosome abnormalities (37). Thus, the effect of pRb
pathway disruption on centrosome control may vary depending
on precisely how the pathway is disrupted and/or the affected
cell type. Further studies will more clearly elucidate the rela-
tionship between pRb function and centrosome regulation.

Both HPV-16 E7 and the adenovirus E1A oncoprotein in-
duce abnormal centrosome synthesis (6, 8-10). This activity of
E1A is reportedly mediated by an interaction between E1A
and Ran-GTPase (6). In our study, loss of pRb function de-
regulated centrosome synthesis to the same extent as E7 ex-
pression, and E7 expression in pRb-deficient cells had no ad-
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ditional effect on centrosome abnormalities. Thus, our data
suggest that E7 deregulates centrosome synthesis primarily via
a pRb-dependent mechanism rather than a Ran-dependent
mechanism. Importantly, cervical epithelium from K74E7 mice
expresses increased levels of cyclin E (T. Brake, J. Connor, D.
Petereit, and P. F. Lambert, unpublished data), supporting the
possibility that E7 deregulates centrosome synthesis by the
pRb-dependent activation of cdk2, as described above. Given
the variability inherent in counting centrosomes in histological
slides, however, we cannot rule out the possibility that inter-
actions between E7 and other binding partners could have
subtle effects on centrosome synthesis that were not detected
here.

Evidence for additional targets of E7 in mediating its phe-
notypes. There are two important implications to the observa-
tion that the KI4E7K14CreRb" mice display increased hyper-
plasia and dysplasia compared to the KI4E7 and KI4CreRb"
mice. First, other activities besides E7’s inactivation of pRb
must contribute to E7’s biological properties in vivo (since, if
inactivation of pRb is the only relevant activity, we would not
see a difference in the phenotypes between KI4CreRb" and
KI4E7K14CreRb" mice). It is possible that E7 targets p107,
p130, or other cellular factors more efficiently in pRb-null
tissue than in pRb-sufficient tissue. However, because E7 does
not appear to fully inactivate pRb (see below) and since mul-
tiple in vitro studies suggest that non-pRb interactions are
important to E7’s function (14, 15, 24), we conclude that the
pRb-independent activities observed in the KI4E7K14CreRb"
mice are physiologically relevant and not simply a reflection of
E7 altering its targets in the absence of pRb.

It is also interesting that the more severe phenotypes be-
stowed by the combination of E7 expression and pRb defi-
ciency (compared to the consequences of either effect alone)
differed between epidermal sites. In the torso epidermis we
saw both increased hyperplasia and onset of dysplasia in the
KI14E7K14CreRb" mice, but in the ear epidermis we only ob-
served onset of gross dysplasia without increased hyperplasia
in the KI4E7K14CreRb"™ mice. Although this difference may
simply reflect different efficiencies with which E7 affects the
same cellular factors, it could reflect, alternatively, E7 target-
ing different cellular proteins in these tissues.

The second implication of our findings is that E7 does not
completely inactivate pRb in this mouse model (since, if E7
were to completely inactivate pRb, there would be no differ-
ence in the phenotype of KI4E7 and KI4E7K14CreRb"” mice).
This conclusion is in agreement with a previous study in which
pRb-E2F complexes were detectable in a HPV-18-positive hu-
man cervical carcinoma cell line, suggesting that E7’s inactiva-
tion of pRb is similarly incomplete in human cervical carcino-
genesis (48). It is interesting, then, that the K/4E7 mice display
a phenotype similar to that of the KI4CreRb" mice. Thus, in
addition to partially inactivating pRb, E7 must be targeting
other cellular factors, the consequence of which mimics the
biological consequences that result from the complete inacti-
vation of pRb. It is unclear which cellular targets of E7 besides
pRbD contribute to E7’s phenotypes in vivo; however, as dis-
cussed below, p107 and p130 are the most suspect candidates.

What are the other relevant cellular targets for E7? E7 is
known to bind to at least 18 different cellular proteins in
addition to pRb (30). The cellular proteins most likely medi-
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ating E7’s phenotypes in vivo in addition to pRb are the other
pocket proteins, p107 and p130, that are targeted by E7. They,
like pRb, bind to and modulate the function of overlapping
subsets of E2F family members, transcription factors known to
regulate expression of cell cycle regulatory factors and DNA
synthesis machinery (28). Interestingly, the combined inactiva-
tion of pl107 and pRb in the epidermis does lead to a more
hyperplastic mouse epidermis (J. Sage and T. Jacks, unpub-
lished data; A. Berns, unpublished data). Also, a mutant ver-
sion of E7, E7AP-Y< encoding a protein defective in binding
all three pocket proteins (pRb, p107, and 130) fails to confer
any phenotype when directed in its expression to stratified
squamous epithelia in mice (13). Thus, p107 and/or p130 likely
represent relevant targets for E7 in vivo.

Another potentially important set of cellular factors are the
cdk inhibitors targeted by E7, p21 and p27, given their role in
cell cycle regulation. Further studies are necessary to discrim-
inate between relevant cellular factors, however, since muta-
tions in E7 often are not sufficiently informative. Particularly,
the E7*P-Y< mutant protein used in the above-cited study (13)
is not only defective for binding the pocket proteins (1, 32) but
more recently has been found to be defective for binding p21
(21). The experimental mouse shall continue to provide us a
unique basis for carrying out these studies by providing the
means to disrupt the expression or alter the function of poten-
tially relevant cellular targets in the context of the natural host
tissue.
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