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Abstract

Human papillomavirus type 18 (HPV18) is a common cause of cervical cancer. To create a mouse
model for this common neoplastic disease we used a human keratin 14 promoter to drive the HPV18
E7 oncogene to create transgenic mice. No mice up to a year of age developed cervical cancer.
However, all transgenic mice and none of the controls developed progressive bilateral cortical
cataracts. By 6 months of age the cortex liquefied leaving the lens nucleus. Proliferation of lens
epithelium formed multifocal nodules and free floating lens epithelial cells within the liquefied
cortex. These cells were hyperplastic not neoplastic. Other HPV transgenic stocks develop cataracts
suggesting this virus may have a broad cellular tropism.

Keywords
Cataracts; human papillomavirus; transgenic mice; animal model

Introduction

Nearly 170 million individuals are blind or visually impaired, and cataracts are responsible for
nearly 50% of the total.(Resnikoff et al., 2004) While congenital cataracts are less common
than involutional cataracts in humans, the difficulty in treating children with cataracts is an
important cause of amblyopia and blindness. Both congenital and adult-onset cataracts are
often more common in families, but genetic defects and molecular mechanisms are not fully
understood in many human cataracts. Recently, mutant loci on eleven different human
chromosomes were associated with familial cataracts. The associated proteins include several
alpha, beta, and gamma crystallins; the major intrinsic protein of the lens (MIP26); members
of the connexin family responsible for gap junction formation; beaded filament structural
protein-2 (BFSP2) and developmental regulators such as paired-like homeodomain
transcription factor 3 (PITX3), avian musculoaponeurotic fibrosarcoma (v-maf) AS42
oncogene homolog (MAF), and heat shock transcription factor 4 (HSF4).(Reddy et al., 2004)
Biochemical changes in human lens proteins are difficult to analyze for both ethical and
scientific reasons. Mouse models provide a unique set of tools to analyze these biochemical
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changes and more importantly to help define the genetic and molecular bases for cataract
formation. Mouse and human cataracts have 4 major forms: 1) nuclear, 2) cortical, 3) capsular-
epithelial, and 4) lens extrusion for which many mouse models were described.(Smith et al.,
1997) The number and variety of mouse models continue to expand.(Frederikse and Ren,
2002; Govindarajan et al., 2005; Graw et al., 2004; VanAgtmael et al., 2005)

Cutaneous and mucosal squamous cell carcinomas are common malignant neoplasms in human
and other vertebrate species. Oncogenic papillomaviruses (PVs) cause more squamous cell
carcinomas than all of the other known causes combined. Cervical cancer is the second leading
cause of cancer deaths in women (500,000 per year) worldwide(Roden and Wu, 2006). Of the
over 100 HPV types identified to date,(de Villiers et al., 2004) human papillomavirus type 18
(HPV-18) is responsible about 25% of cervical cancer case and is the most oncogenic of the
known HPVs. Four “high risk” PVs (16, 18, 31 and 45) are associated with over 80% of cervical
cancer; type 16 is responsible for at least 50%.(Munoz et al., 2004) Papillomatous (warty)
growths caused by HPVs spontaneously regress, disseminate, or undergo malignant
transformation depending on the biology of the virus and associated co-factors. These tiny
DNA viruses (7 to 8 kilobase pairs in size) are highly species-specific and cannot be grown in
vitro. Most, if not all, mammals and many lower vertebrates are susceptible to PV infections,
and all PV types have the same genetic organization; up to 8 early genes and two late genes.
(Sundberg et al., 1996)

Early genes E6 and E7 are always expressed in HPV-induced cancers and are required for
maintaining the malignant state. E6 binds and degrades p53 whereas E7 binds to and
deregulates pRb.(Helt and Galloway, 2003) Both exert an effect on cell cycle arrest. Their
continuous expression can also result in accumulation of cellular change, including
overexpression of cellular oncoproteins such as the myelocytomatosis oncogene (MYC) or the
Harvey rat sarcoma virus oncogene 1 (HRAS1)(Wise-Draper and Wells, 2008). Progression
of PV infected cells to malignancy involves mutations of host genes, such as inactivation or
loss of tumor suppressor genes and genetic alterations at human Chromosomes 3p, 6p, 114,
17p, and 18q. There are reports on the defects in antigen processing and presentation in cervical
cancer and its cell lines. The best examples are loss of HLA and secretion of immune
suppressive factors. Although the role of E7 protein in oncogenecity was the focal point of the
studies, its functions have not yet been fully elucidated.(Kaufmann et al., 2002)

We report here the creation of a transgenic line of mice in which the human keratin 14 (KRT
1-14) promoter was used to drive the HPV18 E7 oncogene with the goal of developing a mouse
model for cervical cancer. Systematic analysis revealed changes limited to the lens, where
cataracts developed that were characterized by cortical liquefaction, cortical reabsorption, and
lens epithelial metaplasia and proliferation. The severity of these changes progressed with age.
Other ocular structures were normal, except for retinal degeneration that was due to the
presence of retinal degeneration-1 (Pde6b"1), a mutation usually present in most FVB mouse
strains.

Materials and Methods

Mice

All studies were approved by The Jackson Laboratory Institutional Animal Care and Use
Committee (IACUC) and were performed in compliance with stipulations of that body. FVB/
NTac mice (Taconic Farms, Germantown, NY) were used to create the transgenic mice. The
transgenic mice were imported to The Jackson Laboratory (Bar Harbor, ME), Hysterectomy
derivation and backcrossed onto FVB/NJ (N3) The transgenic mice are designated FVB/NJ-
Tg(KRT14-HPV18E7)C/Sun by the International Mouse Genetic Nomenclature Committee
and are hereafter abbreviated as K14HPV18E7 Tg mice. Mice were maintained in conventional
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barrier facilities at 24+2°C and 51+7% relative humidity, housed in 333.6 cm? maxi-miser
Duplex I1 cages (Thoren caging systems, Hazleton, PA) with pine shavings, exposed to a 14
h light/10 h dark cycle, allowed free access to sterilized acidified water (pH 2.8-3.2), and fed
autoclaved NIH-31 Rat & Mouse 5K54 Lab Diet® (PMI Nutrition International, St. Louis,
MO) ad libitum. The health status of each animal room is evaluated every 13 weeks. This
includes necropsy of representative clinically normal mice, culture of feces for pathogenic
bacteria, fecal examinations for parasitic ova, serological screening for major mouse
pathogens, and culture of selected organs for pathogenic bacteria (current status of our colonies
can be found at this web site address: http://jaxmice.jax.org/health/index.html). Preventive
medicine programs also include microbiological monitoring of sterilizers, culture of
environmental surfaces for coliforms, monitoring animal water for pH or residual chlorine, and
culture of feed ingredients.

Construction of HPV-18 E7 transgene

A transgene transfer vector pBS-R3, which contains the human keratin 14 (KRT1-14) promoter
upstream of multiple cloning sites, was kindly provided by Dr. Dennis Roop (Baylor College
of Medicine, Houston, TX). The prototype HPV-18 E7 gene was amplified using a set of
primers (P1: ATC ATC TCT AGATGC ATG GAC CTAAGG CAACAT TG, P2: ATGATG
TCT AGATTA CTG CTG GGA TGC ACA CCA CGG) annealing to N-terminus and C-
terminus of E7 by PCR, cloned into pCR2.1 according to the manufacturer’s instructions
(Invitrogen, Carlsbad, CA), and subcloned successively into pBS-R3 at the Xbal site (Fig. 1).
The orientation and the absence of a mutation in insert were confirmed by multiple restriction
enzyme digestions and DNA sequencing with two primers annealing to 1.26 intron (CCC CAC
TCC TAA CAATGA C) and to 0.9 K poly A site (CTA TGG TCAAGT TTT GTG GG),
respectively. The transgene was digested with Xho1/Not1, gel-purified, and microinjected into
FVB/NTac mouse blastocysts at the Transgenic Mouse Core Facility at the University of
Louisville. These transgenic mice were genotyped by PCR using genomic DNA extracted from
tail tips with primers used for the cloning of the E7 gene.

Tissue Processing, Histologic Analysis, and Immunohistochemistry

Mice were aged to over 165 days and representative groups of 2 each of male and female
K14HPV18E?7 transgenic and age and gender matched FVVB/NJ +/+ mice (wildtype controls)
used for the backcrosses were euthanized and complete systematic necropsies performed.
(Seymour et al., 2004) The slides were reviewed by an experienced, board certified, veterinary
anatomic pathologist (JPS). Lesions were only observed in the eyes. Subsequently, 2 males
and 4 females were necropsied at 7 to 14 months of age and only the eyes were removed. These
were all reviewed by both an ophthalmic pathologist (RSS) and anatomic pathologist (JPS).

Mice were euthanized by CO, asphyxiation. Complete necropsies were performed initially
(Seymour et al., 2004) after which eyes were manually removed, fixed overnight in Fekete’s
acid-alcohol-formalin solution (61% ethanol, 3.2% formaldehyde, 0.75N acetic acid),
transferred to 70% ethanol, processed routinely, embedded in paraffin, sectioned at 5-6 pum,
placed on microscope slides (Superfrost/Plus Fisherbrand, Pittsburgh, PA) and stained with
hematoxylin and eosin (H&E) for routine histopathologic analysis. Two transgenic mice and
2 controls were injected intraperitoneally with 50 ug/g body weight with bromodeoxyuridine
(Sigma, St. Louis, MO) and euthanized one hour later.(Smith et al., 2000) The eyes were fixed
in Fekete’s solution for routine histology. Immunohistochemistry, was done using the
following primary antibodies: rat monoclonal anti-bromodeoxyuridine (1:50; Accurate
Antibodies, Sera Labs, Westbury, NY), rabbit polyclonal mouse specific keratins 5, 6, and 14
(1:8000; Covance, Princeton, NJ). Routine procedures were used.(Mikaelian et al., 2004;
Relyea et al., 2000) Immunohistochemistry was performed using Vectastain™ ABC kits
(Vector, Burlingame, CA., USA). Slides were deparaffinized in xylene and dehydrated using
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graded ethanols. Endogenous peroxidase was blocked using 3% hydrogen peroxide in
methanol for 30 min at room temperature. Slides were then washed and incubated for 30 min
with blocking serum (10% normal fetal calf serum diluted in phosphate-buffer saline, PBS).
Excess blocking serum was removed and the slides were incubated overnight at 4° C with
primary antibodies diluted in PBS containing 1% fetal calf serum. Secondary biotinylated anti-
immunoglobulin G antibody supplied with Vectastain™ kits (anti-guinea pig, anti-mouse, anti-
rabbit, anti-rat and anti-goat) were applied for 30 minutes at room temperature followed by 45
minute incubation with the peroxidase labeled biotin and avidin complex. Diaminobenzidine
(Sigma, St. Louis, MO., USA) and H,0,, which produces a brown precipitate, was used as the
chromagen. Slides were counterstained with Mayer’s hematoxylin.

Transgenic mice

Six out of 22 mice were positive for the E7 gene by genotyping, and 5 of 6 produced reasonable
number of pups positive for the E7 gene (Fig. 2). Of the 5 founders, mice from founder C had
diffuse, bilateral, cortical cataracts on clinical examination (Fig. 3). Mice were otherwise
fecund.

Routine histology

In +/+ (wildtype) mice, the lens was enclosed in an acellular eosinophilic lens capsule that is
normally twice as thick at the anterior surface of the lens as it is at the posterior pole. Directly
beneath the lens capsule, there was a monolayer of low cuboidal epithelium that extended from
the anterior lens pole to the equator of the lens, but was normally absent behind the lens equator
(Fig. 4A,B). At the equator of the lens (not shown), lens epithelial nuclei extended for a short
distance into the lens cortex and then disappeared. The lens cortex consisted of lens “fibers”

that are anucleate, very elongated lens cells arranged in an orderly hexagonal array (Fig. 4A).
(Smith, 2002)

In transgenic mice, the earliest change observed was breakdown of the orderly structure of the
lens cortex into large and small globules of eosinophilic material (Fig. 1C). By six months of
age, this had progressed in some mice to liquefaction of the cortex with loss of all structure
except for the lens nucleus (most central portion). In addition, there was metaplastic
proliferation of the lens epithelium to form focal nodules and free-floating lens epithelial cells
were present in the liquefied cortex, often distended with ingested lens cortex (Fig. 4D).

In older mice there was a striking proliferation of the lens epithelium to form multiple layers
of lens epithelial cells, present beneath both the anterior and posterior lens capsule. In some
mice, lens epithelial cells distended with abnormal cortex were present beneath the posterior
capsule (Fig. 4E,F). In humans, such cells are referred to as “bladder” cells and are thought to
represent lens epithelial cells that are attempting to produce cortical material, but have lost the
ability to do so.(Spencer, 1996) In other eyes, nearly all the cortex was reabsorbed and all that
remained was a collapsed lens with a thickened anterior and posterior lens capsule that was
partially filled with cortical remnants and proliferating lens epithelium.

Immunohistochemistry

Regions of lens epithelium proliferation in older mice were highly cellular with numerous
nuclei incorporating bromodeoxyuridine indicating high levels of DNA synthesis. This was in
sharp contrast to normal lens epithelium where few, if any, nuclei were synthesizing DNA
(Fig. 5). Similar changes were present in a partial trisomy mouse model with cataracts.(Smith
etal., 1999)
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Mouse specific keratin expression was evaluated for keratins 5 and 14 which are the acid and
base pair normally expressed in the basal cells of the epidermis.(Sundberg et al., 1994) The
full thickness of corneal epithelium expressed both of these proteins (Fig. 6A-L). While
expression patterns were similar in both wild type controls and K14HPV18E7 transgenic mice,
it was surprising to find marked K5 expression throughout the lens while mouse specific K14
was not expressed there. Mouse specific keratin 6 is a nonspecific marker of epidermal
hyperplasia.(Sundberg et al., 1994) Expression of keratin 6 was limited to the suprabasal
keratinocytes of the cornea with no expression in the lens or within the proliferating lens
epithelium from transgenic mouse eyes (Fig. 6M-R).

DISCUSSION

Keratin 14 driven papillomavirus gene based transgenic mice were first created in 1994 (Arbeit
et al., 1994) and used as a model for studying malignant progression of PV-induced cancers.
Transgenic mice expressing E6 or E7 from HPV16 under the control of the KRT1-14 promoter
resulted in skin tumors and hyperplasia(Herber et al., 1996; Song et al., 1999). Mouse tumors
caused by cervical cancer cell lines were used as a model system with very limited success
since the data obtained could not be repeated in clinical trials.(Kaufmann et al., 2002) We
hypothesized that a transgenic mouse line that expressed the most oncogenic HPV oncoproteins
under conditions similar to those of cancer in humans might provide a more useful model.
However, keratin 14 in mammals is expressed in many stratified squamous epithelia and
glands, including purported stem cells in the mammary glands,(Mikaelian et al., 2006;
Sundberg et al., 1994; Sundberg et al., 1991) such that while the goal was to create a mouse
model for cervical cancer, any of a number of organs might develop abnormalities as a result
of expression of this transgene. Detailed systematic histopathologic evaluation of all organ
systems in aged mice determined lesions were limited to cataract formation in both eyes.

True congenital cataracts are unusual in mice. In most cases, an initially clear lens may develop
focal opacities by 1-2 months of age. These opacities may progress and can eventually lead to
total lens opacification,(Smith, 2002) as was the case in the transgenic mice. Aging mice of
many strains may develop cataracts and some specific age-related lens opacities have been
described.(Hosokawa et al., 1993; Kuck, 1990)

The lens of the eye consists primarily of lens fiber cells containing a variety of soluble and
insoluble proteins that include lens crystallins. These are membrane-associated and
cytoskeletal proteins.(Paterson and Delamere, 1992) Mutations in the lens gamma-crystallin
genes (Cryga-Crygf) are associated with cataract formation in mice.(Klopp et al., 1998;
Santhiya et al., 1995; Smith et al., 2000) Because the alpha A crystalline promoter is active in
the lens from early embryonic development through adulthood (Overbeek et al., 1985) it was
fused to the HPVV16 E6 and E7 oncogenes in a transgenic mouse. These mice developed
microphthalmia and cataracts in all cases and 40% developed lens tumors.(Griep et al., 1993)

The four basic cataract types in mice: capsular-epithelial, nuclear, cortical, and lens extrusion
display a similar sequence of events. Initially, the lens cortex regular structure breaks up
forming clumps of cortical material, often with vacuoles. This may progress to involve the
entire lens with further protein breakdown, ending in a completely liquefied cortex. The
degenerate cortical material leaks out of the lens capsule into the vitreous, leading to collapse
of the lens capsule. As a cataract develops, one of the early changes is posterior migration of
the lens epithelium with nuclei located beneath the posterior lens capsule. The lens epithelium
may also undergo focal or diffuse proliferation. Because the lens epithelium is relatively
undifferentiated, it retains the capacity to undergo metaplasia, and become phagocytic, produce
focal or diffuse capsular thickening, or produce subcapsular deposits of collagen. In some
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instances, the posterior lens capture may undergo spontaneous rupture with extrusion of
cortical fragments into the vitreous.(Smith, 2002)

In the K14HPV18E?7 transgenic mice, early cortical breakdown was followed by focal and
diffuse proliferation of lens epithelial cells. Subsequently, there was progressive liquefaction
of the lens cortex, often leading to a collapse of the lens capsule. Even though the lens
epithelium often produced multiple layers of cuboidal cells, they retained a benign appearance
and mitotic activity was not excessive. These findings do not represent a malignant change and
are consistent with anterior and posterior subcapsular cataracts both in humans (Spencer,
1996) and mice. (Reneker and Overbeek, 1996; Smith etal., 2000; Smith etal., 1999) Malignant
tumors arising from lens epithelium are extremely rare in mice.(Gotz et al., 1991; Griep et al.,
1993; Mahon et al., 1987; Pichel et al., 1993)

It may be highly significant that the only phenotypic effect of the transgene was on metaplastic
squamous epithelium of mouse lens. Interestingly, the K14HPV16E6 and K14HPV16E7 mice
also developed cataracts (Herber et al., 1996; Song et al., 1999) as well as overexpression of
the endostatin domain of mouse Col18al by the same K14 promoter produced nuclear
cataracts.(Elamaa et al., 2005) In the natural human host, two of the most susceptible sites of
HPV-18 infection and E7 expression are metaplastic squamous epithelia of the cervix, anal
area, and the tonsils. Since HPV does not appear to be transmitted by germline and does not
appear to have a viremic stage, all natural HPV-18-induced lesions appear to occur by
horizontal transmission involving contact. For some unknown reason, metaplastic epithelium
of the lens of one of the founder lines has expressed the germline transmitted recombinant
keratin 14 promoted E7 and caused proliferation of metaplastic squamous cells that eventually
damaged surrounding tissue and induced cataracts of the eyes. Investigation of the mechanism
of metaplastic squamous proliferation in such a tightly controlled environment as the mouse
eye might offer some clues as to how human E7 is expressed by metaplastic squamous epithelial
cells. Nevertheless, it represents a mouse model of how nuclear cataracts can be formed.
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Figure 1.

Diagram of the recombinant transgene containing the K14 HPV18 E7 construct.
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Figure 2.
Genotyping of 6 pups from an E7 positive founder mated with negative FVVB mouse. First three
lanes have a distinct band for the HPV18 E7 gene. The last three did not carry E7 gene.
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Figure 3.
A centralized white area was grossly evident in both eyes of the transgenic mice within one
month after the birth.
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Figure 4.

Ocular histology. A) Normal adult FVB/NJ +/+ mouse. The anterior lens capsule (C) is
acellular and eosinophilic. Directly beneath the capsule is a monolayer of cuboidal lens
epithelium (arrow). The lens fibers in the anterior lens cortex (CO) are tightly packed and
clearly delineated. The lens fibers are the remnants of lens cells and make up the bulk of the
adult lens. B) Normal adult FVB/NJ +/+ mouse. The posterior lens capsule (arrow) is normally
much thinner than the anterior lens capsule and lens epithelial cells are absent. The posterior
lens cortex has a subtle lamellar structure and is more dense that the anterior cortex. C)
K14HPV18E7 Tg mouse, 6 months old. The anterior lens capsule and underlying lens
epithelium are normal, but the orderly structure seen in the WT mouse is absent and the cortex
(CO) has developed a globular appearance, representing masses of degenerating lens fibers.
D) K14HPV18E7 Tg mouse, 6 months old. The anterior lens capsule (C) is normal, but a focal
patch of reactive proliferation of the lens epithelium is present (arrow). Much of the lens cortex
has become liquefied (LC) and some of this degenerating cortical material is contained inside
free-floating lens epithelial cells (white arrow). The lens nucleus (N) remains, but centrally
shows signs of fragmentation. E) K14HPV18E7 Tg mouse, 8 months old. In this severely
degenerated lens, the anterior capsule (C) is thickened and throughout the lens there is massive
anterior and posterior proliferation of the lens epithelium (arrows). Small amounts of
degenerating cortex (CO) remain. F) K14HPV18E7 Tg mouse, 6 months old. Although lens
epithelium is normally absent beneath the posterior lens capsule (C), here there is extensive
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lens epithelial proliferation (E) of lens epithelium of normal appearance as well as a large

number of “bladder” cells. The posterior lens cortex is liquefied (LC). A portion of the
degenerated retina (R) with changes typical of Pde6b™ is present.
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Figure 5.

Bromodeoxyuridine (BRDU) uptake. Immunohistochemical evaluation of BRDU uptake, an
indication of DNA synthesis rates, revealed very few positive (brown) nuclei in the cornea and
lens epithelium (arrow, A,B). By contrast, numerous lens epithelial cells were positive in areas
in which these cells were actively proliferating (C,D).
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Figure 6.

Keratin expression in the eye. Mouse specific keratins 14 and 5 (A-J), the acid-base pair, were
both expressed in all layers of the corneal epithelium (C,F,I). Keratin 14 was not expressed in
the lens epithelium of +/+ (B) or K14HPV18E7 Tg mice (E) while keratin 5 was (H,K). Mouse
specific keratin 6 (M—R), a nonspecific marker of epidermal hyperplasia, was expressed in the
suprabasal cells of the cornea of both +/+ (O) and K14HPV18E7 Tg mice (R) but not the lens
epithelial cells in either group (N,Q).

Exp Mol Pathol. Author manuscript; available in PMC 2009 October 1.



