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ABSTRACT

The SWR and SWXJ recombinant inbred strains of mice develop her
itable, pubertÃ ! onset ovarian granulosa cell (GC) tumors with character
istics similar to those observed for human juvenile GC tumors. We utilized
this murine model to determine: (a) whether spontaneous tumorigenesis is
an intrinsic property of the susceptible ovary; (b) whether pubertÃ ! de
velopmental stage affects tumorigenesis; and (c) whether tumorigenesis
depends on extraovarian regulation provided by an immune system or a
hypothalamic-pituitary gonadotropi system. To test these questions, ova
ries from tumor-susceptible donors were grafted beneath the kidney cap

sules of hosts with differing immunological and hormonal capabilities.
Hosts for these ovarian grafts were: (a) immunologically intact, syngeneic
mice; (In immune-deficient, allogeneic mice homozygous for the severe

combined immune deficiency (seid/seid) mutation; and (c) seid/seid mice
segregating for the hypogonadal (hpg) mutation, yielding gonadotropin-

deficient hpg/hpg seid/seid and gonadotropin replete +/? (hpg/+ or +/+)
seid/seid littermates. Donors and hosts of differing ages were used to
address questions of developmental effects on tumorigenesis. Grafts were
examined 6 to 10 wk after implantation for ovarian morphology and
tumor incidence.

Results showed that ovary grafts from susceptible female mice formed
spontaneous GC tumors equally well in both syngeneic and immune-

deficient seid/seid hosts. In each type of host, the incidence of grafts
exhibiting spontaneous tumor development declined significantly with in
creasing age of both donor and host. In addition, prepubertÃ ! ovary grafts
formed spontaneous tumors in hormonally normal +/? seid/seid but not in
hormonally deficient hpg/hpg seid/seid hosts. Finally, treatment of hpg/hpg
seid/seid host mice with the androgenic steroid hormone precursor, dehy-
droepiandrosterone, resulted in GC tumor formation in the tumor-sus

ceptible ovary grafts. We conclude that pubertÃ ! onset, spontaneous
tumorigenesis in the susceptible ovaries is: (a) independent of an intact
immune system; (b) terminated by completion of ovarian maturation as a
cyclic organ; (c) not dependent on extraovarian factors unique to the
genetically susceptible host; and (d) potentially initiated by androgenic
steroids in the absence of an intact hypothalamic-pituitary gonadotropin

axis. We hypothesize that ovarian androgens synthesized in response to
normal gonadotropin stimulation initiate spontaneous tumorigenesis in
the genetically susceptible ovary.

INTRODUCTION

Although tumorigenesis of the ovary constitutes but one fourth of
all gynecological cancer, this is the most lethal class of neoplasia
(1,2). The overall incidence of ovarian tumors increases steadily from
birth to more than 50 cases per IO5women during the sixth decade and

then declines precipitously thereafter. Epithelial tumors predominate
in postmenopausal women but arc virtually nonexistent in women less
than 20 yr of age. In this latter group, tumors most often involve germ
cells and their companion functional cells of the sex cord/stromal
compartment (interstitial, theca, and granulosa cells) (2-8). Tumors of
the GO1 compartment comprise approximately 15 to 20% of pediatrie
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ovarian tumors, occurring between infancy and the close of menarche
(juvenile onset). Given the young age of onset in this group, these
tumors may represent genetically driven, disordered developmental
processes rather than exposure to environmental insult, incessant ovu
lation, or pelvic contamination proposed as etiological agents for adult
ovarian tumors (9).

Epidemiological and experimental studies in humans and experi
mental studies with laboratory rodents have provided circumstantial
evidence that pituitary gonadotropins, LH and FSH, support GC tu-

morigenic processes. However, mechanisms underlying such support
have remained elusive. To define the genetic and endocrine bases for
GC tumorigenesis, we have established a heritable model for juvenile
onset granulosa cell tumors in SWR and SWR-derived recombinant

inbred strains of mice (10). These tumors develop spontaneously in
one or both ovaries between 24 and 42 days of age during pubertal
ovarian maturation. Tumor initiation In situ is under steroid control
since treatment with the steroid hormone precursor, DHEA, increases
tumor incidence, whereas estradici treatment suppresses tumor inci
dence. Tumorigenesis is controlled by a small number of genes that
have segregated in a set of 14 recombinant inbred strains (designated
SWXJ) derived from a mating between SWR/JBMF and SJL/JBMF
mice. These genes include granulosa cell tumorigenesis (Gei), a
DHEA-responsive gene on chromosome 4(11), and spontaneous ova
rian tumorigenesis (Sot), a C19 androgen-responsive gene of uncer

tain location (12).
The presence or absence of tumorigenesis in susceptible ovaries

grafted into unique host mice has made possible investigations into
several factors regulating GC tumorigenesis. The critical feature of
these unique host mice was homozygosity for the severe combined
immune deficiency (seid) mutation. The seid/seid mice lack func
tional T- and B-cell components of their immune systems and thus are

permissive of allogeneic tissue grafts (13, 14). We developed mice
doubly homozygous for the mutant genes hypogonadal (hpg) and seid.
These hpg/hpg seid/seid mice lack serum gonadotropins and ovarian
sex steroids (15) as well as a functional immune system. The biolog
ical characteristics of these host mice permitted investigations of (a)
whether GC tumorigenesis was an intrinsic property of the genetically
susceptible mouse, a unique ovary, or obligatory interaction of both
components; (b) whether immune surveillance of the host is effective
in reducing tumorigenesis in the ovary; (c) whether the developmental
period of susceptibility to spontaneous tumorigenesis is a consequence
of host or ovarian maturation associated with achievement of adult
reproductive cyclicity; (d) whether the pituitary gonadotropin axis has
an obligatory role in tumor initiation; and (e) whether C19 androgenic
stimulation was sufficient to initiate GC tumors in the absence of
pituitary gonadotropin.

MATERIALS AND METHODS

Mouse Husbandry

All mice were routinely weaned at 19 to 23 days of age and housed
separately by sex. Mice were maintained in a conventional animal room on a

FSH, follicle-stimulating hormone(s); LH, luteinizing hormone; HPG. hypothalamic gon
adotropin; GnRH, gonadotropin-releasing hormone; IgM, immunoglobulin M; GH,
growth hormone; IGF-I, insulin-like growth factor I.
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12-h lighI/12-h dark cycle and grouped 3 lo 4 per polycarbonate cage on

sterilized white pine shavings. Mice were fed autoclaved Wayne Lab Blox No.
8657 diet (crude protein, 24%; fat, 4%; fiber, 4.5%; ash, 5.9%; vitamin and
mineral fortified; Teklad, Madison, Wl and chlorinated (10 to 20 ppm of
residual chlorine) water ad lihilitm. The colonies of C.B17-.vaW and hpg/hpg

seid/seid mice arc maintained on a cyclical treatment of Sulfatrim (200 mg of
sulfamethoxazole plus 40 mg of trimethoprim/225 ml of H^O; Goldline Lab
oratories, Ft. Lauderdale, FL.) 3 days in drinking water followed by 4 days off.
Such treatment suppresses pneumonitis caused by Pneumocystis carinii, a
ubiquitous opportunistic microorganism in conventional animal facilities.

Mutant Mice

The mice used in these studies were produced in our research colony at The
Jackson Laboratory and consisted of the following strains: C.B17-.Â«-iW;HPG/

Bm-hpg; SWXJ-9/Bm; and SWR X SWXJ-9 F,; the latter two carrying GC

tumor susceptibility genes and exhibiting a high incidence of spontaneous GC
tumors (10. 1ft).

C.fÃll-xcidlscid Mice. The severe immunological deficiency in C.B17-
scidlscid mice includes both dysfunctional T- and B-cells arising from mutation
within the recombinase system required for rearrangement of genes for im-
munoglobulin and T-cell receptors. Sera from seid/seid mice lack functional

immunoglobulin. and the mice are incapable of rejecting allogeneic (geneti
cally nonidentical) tissue grafts.

HPG/Bm-hpg Mice. The hpg mutation is maintained segregating within

the HPG/Bm inbred strain. This mutation results from a large deletion in the
hypothalamic GnRH gene (17). The absence of this peptide hormone causes a
failure of adequate synthesis and release of FSH and LH from the pituitary.
Gonadal sex steroid secretion is nonexistent in hpglhpg mice and their repro
ductive tracts remain infantile throughout life (IS).

Doubly Homozygous hpglhpg seid/seid Mice. The hpglhpg seid/seid stock
was created to obtain a host that would simultaneously serve as a recipient of
ovarian allografts and be devoid of serum gonadotropins. To create this stock,
ovaries from HPG/Bm hpglhpg donors were grafted into the ovarian bursa of
ovariectomized C.B17 seid/seid recipient females. The hpglhpg donor ovaries
are fully functional when grafted into mice with an intact hypothalamic-
pituitary axis. Recipients of the hpglhpg ovaries were mated to C.Bl7-scid/scid

males to generate hpg/+ scid/+ F, hybrid offspring. The hpg/+ scid/+ mice
were backcrossed to C.Bn-scid/scid mice. The resultant +/? seid/seid back-

cross progeny were identified by the absence of serum IgM precipitin lines by
Ouchterlony technique using an anti-IgM antibody (Southern Biotechnology

Associates). EcoR\ cut tail DNA from the backcross mice identified as +/?
seid/seid was then analyzed by Southern blot for the presence of the hpg
mutation using a complementary DNA probe AmGP-1 kindly provided by Dr.

Anthony Mason (Genentech. South San Francisco. CA). The hpg/+ seid/seid
mice, identified by carrying both 500-base pair partially deleted GnRH se
quences and 8.0-kilobase full-length GnRH sequences in their genome, were

intercrossed to produce the required hpglhpg seid/seid and +/? seid/seid host
mice for the ovary-grafting studies described below. The colony homozygous

for seid and segregating for hpg is presently inbred to generation 7. Genotyping
of hpg/+ seid/seid for sib malings by Southern blotting was used to maintain
the double mutant colony and was often used to confirm visual diagnosis of
hpg/hpg seid/seid host by inspection of reproductive tracts.

We also prepared mice doubly homozygous for seid and isolated growth
hormone-deficient little (/if; References 19 and 20) mutation, i.e., lit/lit seid/
seid hosts. The lit/lit mice have severely reduced levels of GH and IGF-I. The

reduced body size of the /////// mice served as a visible marker facilitating
creation of this stock characterized by homozygosity for seid and segregating
for lit, i.e., //'(/+ seid/seid or lit/1it seid/seid.

Grafting Method

The ovary donors, GC tumor-susceptible (SWR x SWXJ-9) F, mice, were

killed by cervical dislocation, and the ovaries were removed by aseptic tech
niques and placed in sterile saline solution on ice. Only ovaries without
visually identifiable preneoplastic follicles or tumors (16) were utilized for
tissue grafts. To identify the hpg/hpg seid/seid mice for use as hosts in ovary
graft experiments, all potential doubly homozygous females were held until 28
to 35 days of age, and their reproductive tracts were inspected by aseptic
surgical laparotomy under tribromoethanol anesthesia (21). The double mu

tants and were identified by infantile reproductive tracts, which easily distin
guished them from +/? seid/seid littermates with large ovaries and maturing
uteri characteristic of pubertal maturation. Many hpg/hpg seid/seid hosts thus
selected were confirmed to be homozygous for hpg by Southern blot of kidney
DNA obtained by necropsy at the close of experimental periods.

Ovary grafting of host mice was accomplished under trihromoethanol an
esthesia using an aseptic technique. The left kidney was exteriorized through
a flank incision, and the capsule was pierced with Dumont forceps. A small
pocket was created beneath the capsule with a glass probe, and the donor
ovaries were placed within that pocket. After the kidney was returned to the
abdomen, the abdominal wall incision was closed with polyglycolate sutures,,
the skin was closed with stainless steel wound clips, and the host mice were
allowed to recover from anesthesia under a heat lamp before returning to the
animal room.

Steroid Administration

DHEA (Sigma, St. Louis, MO) was administered in 1.0-cm capsules made
from Silastic tubing (0.078-in inner diameter X 0.125-in outer diameter; Dow-

Corning, Midland, MI) as previously described (22). The crystalline DHEA
was packed into the capsules, while empty capsules were used as controls.
Capsules were implanted s.c. at the time of ovarian grafting in mice anesthe
tized with tribromoethanol.

Experimental Designs

Experiment I. The objectives of this experiment were: (a) to determine if
the ovaries from the GC tumor-prone (SWR X SWXJ-9) F, hybrid [25 to 30%

spontaneous incidence (lft)| required the syngeneic (genetically identical) host
environment for tumorigenesis and (/>) to establish if the developmental age of
either the host or donor affected tumorigenesis in the grafted ovaries. Ovaries
from (SWR X SWXJ-9) F, mice aged 12, 22, or 42 days were grafted beneath
the kidney capsule of syngeneic or hormonally normal C.Bl7-scid/scid hosts
aged 22 or 42 days. Ovary-grafted hosts were necropsied ft to 10 wk following

surgery. Kidney graft sites were inspected, and tumor incidence was recorded.
In addition, host ovaries in situ were examined for the presence of tumors and
morphological evidence of hormonal status. Representative tissue samples
from all groups were fixed in Bouin's solution and paraffin embedded, and

6-fim-thick serial sections were stained with hematoxylin and eosin for light

microscopy.
A pilot study was similarly conducted with ovary grafts from 22-day-old

(SWR X SWXJ-9) F, donors placed in 22-day-old lit/lit seid/seid hosts to
assess the effect of GH/IGF-I deficiency on GC tumorigenesis. Engrafted lit/lit

seid/seid and /<?/+seid/seid hosts were necropsied 6 wk post surgery.

Experiment II. The objectives of this experiment were: (a) to determine if
GC tumorigenesis required a functioning hypothalamic-pituitary axis and (h)

to test whether the steroid hormone precursor, DHEA, could initiate GC
tumorigenesis in the absence of gonadotropins (22). Ovaries from (SWR X
SWXJ-9) F, mice aged 20 to 22 days were grafted beneath the kidney capsule
of hormonally normal C.B17-+/+ seid/seid and hormonally deficient hpglhpg
seid/seid hosts. The C.B 17-+/+ seid/seid females were chosen as hosts to avoid

any effects that might arise from heterozygosity for hpg and were unquestion
ably prepubertal in development at 20 to 22 days of age. The hpg/hpg seid/seid
hosts were 28 to 35 days old. At this age, hpg/hpg mice could be visually
identified by laparotomy when they were anesthetized for ovarian engraftment.
The critical property of the hpg/hpg mice for this experiment was their per
manent immature reproductive status rather than chronological age.

A second set of +/+ seid/seid and hpg/hpg seid/seid host mice was engrafted
with tumor-susceptible ovaries from (SWR x SWXJ-9) F, donors and re

ceived either Silastic capsules containing DHEA or control capsules. This
steroid was chosen for testing because treatment of (SWR and SWXJ-9) mice

with DHEA is known to result in significantly enhanced incidence of GC
tumors (22). The ovary-grafted hosts were necropsied 6 to 10 wk post surgery;

data and tissues were collected as described in Experiment I.

RESULTS

The GC tumor incidence data for genetically susceptible, morpho
logically normal (SWR X SWXJ-9) F, ovaries grafted to either syn
geneic or C.B17-scid/scid hosts are presented in Table 1. To determine
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Table I Incidence of granulosa celi titmors in ovaries transplanted from susceptible
(SWR x SWXJ-9) F, mice

Ovaries were grafted beneath kidney capsules of syngcneic (SWR X SWXJ-9) Fj +/+
or CB17-.sc/d/sciWhosts. Data are presented as ovarian tumors/total female hosts en
grafted.

Age of ovary donor

Host and age 12 days 22 days 42 days Totals

Syngeneic +/+
22 days 9/49"-'' (I8)r 6/40"'h (15) 1/54 (2) 16/143" (11)

i/dii n *.\ nui i<\\ 1/S7 in42 days 1/40 (2.5) 0/47 (0)

Strain total 10/89 (II) 6/87 (7) 1/54 (2) 17/230 (7)

C.Bn-scid/scid
\2/3dh (33) 8/45"-''(18) 0/54 (0) 20/135" (15)

ns\ n/Ã§Ã§ m\ Ã‡/HQ CM
22 days
42 days 5/34rf (15) 0/55 (0) 5/89 (6)

Strain total 17/70 (24) 8/100 (8) 0/54 (0) 25/224 (II)

Overall totals 27/159ft'' (17) 14/187 (7)ft 1/108(1)

" Significantly different from 42-day host incidence receiving same aged donor ovaries
by x2 analyses, P < 0.03.

h Significantly different from 42-day donor incidence by v2 analyses, /' < 0.04.
' Numbers in parentheses, percentage.
'' Significantly different from 22-day donor incidence by x2 analyses, P < 0.01.

whether tumor development in an ovary graft depended on a host
genotype effect, the total frequency data for syngeneic +/+ (17/230)
and C.Bn-scid/scid (25/224) hosts were analyzed by \2- No signif

icant difference in GC tumor frequency in hormonally normal hosts of
either genotype (x2 = 1.50, P = 0.22) was found. In contrast, the

developmental age at the time of grafting was critically important for
tumorigenesis. With respect to host age, 22-day-old host females
showed a higher GC tumor incidence than did 42-day-old females
(16/143 + 20/135 vs. 1/87 + 5/89; x2 = 10.5, P = 0.001). Similarly,

within each host genotype, 22-day hosts developed significantly more
tumors than did 42-day hosts. With respect to donor age, there was a
significant overall donor age effect (27/159 vs. 14/187 vs. 1/108; x2 =

20.9; P = 0.0001). The spontaneous GC tumor incidence in the grafts
declined significantly for each age from a high of 17% in 12-day
donor ovaries (x2 = 16.0; P = 0.0001) to 7% in 22-day donor ovaries
(X2 = 4.98; P = 0.026), and to less than 1% in 42-day donor ovaries.

The data presented in Table 2 demonstrate the remarkably different
responses of the genetically tumor-susceptible ovaries grafted to either

hormonally normal +/+ seid/seid or to hormonally deficient hpg/hpg
seid/seid hosts. The ovaries from (SWR X SWXJ-9) F, donors formed

spontaneous tumors at 18% incidence in the hormonally normal +/+
seid/seid hosts. As noted earlier, the expected tumor incidence in situ
for (SWR X SWXJ-9) F, females is 25-30% (16), which is higher but

not significantly different from 18% tumors in grafted ovaries. In
striking contrast, (SWR x SWXJ-9) F, ovaries grafted into the hor

monally deficient hpg/hpg seid/seid did not form GC tumors. This
observation was confirmed by histolÃ³gica! analyses of the graft sites
(see Fig. 1 below).

Ovary grafts from (SWR X SWXJ-9) F, donors placed in both +/+

seid/seid or hpg/hpg seid/seid hosts were tested for responses to
DHEA administered via a Silastic capsule. The DHEA treatment of
+/+ seid/seid host mice increased GC tumor incidence but not signif
icantly so. More importantly, DHEA treatment of hpg/hpg seid/seid
hosts resulted in statistically significant formation of GC tumors in the
(SWR x SWXJ-9) F, ovary grafts compared with untreated hpg/hpg
seid/seid hosts bearing susceptible ovary grafts (x2 = 8.86, P =

0.003; Table 2).
Photomicrographs of representative ovarian grafts beneath the kid

ney capsule are presented in Fig. 1. The morphological characteristics
of susceptible ovaries that did not become tumorous when grafted
beneath the kidney capsule of either the +/'? seid/seid or the hpg/hpg

seid/seid hosts are presented in Fig. 1, A and B. In the presence of a

genetically normal hypothalamic-pituitary-gonadotropin system, ova

ries contained both normal appearing and degenerating oocytes in
follicles of different sizes. Occasionally, corpora lutea were also ob
served. Fluid-filled spaces exterior to the ovary and beneath the renal

capsule were frequently observed. In contrast, ovaries placed beneath
the kidney capsule of hpg/hpg seid/seid hosts remained very small and
immature. Oocytes were present, as were small follicles, but large
antral follicles and corpora lutea were always absent. As shown in Fig.
1C, when GC tumors developed in grafted ovaries, the neoplastic
tissue often achieved a diameter of 10 mm or more and was as large
or larger than the host kidney. In hormonally normal hosts, these
tumors displayed morphological patterns of multiple tumor foci, solid
masses of GC tumor cells, fluid- and erythrocyte-filled cysts of var

ious sizes and numbers, occasional areas of necrosis, and distinct
demarcation of tumor from renal tissue. In Fig. ID, tumors in ovarian
grafts in DHEA-treated hosts exhibited all of the preceding features

and, in addition, these were profoundly more invasive in appearance.
The GC tumor cells in these mice invaded the host kidney, isolating
nephrons and glomeruli within the tumor mass. This invasive appear
ance was also seen in the GC tumor grafts of +/+ seid/seid hosts
treated with DHEA. Higher power photomicrographs depicting this
granulosa cell tumor model have been presented in Refs. 10 and 16.

When susceptible ovaries from (SWR X SWXJ-9) F, donors were
grafted into GH/IGF-I-deficient lit/lit seid/seid hosts, we found that

GC tumorigenesis readily took place and that these tumors grew as
well as those in hormonally normal +/? seid/seid or ////+ seid/seid
hosts. Given that normal levels of GH and IGF-I were not critical for

GC tumorigenesis, these studies were not pursued further.

DISCUSSION

Morphologically normal ovary grafts from mice genetically sus
ceptible to GC tumorigenesis formed spontaneous GC tumors at
equivalent incidences in syngeneic (SWR X SWXJ-9) F, hosts and in
C.B\l-scid/scid hosts. Four conclusions can be drawn from these
data. First, grafting of susceptible ovaries into the C.Bl7-scid/scid
hosts also served as a test for the effect of decreased "immune sur
veillance" on the incidence of GC tumors in the grafted ovaries. By

weaning age of 3 wk, the normal mouse is immune competent, al
though final maturity may not be reached until 6 wk. Since the
absence of a functioning immune system in the C.Bll-scid/scid hosts
did not affect tumor incidence in grafts, "immune surveillance" is

unlikely to be depressing spontaneous GC tumorigenesis in the syn
geneic host. Furthermore, cytokines generated by resident ovarian
immune cells (23) are also unlikely to be involved in inappropriate
stimulatory actions leading to spontaneous tumorigenesis. In general,
experience with spontaneous tumors would predict that these GC
tumor cells are weakly immunogenic, if at all (24).

Second, the syngeneic host does not possess unique humoral tumor-

promoting factors. This was made clear by the development of GC
tumors in susceptible ovary grafts placed in +/+ seid/seid, +/? seid/

Table 2 Incidence of granulosa cell tumors in ovaries transplanted from susceptible
(SWR x SWXJ-9) F, or SWXJ-9 donors grafted beneath kidney capsules of hormonally

normal C.RI7-+/+ seid/seid and hormonally deficient hpg/hpg seid/seid hosts
Host mice were or not with s.c.-implanted control or DHEA-fillcd Silastic capsules.

Data are presented as ovarian tumors/total female hosts engrafted.

Genotype
ofhost+/+

seid/seid
+/+scidfscidhpg/hpg

seid/seid
hpg/hpg seid/seidTreatment

ofhostControl

DHEAControl

DHEAGenotype

ofdonor(SWR

X SWXJ-9) F,
(SWR X SWXJ-9)F,(SWR

X SWXJ-9) F,
(SWR X SWXJ-9) F,Incidence

of
tumors7/38

(18)"

9/21(43)0/29

(0)6/1
7'' (35)

" Numbers in parentheses, percentage.
'' Significantly different from nontreated hosts by analyses at P < (UXI3.
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B

Fig. 1. Photomicrographs of OC tumor-susceptible (SWR X SWXJ-9) F! ovaries grafted beneath the kidney capsule of hormonally normal +/? seid/seid or hormonally deficient
hpxlhpg seid/seid hosts. A, morphologically normal, growing ovary graft in hormonally normal +/? seid/seid host kidney (k). X 50. B. morphologically atrophie ovary graft in
hormonally deficient hpglhpg seid/seid host kidney. X 50. C, primary GC tumor (r) formed in ovary graft to hormonally normal +/+ scidiscid host kidney. X 1.5. Â£>,primary GC tumor
induced in ovary graft in hormonally deficient hpg/hpg scidiscid host. X 50.

seid, or in lit/lit seid/seid hosts. Instead, all necessary components for
transformation of normal granulosa cells to neoplastic cells are present
within the susceptible ovary.

Third, the GC tumors that developed in ovaries grafted beneath the
kidney capsule manifested the same morphological features as those
found in situ within susceptible genotypes. This indicates that tumor-

igenesis is a function of the susceptible ovary and independent of the
orthotopic ovarian bursa site.

Fourth, the developmental age of both hosts and donors was critical
for GC tumorigenesis to take place. During the period between 2 and
6 wk, the mouse ovary develops the first crop of antral stage follicles.
Granulosa cells within these developing follicles undergo substantial
proliferation and acquire differentiated steroidogenic functions under
the influence of pubertÃ !gonadotropins. In particular, the ovary shifts
from production of biologically inactive So-reduced progestins to

androgens that serve as substrates for conversion to estrogen by P450
aromatase in granulosa cells (25, 26). This set of follicles then expe
riences abrupt atresia and degenerates about the fourth wk of life.
Another set of follicles begins to grow that are destined to be the first
set to undergo spontaneous ovulation. By approximately 40 to 42
days, the mice have achieved full reproductive cyclicity, a functional
condition associated with blockage of further tumorigenesis.

We believe that maturation of both the ovary and the hypothalamic-
pituitary-gonadotropin axis in the susceptible mouse contributes to the

termination of pubertÃ !onset GC tumorigenesis. Thus, if only ovarian
maturation were important, the prepubertÃ ! donor ovaries should have
produced many tumors when placed in the 42-day-old host. Con
versely, if only the prepubertÃ ! hypothalamic-pituitary-gonadotropin
axis was important for tumorigenesis, then grafting the 42-day-old

ovary into the 22-day-old host should have induced tumors. Our data
showed a distinct pattern of age-related loss of GC tumor suscepti

bility in ovaries and loss of host ability to support GC tumorigenesis.
This outcome suggests that inappropriate activation or perhaps deac-

tivation of specific genes associated with pubertal maturation of the
reproductive endocrine-ovarian axis components underlies tumorigen

esis. The identity of these genes and their disordered expression
remain to be established.

In Experiment II, prepubertal donor ovaries developed spontaneous
tumors in +/+ seid/seid but not in the doubly homozygous hpglhpg
scidiscid hosts. Tumorigenesis in the +/+ scidiscid host with intact
ovaries is notable because it occurs without the incessant, high gona-

dotropin stimulation hypothesized to cause ovarian tumors in other
rodent models (27, 28). Similarly, finding GC tumors in susceptible
ovary grafts placed in GH/IGF-I-deficient lit/lit seid/seid hosts elim

inates this particular hormone system as playing a role in GC tumor
initiation. On the other hand, lack of tumorigenesis in the hpglhpg
scidiscid host reveals that an intact hypothalmic-pituitary-gonadotro-

pin system was necessary for spontaneous GC tumorigenesis in vivo.
The 28- to 35-day age of the hpglhpg scidiscid was considered to be

an unlikely explanation for lack of GC tumor initiation in grafts for
several reasons. First, pubertal maturation defines the period of de
velopment when tumorigenesis takes place (16); the hpglhpg mouse
does not experience sexual maturation. Second, additional experi
ments with more than 50 additional hpglhpg scidiscid hosts serving as
controls with susceptible ovary grafts also did not develop spontane
ous GC tumors. Third, the hpglhpg seid/seid host will neither maintain
nor promote the growth of a primary GC tumor graft, whereas both
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+/? seid/seid and +/+ seid/seid hosts will do so.4 Given that the hpg

mutation affects FSH, LH, and prolactin secretion (18), all of which
act on the ovary, experimental analyses are required to ascertain
whether one or a combination of hormones comprises the supportive
stimulus from the hypothalmic-pituitary system.

Of signal importance, however, was the observation that DHEA
induced GC tumors in susceptible ovary grafts in hpg/hpg seid/seid
hosts. This observation parallels our previous reports that both DHEA
and its metabolites (testosterone, dihydrotestosterone, androsterone;
Refs. 22 and 29) can initiate GC tumors in prepubertÃ ! SWR and
SWXJ-9 mice and that a different tumor susceptibility gene is in

volved with the response to each steroid (12, 22). Since both SWR and
SWXJ-9 strains are homozygous for the susceptibility alÃelesat both
loci, the (SWR X SWXJ-9) F, hybrid also carries the susceptibility

alÃeles.Thus, these C19 androgenic steroids are essential signals for
initiation of GC tumorigenesis in (SWR X SWXJ-9) F, ovaries that
act distal to and independent of any hypothalamic-pituitary-derived

stimulus. We hypothesize that these androgens arise from normal
gonadotropin stimulation of ovarian interstitial-theca cell steroidogen-

esis. These androgens enter follicles and initiate tumorigenesis in
susceptible granulosa cells. This concept of intraovarian androgen
biosynthesis-driven GC tumorigenesis is indirectly supported by our

finding that adrenocortical steroids have no role in spontaneous GC
tumor incidence in (SWR X SWXJ-9) F, mice (12).

The mechanism whereby either DHEA or androgen action results in
GC tumorigenesis has not been established nor for that matter has the
site of steroid action been conclusively identified. Steroid hormones
can effect changes in cellular metabolism (a) through complexing
with specific receptor proteins that interact with genomic DNA(30) or
(b) through direct effects on cellular processes such as stimulation of
phosphotidylinositol hydrolysis leading to increased cytoplasmic Ca2+

(31) or interaction with plasma membrane GTP-binding proteins (32).

Specific androgen receptor proteins for mediation of testosterone and
dihydrotestosterone actions have been well documented. Testosterone
binding proteins have been reported in whole-ovary preparations of

immature rats for more than a decade (33). Recently, androgen recep
tor protein has been demonstrated in nuclei of many tissues, including
the ovary, by immunohistochemistry in the human, rhesus, rat, and
mouse (34, 35). On the other hand, reports of specific DHEA "recep
tor proteins" (36, 37) have not been widely embraced because of the
likelihood that these "binding proteins" may not be true hormone

receptors that shuttle steroid to the nucleus but rather may represent
DHEA-metabolizing enzymes. In summary, available genetic, biolog

ical, and biochemical data suggest that different mechanisms must be
sought to explain the tumor-inducing actions of DHEA and of testos

terone.
The role of androgens and estrogens and their receptors in human

ovarian cancer of any histolÃ³gica! type has not been established.
Human ovarian epithelial tumors have been analyzed for sex steroid
hormone receptors and found to have quantitatively more androgen
than estrogen receptors. More epithelial tumors express androgen
receptors (88%) than express estrogen receptors (32%) (38, 39). Sim
ilarly, Lea et al. (40) found that androgen receptor levels predomi
nated in primary breast cancer over both estrogen and progesterone
receptor levels; all receptors declined in metastatic tumors. The an
drogen or estrogen receptor status in human tumors of the sex cord/
stromal class is not known. The SWR mouse model for GC tumori
genesis demonstrates the importance of C19 androgens in the
initiation of tumorigenesis and, as a prospective model, presents the
opportunity to define what androgens do, how those actions are ef
fected, and the responding genes that cause primary GC tumorigen

esis. Combination of the SWR model with the hpg/hpg seid/seid test
system provides an excellent opportunity to determine the opposing
roles of androgens and estrogens in vivo without the complications of
endogenous gonadal steroids. Finally, the hpg/hpg seid/seid mice may
also serve as hosts for human tumor tissues, i.e., ovarian, prostate, and
breast cancers, that are regulated by hormones such as gonadotropins
and sex steroids. Such knowledge will enhance our understanding of
hormone-dependent tumorigenesis and provide a rationale for thera

peutic treatment.
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