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Objective. Currently, we lack a theoretical explanation for why
squamous cell cervical cancer develops predominantly in specific
sites (i.e., along the squamocolumnar junction). We therefore im-
planted human cervical tissues containing the transformation zone
in severe combined immunodeficiency (SCID) mice and studied
morphology, steroid effects, gene expression, and human papillo-
mavirus (HPV) factors.

Methods. Normal and dysplastic human cervical tissues (3 x 2
mm) were placed subcutaneously in SCID-beige mice and later
assessed by in situ hybridization for HPV 16/18 DNA and by
immunohistochemistry for expression of CD31, keratin, prolifer-
ating-cell nuclear antigen, HPV 16 E6, p53, and Notch-1 (a binary
cell fate determination protein). Some normal tissues were im-
planted with either a 90-day release 1.7-mg 17 B-estradiol pellet or
a 5-mg tamoxifen pellet; others were infected prior to implantation
with human recombinant adenovirus 5 vector containing a human
cytomegalovirus promoter-driven B-galactosidase gene and later
assessed by X-gal staining.

Results. Murine and human vessels formed anastomoses by 3
weeks. For at least 11 weeks, normal tissue retained the transfor-
mation zone and normal cell-type-specific keratin expression and
exhibited normal proliferation; Notch-1 was present only in the
basal cell layer. Dysplastic tissues exhibited koilocytosis, increased
levels of cellular proliferation, and aberrant keratin, p53, and
Notch-1 expression; HPV 16/18 DNA and HPV 16 E6 protein were
detected for at least 6 weeks. Squamous metaplasia of normal
cervical epithelium resulted from estrogen exposure, and a pre-
dominant columnar differentiation pattern was associated with
tamoxifen administration. Through stable adenovirus infection,
B-galactosidase was expressed for at least 6 weeks.

Conclusions. This small manipulatable xenograft model main-
tains normal and dysplastic human cervical epithelium through
neovascularization. Neoplastic tissue retains HPV 16/18 DNA and

' To whom correspondence should be addressed at Department of Molecular,
Biology and Biochemistry, The Center for Viral Vector Design, University of

a premalignant phenotype, including elevated levels of cellular
proliferation and aberrant keratin, p53, and Notch-1 expression.
These attributes constitute essential features of a biologic model
through which one may study HPV-mediated human disease and
may be superior to cell culture and transgenic murine systems.
Furthermore, this may serve as a model for gene therapy. Finally,
we suggest that the normal cervical epithelium is maintained
through putative interactions between the Notch locus and cell
cycle growth regulators such as p53 and pRb. Neoplastic cervical
epithelium may arise through disruption of this pathway. This
theory may be testable in our animal model. © 2000 Academic Press

INTRODUCTION

The ability to study the molecular and physiologic mecha
nisms which underly the development of cervical neoplasia
frustrated by the lack of an intact and manipulatable biologi
model. Such a model is required to develop and test the vario
hypotheses which have been advanced to explain cervic
carcinogenesis.

Among the predominant theories is loss of cell cycle regu
lation through tumor suppressor gene mutation. Mutation c
p53 has been associated with the disruption of apoptosis a
stimulation of angiogenesis in a variety of human malignar
cies, including cervical carcinoma. However, because the ve
majority of cervical cancers contain integrated human papillc
mavirus (HPV) 16 or 18 DNA, the ability to assess viral factor:
would be a prerequisite for any model [1-3]. Indeed, th
protein products of the HPV 16/18 oncogenes E6 and E7 ha
been shown to cause inactivation and degradation of p53 a
pRb, respectively, and may also be involved in reprogrammir
the host immune system so that HPV infection is unrecognize
As the premalignant and malignant lesions of the uterin
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of the exocervix and the columnar epithelium of the endocer-Some investigators have attempted to examimanan
vix) an ideal cervical cancer tissue model should maintain thigrvical tissues in murine systems. In 1985, Kreider an
squamocolumnar junction. Although many anatomical site®-workers reported a xenograft model for the study o
may proliferate (e.g., the epidermis), the transformation zonehiaman papillomavirus infections [11]. Human uterine cer
atypical relative to many tissues, in that it is still making amix fragments were infected with a lysate prepared fron
embryo-like binary cell fate decision. Thus this is distinct froncondylomata acuminata and placed under the renal caps
the transition zones at the gastroesophageal junction or in tifenude (i.e., athymic) mice. Three months later, thes
anal canal where active metaplasia may no longer occur. implants demonstrated some histologic features of HP
The Notch gene family consists of four mammalian genésfection and some even contained HPV 11 DNA. Howevel
(Notch 1-4) which maintain an evolutionarily conservethe absence of the human cervical transformation zone a
mechanism that effects binary cell fate decision-making préailure to support HPV cervical-cancer-associated viral sut
cesses [4]. Specifically, the Notch proteins do not participatgpes (e.g., HPV 16 or 18) represent a significant drawbac
exclusively in cell division (i.e., proliferation), but are alsof this model.
involved in cell fate changes. In normal human cervical epi- Discovered in 1980, severe combined immunodeficienc
thelium, the Notch-1 protein is found exclusively in the bas@SCID) mice lack B and T lymphocytes. The animals hav
cell layer [5]. Molecular interactions at the Notch-1 locus oftimited adaptive immune responses which precludes the reje
the long arm of chromosome 9 may be crucial to the biology &ibn of human xenogenic tissue grafts. Several centers ha
the transformation zone. reported the isolation and/or propagation of high-risk HP\
Many biological mechanisms may be evaluated in cell cutubtypes in xenografts derived from human foreskin and/c
ture; however, such systems are usually unable to addressnan condyloma [12-15]. For example, using ballistic parti
importantin vivo phenomena such as tissue interactions, cytole bombardment, Brandsma and colleagues inoculated p
kine signal transduction, angiogenesis, and host immune somary human foreskin that had been engrafted onto SCID mi
veillance. with DNA from high oncogenic risk HPV [14]. Although the
resulting xenograft gave rise to papillomatous changes inclu
ing koilocytosis and capsid protein expression, the model d
Several distinct animal models have been developed foot incorporate viral infection and utilized nonjunctional ker-
studying cervical neoplasia. Because HPV does not infatinocytes. Using neonatal human foreskin implants to passa
mouse tissues, the study of the virus has required that specifitis in SCID mice, Bonnez and colleagues propagated HP
murine strains be genetically engineered to carry viral s&6, the major papillomavirus subtype associated with cervic
quences of interest. In this fashion, working with transgenieoplasia [15].
mice expressing the HPV 16 oncoproteins, E6 and/or E7,We have established a murine—human xenograft mod
several investigators have elucidated molecular mechaniswtsich utilizes SCID-beigenice. In addition to lacking B and
associated with the induction of epidermal hyperplasia, angiddymphocytes, the strain is devoid of functional natural killel
genesis, and DNA damage [6-9]. Recently, Arbeit and catells and harbors macrophage defects. Our preliminary resu
leagues utilized transgenic mice expressing the HPV 16 ondmve recently been reported in abbreviated form [16]. We ha
proteins, E6 and E7, from a keratin 14 promoter anekpanded upon our original work and in this paper we revie\
demonstrated synergistic effects between the viral oncopmir methodology and some early results in greater depth
teins and chronic estrogen exposure in the developmentveéll as present our more recent observations through which \
squamous carcinogenesis along multiple sites (cervix and ymstulate a molecular theory for cervical carcinogenesis.
gina) of the murine female reproductive tract [10]. Although
this is clear evidence of the ability of these viral oncogenes Ryimary Objectives

induce canceilin vivo, these results do not offer sufficient . S
Experimental sequences I-VIIOur objectives were to es-

insight that can explain the underlying mechanism which M blish a murine svstern which subports imolanted hums
stricts disease to the cervical transformation zone. HPV 1S y PP P

: . C?rvical tissues and maintains characteristic morphologic fe
known to infect all areas of the human female genital tract, yet = . ; . S :
. . : tures; to determine whether human papillomavirus is retaine
only infection of the transformation zone can account for a i
. : : .~ to effect change within the system.
cervical cancer problem of global epidemic proportions; ma-
I|gnant_ disease develops Ie_ss frequently in other lower gem?elcondary Objectives
tract sites such as the vagina and vulva. Therefore, transgenic
models, although important, may produce artificial experimen-Experimental sequences VIl and IXOur objectives were
tal observations that do not sufficiently correlate with clinicadb evaluate molecular interactions at the level of the squam
experience. Furthermore, the lack of human tissue interactimmumnar junction through steroid hormone exposure and sg

would seem to limit these models. cific cell cycle growth regulators and signaling pathways.

Murine Models
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MATERIALS AND METHODS subcutaneous 5-mg tamoxifen tablet (Innovative Research
America).

Recombinant adenoviral vector infectionPrior to implan-

C.B.-17 ICR SCID-Bgnmice (Harlan Sprague-Dawley, In-tation, some normal human cervical tissues were infeeted
dianapolis, IN) were used at ages 4—6 weeks. The anim¥i¥0for 1 hwith 1< 10° plague-forming units/mL of a human
were housed in microisolator cages and were fed steriliz8€novirus 5 recombinant containing fB@alactosidase gene

water and mouse chow. All experimental protocols were afliven by the human cytomegalovirus immediate early prc
proved by the University of California, Irvine InstitutionalMmoter. The incubation was performed in Dulbecco’s modifie

Animal Care and Use Committee. Eagle’s medium (Life Technologies, Inc., Grand Island, NY
containing 2% fetal bovine serum for 1 h prior to implantation

Animals

Human Tissue _ _
_ _ _ ~ Tissue Analysis
Fresh human cervical tissue was obtained from patients

treated by members of the Department of Obstetrics & Gyne-Tissue sections of 4—am from each series of experiments

cology under protocols approved by the University of Califorvere cut from the paraffin blocks and stained with hematoxy
nia, Irvine Institutional Review Board. lin—eosin using standard procedures. Unstained tissue samy
were also provided from each experimental sequence for eith
discarded premenopausal hysterectomy specimens. immunohistoc_hemical analysesinrsity hybridization studies.
2. Dysplastic cervical tissue.This tissue was obtained The_X-g_a : Sta”? was perfor_med on tissues prepared by fr_oze
. . . : o .section immediately following retrieval from mice harboring
from diagnostic cervical cold-knife conization procedures. Tis- . . . :
sue lying between two circumferential points with demonstr:gl?Comblnant viral Yector-mfected normal t|ssu§ x?nografts.
ble severe dysplasia by frozen-section analysis was provided®P31. The excised normal and dysplastic tissue xenc
The tissues were transported in Hank’s balanced salt soffjafts with surrounding tissue were double stained for th
tion supplemented with penicillin (500 units/mL), streptomyluman (light blue stain) and mouse (brownish-red stain) ei
cin (500 wg/mL), and nystatin (200 units/mL). Implants werdlothelial cell marker, CD31, utilizing standard protocols fo

prepared in 3x 2 X 2 mm sections containing the Squamo[nous:e anti-human CD31 (Becton—Dickinson Co., San Jos

columnar junction and used withi4 h of harvest. One sectionC#) @nd rat anti-mouse CD31 (PharMingen, San Diego, CA

from each specimen (labeled Day 0) was placed in 10% buffSPectively.

ered formalin solution and embedded in paraffin. Keratin. Monoclonal mouse anti-human keratin 5/6 anti-

body (Boehringer Manheim Corporation, Indianapolis, IN) an

monoclonal mouse anti-human keratin 8 antibody (Novocast

Laboratories, Newcastle upon Tyne, UK) were used to exan
Implantation procedure. Mice were transferred to a lami-jne differential keratin expression in normal and dysplasti

nar flow hood and anesthetized by inhalation of methoxyflgissyes.

rane. The abdominal surface was prepped with 95% ethanol. 'AProliferating cell nuclear antigen (PCNA).A monoclonal

1-cm incision was made in the lateral wall of the abdome,yse anti-human PCNA antibody (Dako Corp., Carpinteri
above the peritoneum. The human cervical implant was iga) was used to assess cellular levels of proliferation i
serted into a subcutaneous pocket created by blunt dissectiof idmal and dysplastic implants.

f/?;y?ds'ggjsri tissue. The skin was reapproximated using 4'op53. Using an Immunocruz staining system (Santa Cru

) _ o ) ) Biotechnology, Santa Cruz, CA), normal and dysplastic im
Tissue retrieval. At specific time points the mice Werepjants i = 3) were stained with a mouse anti-human p5:
euthanized by carbon monoxide inhalation. The implants ajthnoclonal antibody.

adjacent mouse tissue were exciggdblocand either embed-

. ) . . HPV 16 E6 and Notch-1. Using Immunocruz staining sys-
ded in paraffin or sucrose saturated for frozen-section analy?(lasr.nS normal and dysplastic implants & 3) were stained

with goat anti-human HPV 16 E6 and goat anti-human Notch-
polyclonal antibodies.

Steroid hormone administration.Initially, some mice f = In situ hybridization. HPV DNA was detected using the
5) underwent implantation with both normal human tissue amdhko GenPoint catalyzed signal amplification systemifor
a contralateral, subcutaneous 90-day time-released 1.7-sitg hybridization (Dako Corp.). Dysplastic implants were re-
17B-estradiol pellet (Innovative Research of America, Sarédeved after 6 weeks and tested with biotinylated HPV wide
sota, FL). In later experiments, some mice € 5) also spectrum and subtype 16/18 specific DNA probes. Formalil
underwent implantation of normal tissue with a contralaterdixed cells from the cervical carcinoma cell line, carrying one

1. Normal cervical tissue. This tissue was retrieved from

Xenograft Creation

Experimental Variations (Manipulating the System)
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to two chromosomally integrated copies of the HPV type 1Bifferential Keratin Expression of Normal and
genome per cell, served as positive controls and normal humamysplastic Tissues
cervical tissue implants which had been excised from SB¢D-

mice at 6 weeks were used as negative controls. ‘ i )
X-gal staining. For thep-galactosidase assay 40 frozen expression at the squamocolumnar junction from K5 pos
9 9- 9 y ti\de/KS negative (squamous epithelium, Fig. 4A) to K8 posi

tissue sections were fixed in a phosphate-buffered saline sq|u- . L : .
tion containing 0.2% gluteraldehyde and 2% formaldehyde ﬁ“rle/KS negative (columnar epithelium, Fig. 4B). The keratir

; expression of dysplastic tissue (Figs. 4C and 4D), howeve
0 -
90 s. The'substrate was developed using 0.1% X-gal (Lﬁas more variable, with a section at Day 147 revealing a foct
Technologies, Inc.) overnight at room temperature.

of K5-positive squamous metaplasia below K5-negative cc
lumnar cells (Fig. 4C).

Normal tissues exhibited the expected pattern of kerati

RESULTS
Vascularization of |mp|anted Human Tissue Cellular Proliferation of Normal and Dysplastic Tissues

The xenografts and surrounding tissue were double stainedNormal tissues from preimplantation Day O (Fig. 5A) anc
for the human (light blue stain) and mouse (brownish—rdday 42 demonstrated immunoreactivity for PCNA only in the
stain) endothelial cell marker, CD31. Both human and moubasal cell layers. In contrast, implanted dysplastic tissu
vasculature was present at the boundary of the xenograft whet@ned strongly for PCNA in both the columnar cells and th
mouse vessels entered the implants, forming anastomotic lirskgprabasalary cells of the stratified squamous epithelium for
with the human vessels. Examples of chimeric vessels contdiast 191 days postimplantation (Fig. 5B).
ing both human and mouse endothelial cells are present in
normal tissues from Day 23 (Fig. 1A) and dysplastic xencrhe Maintenance of HPV in Dysplastic Tissue

grafts from Day 77 (Fig. 1B).
Specific signals (brownish stain) were concentrated in th

Morphology of Normal Human Cervical Tissue human epithelium, both in stratified squamous and in column:

The squamocolumnar junction and stratified epitheIiUI_gnells (Figs. 6A and 6B). Signals were not detected in surroun

present at preimplantation Day 0 (Fig. 2A) were both presentllrllgJ human stromal tissue or in adjacent murine tissue.

normal human cervical tissues for up to 11 weeks (Fig. 2B). o ]
Estrogen Administration

Morphology of Dysplastic Human Cervical Tissue At Day 24, all (1 = 3) exposed implants demonstrated

For up to 28 weeks, dysplastic tissues maintained koiloegions of squamous metaplasia and hyperplastic change (F
cytotic changes (Fig. 3A) and a premalignant phenotyg@), which were not present at Day 0. Implants which had bee
(Fig. 3B). derived from the same surgical specimens=( 3) but had not

FIG. 1. Neovascularization. Chimeric blood vessels containing both human (blue) and murine (brown—red) CD31 proteins. Both images taken at 4
Day 77, normal cervical tissue, with blood vessel in longitudinal section (arrow); (B) Day 23, dysplastic tissue, with blood vessel in cross-section (arr

FIG. 2. Preservation of the stratified epithelium and squamocolumnar junction of normal human cervical tissues. Hematoxylin and eosin. (A) Day
to implantation; the squamocolumnar junction is indicated by the arrow (20X); (B) Day 77, the squamocolumnar junction is indicated by the arrow (4

FIG. 3. Maintenance of dysplastic features. Hematoxylin and eosin; both images taken at 40X. (A) Day 79, koilocytotic changes consistent wit
infection (arrow); (B) Day 191 with a focus of dysplastic cells (arrow).

FIG. 4. Differential kerratin expression of normal and dysplastic human cervical epithelium. Immunohistochemistry for cytokeratin proteins; all in
taken at 40X. (A—B) Day 24, normal cervical tissue: K5—6 expression present in the stratified squamous epithelium and K8 expression present in the ¢
cells; the squamocolumnar junction is indicated by the arrow. (C-D) Day 147, dysplastic cervical tissue, with K5—6 expression below the columnar la
site of squamous metaplasia and K8 expression appropriate for columnar cells.

FIG. 5. Cellular proliferation levels of normal and dysplastic human cervical epithelium. Immunohistochemistry for proliferating cell nuclear antige
images taken at 40X. (A) Day 0, normal stratified squamous epithelium with proliferating basal layer; (B) Day 191, dysplastic focus remains mitotically
throughout the stratified layers.

FIG. 6. Retention of HPV 16 and/or 18 DNA in dysplastic implartssitu hybridization; both images taken at 40X. The signals are concentrated in bc
stratified squamous (A) and columnar (B) epithelium of the human tissue (Day 42). Signals were not detected in surrounding human stromal tissue or i
tissue which had been excised en bloc.

FIG. 7. Biologic and pharmacologic manipulation of normal tissues. Both images taken at 40X. At Day 24, following implantation with a 90-day re
1.7-mg 1B-estradiol pellet normal human cervical tissue exhibited a disorganized structure and an increase in stratified nuclear epithelium, consist
hyperplasia and a squamous metaplasia and hyperplastic changes (A). X-gal substrate turns blue at Day 46 in the BegEacosidase expressed from
normal human cervical tissue infected vivowith a recombinant adenoviral vector prior to implantation in the mouse; the diffuse staining pattern is evide
of widespread recombinant viral expression with the implant (B).
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FIG. 8. Estrogen and tamoxifen in parallel. Both images taken at.48t Day 49, squamous metaplastic changes and hyperplasia were also observe
normal tissues which had been implanted with a 90-day release 1.7-8gstradiol pellet (A). By contrast, normal cervical implants which had been implante
with a 5-mg tamoxifen pellet revealed exclusively columnar differentiation at Day 49 (B).

FIG. 9. Immunostaining for the HPV 16 E6 oncoprotein. HPV 16 E6 expression was not detected in normal tissues at Day X(); @y sHlastic tissues
at Day 42 contained HPV 16 E6 in the stratified epithelium (B, 40X).

FIG. 10. Immunostaining for the p53 tumor suppressor gene product. Wild-type p53 expression was not detected in the normal cervical epitheljm (A
up to 50% of the cells in dysplastic tissue expressed p53 (B, 20X).

FIG. 11. Immunostaining for the Notch-1 protein. In normal cervical tissues, Notch-1 expression was restricted to the basal cell layer of the squamoc
junction (A, 40X); Notch-1 expression was observed throughout the stratified epithelial layers of dysplastic implants (B, 20X).
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undergone implantation with an estrogen pellet did not exhibfar HPV in the development of cervical dysplasia and carci

these changes. noma [1-3]. Because the effect of HPV has generally bee
. _ limited to immortalization, the precise role of the virus in the
Recombinant Adenoviral Vector Gene Transfer multistage process of cervical carcinogenesis has been diffic

At Day 46, using 0.1% X-gal blue stain, the excised implarﬁ? study. Des_pite data from transgenic murine systems sugge
demonstrated expression of tegalactosidase gene product"d that the viral genes, E6 and E7, possess essential activity

(Fig. 7B). No evidence of expression was exhibited by neighifect a fully transformed phenotype [6-10], some have argus
boring murine tissue or contralateral implants. that HPV infection is not causative, but either represents &

essential cofactor or even an opportunistic pathogen in a hc
Parallel Estrogen and Tamoxifen Administration whose immune system is compromised by disease. This aree

) ) ) controversy has led to a considerable effort invested into cr
Once again, squamous metaplasia and hyperplastic chagggy 5 mouse model with implanted human tissue that cou

resulted from estrogen exposure (Day 49, Fig. 8A). Interegzonagate anogenital HPV. Indeed, several SCID mouse sy
ingly, implants which had been exposed to tamoxifen revealggh,s have been developed to permit isolation and propagati
columnar differentiation exclusively (Day 49, Fig. 8B). Thisyt hoth low and high oncogenic risk HPV subtypes [12-15]

columnar epithelia exhibited “closed loop patterns” whichyoyever, these systems have yet to address the causative |
were distributed throughout three retrievable implants i ypv infection.

planteq with tamoxifgn (two other implants which had under- Although the site of HPV integration appears to be ran
gone implantation with tamoxifen were not found when thg, . with respect to the host genome, there exists a cons

mice were euthanized and dissected). tent pattern with respect to the site of disruption of the
circular viral genome during the process of integration
specifically, the E6 and E7 open reading frames are consi

The viral oncoprotein HPV 16 E6 was not detected itently retained. It has been postulated that the inactivation
normal cervical implants at Day 50 (Fig. 9A). HPV 16 E6p53 and pRb may disrupt control of cellular proliferation
however, was detected in the stratified squamous epitheliumesfd apoptosis, but why this might especially apply to thi

HPV 16 E6 Expression in Normal and Dysplastic Tissues

dysplastic tissue at Day 42 (Fig. 9B). transformation zone is unknown. Perhaps the recently ide
o o tified p53 polymorphisms which render the molecule ex
p53 Expression in Normal and Dysplastic Tissues quisitely susceptible to degradation by HPV 16/18 E6 ref

As expected, the relatively short half-life of p53 did nof€Sent @ conditional molecular phenotype that is mor
permit its detection in normal tissues by immunohistochemiBl€valent/active at the transformation zone [17]. Alterna
try at Day 50 (Fig. 10A). On the other hand, up to 50% of th{:}vel)_/, cellulgr differentiation along the bas_al ceI_I layer may
cells in dysplastic implants at Day 48 & 3) had measurable Provide a window vulnerable to viral manipulation.

levels of p53 by immunostaining (Fig. 10B).
Il. Establishment of This SCID Mouse Model

Notch-1 Expression in Normal and Dysplastic Tissues , . )
While some animal models have involved the engraftment ¢

Consistent with the observations of others [5], Notch-Auman tissues into immunocompromised mice, most have us
expression was relegated only to the basal cell layer of teimary human foreskin cultured keratinocytes which may nc
transformation zone in normal tissue at Day 50 (Fig. 11A). Ipe susceptible to the specific oncogenic stimuli which act at tt
the dysplastic tissue from Day 42, Notch-1 expression wagrvical squamocolumnar junction [13-15]. As it is at the
detected throughout all Iayers of the stratified epithelium (Fig‘ansformation zone where neop]asia deve|0ps, its abser
11B). These findings are also in agreement with previoggm the keratinocyte models is problematic. In reports wher
published investigations [5, 9]. cervical tissue had been successfully implanted below the rer

The dysplastic tissues utilized for tHePV 16 E6-p53- capsule of mice, the implants were devoid of columnar epithe
Notch-1 experimental sequeneere taken from the Day-42 |ijum and not well differentiated [11]. Becaugeoliferation is
dysplastic implants in which HPV 16/18 DNA had been denot synonymous withdifferentiation, we proposed a small
tected. animal model which contained the human cervical transform:

tion zone and ascertained the viability and morphologies of tt

DISCUSSION implants at several points in time. To be valid, such a mod:

must preserve very specific cellular interactions and molecul
events that are particular to this site in human tissue.

The presence of HPV infection in the majority of cervical Summary of observations: Experiments |-VIBefore neo-
neoplasms has been considered evidence of an etiologic ndscularization ensued, the viability of the implants was prec

I. Human Papillomavirus and Cervical Cancer
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icated on diffusion of nutrients. Thus, the implants were préH. Steroid Hormone Studies
pared in sections ranging from 1 to 3 mnand placed
subcutaneously, in proximity to rich capillary beds lying be- Once our primary objectives had been met and the mod
neath the skin. well established, we pursued additional lines of investigatio
Microvessel density based on quantification of CD31 imm@s they related to the squamocolumnar junction.
nostaining has been described for both precancerous and invalhe role of estrogen in the development of cervical dysplas
sive carcinomas of the cervix. Dellas and co-workers observ@@s been debated [22]. The emergence of widespread o
a significant increase in microvessel counts in dysplastic af@ntraceptive use by women in the 1960s and 1970s w
invasive lesions compared to normal cervical epithelium [L&}Ssociated with a large increase in the incidence of cervic
In our model, dual species-specific CD31 immunostaining réysplasia. Early birth control pills contained high-dose estrc
vealed that the establishment of a blood supply to the impla#fens and a possible link between oral contraceptives and t
occurred via anastomotic vascular channels. The origin of tHevelopment of cervical dysplasia was initially entertained bt
stimulus which initiates angiogenesis, whether it be human $p0on abandoned when it was observed that oral contracept
murine, remains unknown. users were at increased risk of HPV exposure due to a lack
In addition to supporting a stratified epithelium and mairfoncommittent use of barrier methods. More contemporal
taining the squamocolumnar junction of normal cervical tissuégports, however, have documented that synergy may ex
over time, the model is also one in which dysplastic tissu@&tween steroid hormones and HPV in the pathogenesis
retain their premalignant phenotype and HPV 16 or 18 DNAervical disease; specificallyn vitro studies have demon-
Moll and colleagues described the differential expression of te&Fated that estrogen can enhance transcription of HPV 16 |
cytokeratins across the transformation zone of both normal add E7 oncogenes [23].
neoplastic cervical epithelia [19]. Normal endocervical cells In our animal model, the induction of squamous metaplas
(along with ovarian mesothelium, oviduct, and endometriun@nd hyperplastic change in normal tissue xenografts via co
expressed the cytokeratin polypeptides 7, 8, 18, and 19.g@mmittent high-dose estrogen exposure is noteworthy. Inte
contrast, tonofilaments of the normal stratified squamous e@stingly, the observed metaplastic changes of the cervic
thelia of the exocervix (and vagina) were observed to contdiignsformation zone that occur at puberty have been attribut
cytokeratins 4—6, 13-16, and 19. Nonkeratinizing and keratit¢ the effects of high circulating levels of estrogen preser
izing squamous cell carcinomas of the cervix displayed mo#iring that period.
complex patterns of keratin expression, similar to what we It is known from past published experiences that estroge
observed in dysplastic implants in which both squamous aiffluces proliferation and squamous differentiation of the ce
columnar epithelia were found to express cytokeratin 8.  vical and vaginal epithelium during the mouse estrous cycle
Proliferating cell nuclear antigen is a cofactor for DNAwhile progesterone and retinoids maintain the simple column,
polymerased and is present in varying amounts throughout thepithelium of the endocervix and uterine horns. Celli an
cell cycle of proliferating cells, especially during the latg Gco-workers observed induction of retinoid receptors whe
and S phases. With findings that were consistent with our oWwmMariectomized adult mice were exposed to a single dose
results, Mittal and co-workers evaluated normal and abnornggtrogen [24]. The observed estrogen-associated receptor
cervical squamous epithelia and observed that PCNA wgkession pattern suggests that the retinoid receptors are
exclusively expressed in the parabasal and basal layers of géred to coordinate specific genetic programs that result |
normal ectocervix; in contrast, PCNA expression occurred @ervical epithelial growth and differentiation.
higher layers of the epithelium of dysplastic tissues [20]. Of additional interest is the observation that, despite th
Additionally, Raju observed that the percentage of PCNAwesence of estrogen and progesterone receptors, cervical ¢
positive cells was significantly higher in premalignant ander is not considered a hormone-responsive tumor. Nevertt
malignant lesions of the uterine cervix than in nonneoplastiiess, the anti-estrogen, tamoxifen, has been reported to indt
lesions [21]. progesterone receptors and inhibit cell growth in many cervic
Thus, the importance of our model lies in the retention byarcinoma cell lines. Vargas and colleagues evaluated 19
normal tissues of a stratified epithelium and the squamocolutreated women with invasive cervical cancer for histopathc
nar junction, as well as the maintenance by dysplastic implamgic changes induced by orally administered tamoxifen [25
of premalignant features (including viral DNA and expressioRre- and posttamoxifen biopsies were retrieved and the inve
of important markers) over time. The opportunity to effedigators observed a statistically significant decrease in the nul
change within the system also exists as is evidenced by bb#r of mitotic figures in the latter specimens. Their data den
hormonal manipulation and the introduction and expression afistrate that certain cervical carcinomas may experience
an exogenous gene. These attributes constitute many of ¢thange in proliferation and differentiation levels following
essential features of a biologic model through which one mé&moxifen administration.
study HPV-mediated human disease. In our model, the predominance of columnar epitheliun
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among tamoxifen-exposed implants is consistent with tidotch at the cervix and observed that Notch-1 expression
above-cited observations and decidedly confirmatory. In poimbrmal cervical tissue was restricted to the reserve cells lyir
of fact, via upregulation of progesterone receptors, tamoxiféumly beneath the differentiated columnar epithelium and t
may indirectly maintain the columnar epithelium of the humametaplastic areas [5In situ and invasive squamous cell car-
reproductive tract. Whether this manifests through propertiemoma tissues were also found to express high levels
inherent in the anti-estrogen itself or occurs secondary to tNetch-1. The investigators concluded that Notch-1 activity i
absence of estrogen is unknown. Nevertheless, the therapetltichuman uterine cervix is consistent with the notion that th
implications should prompt further study with tamoxifen.  pathway is not needed in terminally differentiated tissues, bi
is associated with proliferative cell populations that are thoug!
to be responsive to developmental signals. Modulation of tr
Notch pathway may provide a general way to influence the fa
The induction of opposing cellular changes across the cef-developmentally immature cells [4, 5, 27].
vical epithelium by estrogen and the anti-estrogen, tamoxifen,If the Notch locus controls squamous and columnar differ
lends support to the existence of a differential “switch” oentiation at the level of the transformation zone, what control
putative signaling pathway along the basal layers of the squdstch, and how might HPV oncoproteins affect this process
mocolumnar junction. The presence and description of suchnaan effort to identify changes in proliferative cells as they
pathway may provide sufficient insight to account for thprogress from cervical intraepithelial neoplasia to invasiv
near-exclusive development of cervical neoplasia at the tracgrvical carcinoma, Daniel and co-workers studied the Notc
formation zone. pathway and the levels of HPV 16 E6-E7 transcripts [27]
The Notch-1 locus encodes a large transmembrane protiiotch-1 proteins were not detected in 7 of 9 mildly dysplastit
and represents an evolutionary conserved cell interacti@sions, but membrane- and cytosolic-localized Notch-1 pre
mechanism that is involved in controlling the progression @éins were discovered in 9 of 12 specimens with severe dy
immature cells to a more differentiated state. The extracellulalasia. Furthermore, in all invasive carcinomas evaluates (
domain contains 36 epidermal growth-factor-like repeats [4]L5), aclear, widespread stronguclear staining of Notch-1
The Notch pathway plays a fundamental role in controllingias evident. Finally, the progression from mildly dysplastic
the fates of undifferentiated, proliferative cell populations andsions to invasive cancer was associated with increases in
is subjected to various developmental control mechanisms. Fevels of HPV 16 E6-E7 transcripts. Syal and colleague
example, activation of the Notch-1 receptor via one of itisivestigated the functional significance of the consistent pre
ligands,Jagged may block or delay the progression of immaence of nuclear forms of Notch-1 in invasive cervical tumor:
ture cells toward a more committed state. Furthermore, inaamnd observed in transformation assays that Notch-1 synergiz
tivating Notch-1 via the inhibiting proteiNumbleads to the with the HPV 16 oncogenes E6 and E7; in cell culture, nucles
acquisition of an incorrect fate [4]. IDrosophila, Notch Notch-1 and the Notch-1 ligand, Jagged-1, generated resistat
proteins are highly expressed in the proliferative epithelia td apoptosis on matrix withdrawal [28].
imaginal discs [4]. In contrast, most adult tissues are devoid ofThe above results suggest that HPV has evolved to someh
Notch expression, with the exception of the ovary and testigferact with the Notch pathway at a time when cell commit
the only sites in adult flies where immature cells may be foundhent decisions are being made and that the virus is able
In addition, studies involving embryonic muscle patterning inverride the normal control over the Notch-1 locus and enforc
Drosophilahave revealed that the asymmetric segregation afpersistent pattern of asymmetric signaling that is in direc
Numbduring division of muscle progenitor cells results in twaontradistinction to the wild-type binary pattern. Viral mech-
sister cells with different identities [26]. The daughter celinisms of adaptation are very precise and it seems unlikely tt
which inherits Numb is committed to becoming a founderthe HPV 16/18 E7 oncoprotein’s ability to both inactivate pR
embryonic muscle cell by virtue of having a nonfunctioningnd indirectly interact with the Notch-1 locus constitutes
Notch pathway; the sister in which Notch signaling is activicidentalviral properties, especially in the setting of cervical
postpones terminal differentiation as an adult muscle precaeancer where pRb mutation and aberrant Notch-1 expressi
sor. Thus, Notch represents a marker for development, not jas¢ demonstrable. Thus it is plausible that the binding of HP
proliferation. 16 E7 to pRb is critical in the virus’ attempt to overcome
Cervical tissues contain squamous and columnar epitheliarmal control of the Notch-1 locus. Indeed, inactivation
which are constantly renewed at the level of the transformatiomutation of pRb appears to be a rite of passage for the ve
zone from precursor cells. These reserve cells often replace th&jority of cancer cells, including those of cervical carcino
overlying columnar cells with squamous epithelium via squanas.
mous metaplasia. Notch-1 signaling in this location representdHow could pRb be involved in regulation of the Notch-1
a binary cell fate decision. locus? While a molecular link between pRb and Notch-1 i
Zagouras and colleagues considered a putative role farrely speculative, the results of Dangdl al. and Syalet al.

IV. Notch-1 Signaling and Proposal of a Unified Theory
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[27, 28], would suggest that a significant event occurs in the
nucleus in invasive tumors where Notch-1 is present at rela-
tively high levels. Histone deacetylase-1 modulates chromatin
architecture through the removal of highly charged acetyl
groups from core histones, causing a tighter association be-
tween DNA and nucleosomes and thereby impairing the access
of transcription factors to DNA-recognition elements. Studies
by Brehmet al. and Magnaghi-Jauliet al. have established
both a physical and a functional link between pRb and HDAC1
[29, 30], the disruption of which is believed to contribute to the
road to carcinogenesis.

Transcriptional repression of genes that regulate a cell's
irreversible commitment to enter the S phase requires the
formation of the pRb—HDAC1 complex. If pRb is mutated/
inactivated so that it cannot bind HDAC1, then cellular prolif-

| Squamous Cell Carcinoma I

1 <«——— Co-factors

I Cervical Dysplasia |

«+—— Co-factors

F SquamojColumnar Junction I

NOTCH Pathway:

Asymmetric Signaling
[

Aberrant Expres'sion
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NOTCH Genetic Locus

?Numb

Nuclear Chromatin

eration genes and possibly even those that determine cell fate
choices (i.e., Notch) may be aberrantly expressed. Such spec-
ulation is supported by the observed predominance of nuclear EA__CZI
Notch-1 in cervical carcinomas. We may invoke p53 involve- “
ment by recalling that pRb is a downstream target of p53
through phosphorylation by p21. *
Because chromatin regulation is implicated in cell fate con- \bs\3 PP > }%
trol, the pRb/HDAC1 complex would represent a potential
target of transforming viruses that alter cell fate. Therefore, if E6
a molecular signaling cascade exists between pRb and the
Notch-1 locus through HDAC1, then one may construct a
general unified theory omolecular algorithmin which ele-
vated HPV 16/18 E6 and E7 expression manifest their onco-
genic potential through inactivation and/or degradation of p53
and pRb, respectively, resulting in a stable alteration of Ce||FI_G. 12. Abe_rrz_;mt Notch expressi_on (e, unregulate_d transcription)_a_mn
commitment. One likely consequence would be that the Vi@glcctilrgeoplasm in the presence of integrated oncogenic HPV and additior
genes can act to prevent the apoptosis that normally follows '
terminal differentiation, thus leading to hyperplasia. The ability
of E7 to inhibit terminal commitment is supported by transthrough p53-dependent or p53-independent pathways as w
genic murine studies in which the expression of HPV 16 E7 &s exposure to estrogen and tobacco and even immune mo
lens epithelial cells at the time of their commitment leads to thation may represent cofactors which are essential to neoplas
failure of the cells to withdraw from the cell cycle and undergtransformation.
morphological terminal differentiation; this activity of E7 is HPV 16 E2 protein may be essential to maintaining episom:
dependent on its ability to bind pRb [31]. infection in the basal cell layer of the cervix. Daniet al.
The modulation of p53 and pRb is predicated on the abilityelieve that the presence of detectable episomes in beni
of HPV 16/18 to produce adequate levels of E6 and E7 durilegrvical lesions implies that integration of the virus correlate
the period when binary cell fate changes are being maddth, or is the cause of, progression to invasiveness [27]. |
Under normal viral conditions, the expression of E6 and E7 &dme cases of HPV infection, if the virus were to remair
inhibited by the early viral gene, E2. However, if the E2Zpisomal or did not experience disruption of the E2 readin
sequences are disrupted by a random genetic event (e.g., \fir@ine upon integration, then women harboring even oncoger
integration into the host genome), then transcriptional represtrains would not be destined to develop cervical cancer. Th
sion of E6 and E7 (which are consistently preserved upaoncept through which a nonmalignant cervical epithelium i
integration) would be ameliorated. A hypothetical algorithrmaintained despite the presence of high-risk HPV infectio
depicting these proposed molecular events culminating in akquires both the appropriate regulation of the Notch-1 patl
errant Notch-1 expression appears in Fig. 12. way and the adequate expression of E2 and low levels of E
Loss of Notch-1 regulation is not likely to be sufficient forand E7 (Fig. 13).
the development of dysplastic lesions and/or carcinoma of theBecause of the limited period of Notch expression an
cervix. Abolition of apoptosis and initiation of angiogenesiselatively short half-life of wild-type p53 and resultant molec-

4

HPV 16/18 E7
Disruption of E2

Genomic Integration
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. —— Apoptosis. First described in 1972, apoptosis is now

Normal Cervical Epithelium . . R
Terminal Differentiation known to play a major role in embryogenesis, tissue homeost
3 3 sis, and neoplasia [34]. The process is one of single ce
deletion requiring the active participation of the cell in its owr

| SquamolColumnar Junction demise (i.e., cellular suicide) [35, 36]. The cytotoxic signal i
transmitted by the intracellular death domain of molecules ¢

\/ the TNF-receptor superfamily, the “death receptors” [36]. Thi
NOTCH Pathway: apoptosis stimulator, Bax, and the apoptosis inhibitor, Bcl-:

also participate in cellular transformation and cancer growt

Binary Cell Fate Decision )
[34-36]. Death receptors, Bcl-2, and Bax expression represe

T . T T L additional lines of investigation which we are intent on pursu
Appropriate Transcription ing in this xenograft model. It would be interesting to deter
NOTCH Genetic Locus I ?Jagged I mine whether we can reestablish terminal differentiation in thi

Nuclear Chromatin system.
Gene therapy. Hamada and co-workers have explored the
potential for gene therapy using recombinant adenoviral ve
HDAC]1 tors. These investigators have documented in cell culture tl
<_I growth inhibition of human cervical cancer cells by recombi

nant infection of the HPV 16 genome in antisense orientatio
[37]. They have also observed growth inhibition of humar

p53 | p21 » pRb

EPig‘m gé’/;’;é/ 18 cervical cancer cells as well as induction of apoptosis follow
i - ing infection in cell culture of a recombinant adenovirus car
BASAL CELL LAYER rying wild-type p53 [38, 39]. It should be possible to evaluate

these novel recombinant adenoviral vectors using human c
FIG. 13. Appropriate Notch expression (i.e., regulated transcription) angicg| tissue.

normal cervical epithelium in the presence of episomal oncogenic HPV. . . .
Adoptive immunotherapy.Finally, the existence of a xeno-

graft containing dysplasia or even invasive carcinoma repr

ular instability, awindow of susceptibilitghould exist which sents only one aspect of a solid tumor system. SCID mice ha
would limit the attempts to delineate the proposed interactiof¥e unique property whereby they may undergo reconstitutic
at the Notch locus. Nevertheless, if this hypothesis is viable, @fith & human immune system [40, 41]. Thus, we may test tt
intact animal model such as ours allows experimental assesecificity of various HPV 16/18-epitope-directed vaccines

ment. Through intraperitoneal injection of prevaccination and prime
human peripheral blood mononuclear cells harvested fro
V. Further Applications women with demonstrable dysplasia, the ability to achiev

immunologic rejection of the xenograft may be assesse

Of course, the ability to implant invasive cervical cancer s - . )
. ) L : . . Adoptive immunity” allows for the study of immune surveil-
tissues into SCID-beigaice will permit other important on- : . . )
lance in HPV infection and cancer progression.

cogenic phenomena such as tumor angiogenesis, local inva-
sion{ and possibly metastasis to b_e studredivo. Chemopre— CONCLUSION
vention and pharmacotherapeutics may prove feasible by
subjecting mice harboring dysplastic and invasive implants to|t is anticipated that further work using this SCID mouse
investigational systemic therapy. xenograft model will provide additional insight into the mo-
Angiogenesis. It is generally believed that solid tumorlecular mechanisms which underly the foundations of HPV
growth is angiogenesis dependent [32, 33]. Bremer and @ssociated cervical neoplasia. Through théication of phys-
workers retrospectively evaluated 114 women with Stage IB itcs, theoretical physicists seek to explain the physical univers
IIA cervical cancer and documented a statistically significatirough one grand unified theory. We also would like tc
correlation between microvessel density and both lymph nodenstruct a unified carcinogenesis theory, albeit on a mu
metastases and overall survival [33]. The hypothesis that @maller (i.e., molecular) level. Using the cervix as a model fo
giogenesis represents an early molecular event may be testeal igeneral theory of carcinogenesis is attractive as cervic
our model through immunostaining at successive time poirgancer represents a global epidemic with established risk fe
for a variety of cellular markers, including vascular endotheliabrs based on sound epidemiologic data. Furthermore, t
cell growth factor (VEGF), the VEGF receptors, and the amervix is anatomically accessable for study and has a lengt
gioproteins and their receptors. premalignant disease state that is detectable.
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