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Granulosa cell tumors comprise approximately
10% of ovarian tumors and, although rare, are clin-
ically important due to their potential for malig-
nancy and recurrence. Although their morphologi-
cal features have been carefully described, the
global changes in gene expression associated with
their formation remain undetermined. To initiate
this characterization, we used a transgenic mouse
model in which granulosa cell tumors occur with
100% penetrance in CF-1 mice that harbor a novel
transgene encoding a chimeric LH� subunit. When
this transgene is expressed in other strains of
mice, including (C57BL/6� � CF-1�,Tg) F1 hybrids,
luteomas develop even though levels of LH remain
high. This dichotomous response permits a longi-
tudinal comparison of global changes in transcrip-
tomes uniquely associated with either granulosa
cell tumors or luteomas. Herein we report numer-
ous changes in the transcriptome, including a
decrease in LH receptor mRNA and increases in
several mRNAs that encode secreted proteins pre-

viously associated with granulosa cell tumors. Fur-
thermore, we identified a constellation of mRNAs
that encode proteins that may serve as new mark-
ers for this tumor phenotype. Additional experi-
ments indicated that periodic treatment with hu-
man CG prevented formation of granulosa cell
tumors in mice genetically predisposed to tumor
development and, instead, led to the appearance of
luteomas. More importantly, ovarian transcrip-
tomes from the luteomas induced by ovulatory
doses of human CG permitted refined confirmation
of gene expression changes that were uniquely
associated with either granulosa cell tumors in the
permissive CF-1 genetic background or in luteo-
mas in the F1 hybrids. Together, these dynamic
changes in the ovarian transcriptome indict vari-
ous signaling pathways potentially involved in me-
diating the actions of LH over time and, depending
on genetic background, the formation of either a
luteoma or a granulosa cell tumor. (Molecular Endo-
crinology 16: 1230–1242, 2002)

MOLECULAR EVENTS underlying the formation of
granulosa cell tumors in women remain poorly

understood despite their importance (1, 2). Although
these tumors are rare and comprise only 10% of all
ovarian tumors (3, 4), they exhibit the potential for
malignancy and recurrence (3–6), making them clini-
cally significant. Thus, efforts to identify the molecular
mechanisms leading to development of these tumors
are important as they may reveal new therapeutic tar-
gets or agents.

Alterations in expression of several genes have been
associated with granulosa cell tumors including Mül-
lerian inhibiting substance (7), inhibin (8–11), and p53
(12). Likewise, altered expression of protooncogenes
such as c-erbB2 and c-myc has also been implicated
(13). Furthermore, germ-line mutations such as in the
chromosomal locus LKB1, associated with Peutz-
Jeghers syndrome (14), have been suspected as play-
ing a role in the formation of some granulosa cell

tumors. Despite these investigations, however, the
complete network of genes and/or mutations neces-
sary and sufficient for tumorigenesis has yet to be
delineated.

In addition to alterations in gene expression, dys-
regulation of hormonally controlled signal transduction
pathways has also been associated with granulosa
cell tumors. For example, studies in rodents initially
identified FSH as a potential tumorigenic contributor,
specifically through its regulation of cyclin D2 expres-
sion (15). D-type cyclins are important for cell prolif-
eration and the transition between G1 and S phase
(16). Cyclin D2 is the only D-type cyclin expressed in
granulosa cells (17), regulating entry into M phase
through interaction with Cdk4 or Cdk6 (16, 18). Fur-
thermore, cyclin D2 mRNA is elevated in a subset of
granulosa cell tumors in women (15). In rodents, FSH
positively regulates, whereas LH negatively regulates,
cyclin D2 expression in granulosa cells (17). Thus, it
has been postulated that activating mutations in FSH
receptors (FSH-R) may induce granulosa cell tumors,
perhaps through its effect on cyclin D2. However, to
date no such mutations have been discovered in gran-

Abbreviations: EST, Expressed sequence tag; FSH-R, FSH
receptor; LH-R, LH receptor; PRL-R, PRL receptor; SOM,
self-organizing map; StAR, steroidogenic acute regulatory
protein.
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ulosa cell tumors from women (1). In addition, mice
lacking the FSH-R develop granulosa cell tumors, sug-
gesting that this pathology can occur in the absence of
any FSH signaling (19).

Clinical studies have also suggested that elevated
gonadotropin levels can lead to tumorigenesis. The
strongest correlative evidence for this comes from
postmenopausal women who represent the largest
cohort of patients with granulosa cell tumors (2). These
women are anovulatory and have high levels of LH and
FSH due to the lack of negative feedback from estro-
gen (20). Infertility treatment with gonadotropins has
also been suspected of increasing the risk for granu-
losa cell tumor development; however, these data re-
main controversial (21–24).

The use of murine animal models has provided ad-
ditional clues regarding how genetic contributions
may underlie formation of at least some granulosa cell
tumors. For example, the SWR inbred strain of mice
spontaneously develops granulosa cell tumors early in
life, resembling juvenile granulosa cell tumors in girls
(25). Tumor incidence is increased after dehydroepi-
androsterone or testosterone treatment, indicting an-
drogens as possible tumor promoters (26). Further-
more, Beamer and colleagues (27) have identified four
chromosomal loci responsible for tumor susceptibility
in SWR mice, illustrating that a complex genetic trait
underlies tumor development in juvenile females.

Other rodent models of granulosa cell tumorigenesis
have been created using ectopic ovarian transplants
(28, 29), chemical carcinogens (30–34), irradiation (35),
neonatal thymectomy (36–38), and pharmacological
treatment with steroids (31). In most of these models,
gonadotropins are either elevated or become elevated
with additional treatments, supporting the notion that
gonadotropins are important tumor promoters. Stud-
ies using transgenic mice also support this view. Mice
deficient in inhibin � develop granulosa cell tumors at
an early age (39). The lack of inhibin � leads to an
increase in LH, FSH, and estrogens (39, 40). When
these animals are bred with mice deficient in GnRH
(hpg/hpg), and hence gonadotropins, tumors fail to
form, further underscoring the importance of LH and
FSH (41). In contrast, mice deficient in FSH and inhibin
continue to develop tumors, although with increased
latency and decreased penetrance (40). These data
suggest that LH alone can induce tumor formation in
this model, and that FSH may accelerate this process.

In addition to these models, mice that hypersecrete
LH (LH�CTP) also develop granulosa cell tumors (42).
Female transgenic mice have elevated serum levels of
estrogens, androgens, progesterone, corticosteroids,
and PRL (43–46). These altered hormone levels lead to
anovulation (42) and midpregnancy failure (46), culmi-
nating in infertility. LH hypersecretion also causes an
early depletion of primordial follicles (47) and induces
advanced folliculogenesis leading to the formation of
hemorrhagic ovarian cysts (43) and the eventual for-
mation of granulosa cell tumors in CF-1 mice (42, 48).
The development of these tumors is strain dependent,

with at least three loci contributing to tumor develop-
ment (44). This suggests that a complex genetic trait
governs granulosa cell tumor susceptibility of CF-1
mice that chronically hypersecrete LH and might par-
tially explain the rarity of granulosa cell tumors in post-
menopausal women, who also have chronically ele-
vated levels of LH (20). In addition to these loci,
however, we suspect that there must be other
genomic or transcriptomic events involved in granu-
losa cell transformation that are induced by altered
hormones and interact with the underlying genetic
factors.

Herein, we report an analysis of global gene expres-
sion patterns related to granulosa cell tumorigenesis in
LH-hypersecreting mice. We also describe a surpris-
ing finding, that ovulatory doses of human CG (hCG)
prevent the formation of granulosa cell tumors in CF-1
transgenic mice that are predisposed to tumor forma-
tion and instead induce the formation of a differenti-
ated luteoma. These hCG-induced luteomas were
used to facilitate refinement of tumor-associated
changes in the transcriptome. Using this approach, a
cohort of candidate genes that potentially cooperate
with the genetic loci that underlie tumor formation
were identified and should serve as targets for future
studies on granulosa cell tumor formation.

RESULTS AND DISCUSSION

Expression Profiling Strategy

To begin elucidating the molecular mechanisms asso-
ciated with granulosa cell tumorigenesis in LH�CTP
mice, global expression profiling analyses were per-
formed. We predicted that overlapping expression
profiles from multiple, closely related samples span-
ning different ages would identify a specific set of
genes whose changes in expression were uniquely
associated with tumorigenesis. This was accom-
plished by taking advantage of the strain and age
dependency observed in the formation of granulosa
cell tumors. Specifically, when LH�CTP transgenic
mice are bred with numerous other strains of mice,
first generation transgenic progeny fail to form granu-
losa cell tumors. In contrast, other hormonal pheno-
types including elevated levels of LH, estrogens, and
androgens are maintained (44). Transgenic F1 hybrid
(C57BL/6� � CF 1�, Tg) females are also infertile and
develop multicystic ovaries. However, instead of form-
ing a granulosa cell tumor, these mice develop com-
pletely luteinized ovaries (44), reminiscent of a luteoma
of pregnancy observed in women (49). Thus, because
many, if not all, early morphological and endocrino-
logical phenotypes except granulosa cell tumorigene-
sis are common between CF-1 and F1 hybrid trans-
genic females, inclusion of the hybrids in the
expression profiling experiment should eliminate ex-
pression changes induced by the transgene that are
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unrelated to tumor formation. This subtractive method
is displayed diagrammatically in Fig. 1.

C57BL/6-derived F1 hybrids (C57BL/6� � CF-1�,
Tg) were used in this study and also complemented
ongoing genetic studies aimed at identifying the ge-
netic modifiers permissive for formation of granulosa
cell tumors (44). Eight experimental groups were used
for the initial accumulation of gene expression profiles.

These groups consisted of 2- and 5-month-old trans-
genic and wild-type mice from both CF-1 and
(C57BL/6� � CF-1�, Tg) F1 hybrid strains (Fig. 1).
Total RNA was collected from ovaries, and biotinyl-
ated cRNA was produced. Equal amounts of total RNA
were pooled from a minimum of four mice for each
experimental group to minimize changes due to inter-
individual variation. This pooling strategy identifies
only uniform changes in an experimental group in-
stead of changes that may be associated with a single
animal. Global changes in gene expression profiles
were assessed with Affymetrix Mu11K oligonucleotide
microarrays containing approximately 11,000 genes
and expressed sequence tags (ESTs). Once hybridiza-
tion data were obtained, all samples were normalized
for chip intensity and GAPDH levels. Raw data were
then analyzed using self-organizing maps (SOMs) to
reveal informative patterns of gene expression (50).
This mathematical analysis clusters genes with similar
expression patterns throughout all eight samples.
Once informative clusters were identified, the data
were filtered using Affymetrix parameters to reveal
significant expression changes that were at least
3-fold because changes of this magnitude are highly
reproducible in replicate samples (51).

Global Analyses Revealed Down- and Up-
Regulated Genes Associated with Granulosa
Cell Tumors

This initial gene expression profiling experiment re-
vealed many informative expression patterns. A clus-
ter of genes whose expression is dramatically de-
creased upon development of granulosa cell tumors
was identified (Fig. 2A). Expression of these genes
does not decrease in younger transgenic animals or in
F1 hybrids with luteomas compared with age-matched
nontransgenic controls. In addition, another cluster of
genes whose expression increased significantly in
granulosa cell tumors was revealed (Fig. 2B). These
changes reflect characterized cDNAs or annotated
ESTs. In all, 75 expression increases and 47 expres-
sion decreases were revealed from this initial combi-
natorial analysis.

Although all 122 tumor-associated gene expression
changes potentially contribute significantly to tumori-
genesis, we decided to identify those genes whose
expression consistently changes to generate initial tar-
gets for future analyses. We reasoned that changes
that are not common to most tumors might be indic-
ative of slight variations in tumor phenotype or pro-
gression. To identify consistent patterns in the tumor-
associated transcriptome, we repeated the analysis of
RNA from tumors and luteomas because they repre-
sented the two ovarian endpoints of chronically ele-
vated LH. Specifically, another pooled granulosa cell
tumor sample (three tumors) and a pooled F1 hybrid
luteoma sample (three luteomas) were analyzed.
These samples were distinct from the samples used in
the initial analysis. When compared with the initial

Fig. 1. Differences in Age and Mouse Strain Enabled Iden-
tification of Tumor-Associated Expression Changes

A, Each circle represents the expression profile of one
experimental group. There were eight experimental groups in
the initial experiment. These included 2- and 5-month-old
wild-type and transgenic CF-1 and (C57BL/6� � CF-1�, Tg)
F1 hybrid mice (B6/C). B, The expression profiling technique
is diagramed with four of the eight experimental groups for
simplicity. The schematic illustrates how a majority of the
genes between wild-type and transgenic CF-1 animals will
not change, with only a small percentage differing between
the two. These changes may be associated with the forma-
tion of a granulosa cell tumor because CF-1 transgenic ani-
mals at this age have tumors. Furthermore, when the same
comparison between B6/C F1 hybrid animals is performed, a
similar phenomenon occurs; however, the gene changes
found in 5-month-old B6/C animals will not be associated
with granulosa cell tumors, but rather with luteoma formation.
When the small percentage of genes from each comparison
is then overlapped, genes associated only with the formation
of a granulosa cell tumor are identified.
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analysis, a cohort of gene expression changes con-
sistent in two independent tumor and luteoma sam-
ples was identified (Fig. 3A). Specifically, there were 26
genes with reduced expression and 46 genes with
increased expression in this group. These expression
changes, listed in Tables 1 and 2, may represent com-
mon expression alterations that contribute to granu-
losa cell tumor formation in LH�CTP mice.

In evaluating the cohort of consistent gene changes,
it was not surprising that protooncogenes such as
c-fos (52, 53), N-myc (54), and platelet-derived growth

factor A (55) demonstrated expression increases (Ta-
ble 2). These genes have been associated with other
ovarian tumors and may also play tumorigenic roles in
this model. Genes encoding many extracellular matrix
proteins [such as fibronectin (56–58), FISP-12 (59),
fibulin (60), and laminin B1 (61, 62)] were also included
in this cluster. Interestingly, several of these are in-
creased in other tumors and/or are hormonally regu-
lated in ovaries. Inhibin �A and �B subunit mRNA,
which are produced by granulosa cells (63), were also
represented in this group. This was expected because
excess inhibin production is a hallmark of human gran-
ulosa cell tumors (8) and tumors from SWR mice (64).
Thus, many genes previously associated with ovarian
tumors were identified in this cohort of expression
changes, implicating them as contributors to the tu-
mor phenotype.

As discussed above, it has been suggested that
elevated cyclin D2 mRNA contributes to granulosa cell
tumorigenesis (15). However, a significant elevation of
cyclin D2 was not identified as a consistent change
using this rigorous, combinatorial analysis. These re-
sults do not exclude cyclin D2 as a potential contrib-
utor to tumor formation, but because the alterations
are not consistently observed, it may not be a common
phenomenon in tumorigenesis in this model. Indeed,
Sicinski and colleagues (15) observed elevations in
cyclin D2 mRNA in many, but not all, human granulosa
cell tumors, illustrating again that cyclin D2 elevation in
granulosa cell tumors may not be a consistent
phenomenon.

Gene Expression Changes Potentially Associated
with LH-R Signaling

Interestingly, LH receptor (LH-R) mRNA expression
was significantly decreased in granulosa cell tumors
but elevated in luteomas. This pattern was surprising
because tumor development is dependent on high
levels of LH, and continued expression of LH-R was
predicted. However, there are precedents for this ob-
servation from human samples and other mouse mod-
els of granulosa cell tumors (65, 66). There are at least
two explanations that may underlie the significant re-
duction of LH-R mRNA in the granulosa cell tumors.
LH�CTP mice are infertile, in part due to anovulation,
resulting from a failure to mount an ovulatory surge of
LH (42, 46). Thus, chronic exposure to elevated levels
of LH results in continued anovulation, potentially
causing a subsequent down-regulation of LH-R mRNA
and tumorigenesis. Alternatively, chronic exposure to
elevated LH may indirectly induce uncontrolled prolif-
eration and eventual tumorigenesis of immature gran-
ulosa cells that never express LH-R; hence, receptor
expression is decreased, through an indirect mecha-
nism, compared with more differentiated luteomas.

Steroidogenic acute regulatory protein (StAR),
which mediates cholesterol transport into the mito-
chondrial matrix during steroid biosynthesis (67), also
displayed decreased expression in granulosa cell tu-

Fig. 2. Genes Down- and Up-Regulated in Granulosa Cell
Tumors

SOMs were generated to cluster genes sharing the same
expression pattern across the eight samples. Twelve clusters
were generated by GENECLUSTER; raw data have been pub-
lished as supplemental data on The Endocrine Society’s Jour-
nals Online web site at http://mend.endojournals.org and have
been deposited into the Gene Expression Omnibus database
(http://www.ncbi.nlm.nih.gov/geo). The bar graph is a recapitu-
lation of a cluster generated by GENECLUSTER. The x-axis
represents the individual experimental groups, and the y-axis
represents normalized expression where the expression levels
of each gene was normalized to have the mean � 0 and vari-
ance � 1 across all time points. The error bars represent SD of
average expression as calculated by GENECLUSTER. The
graph displays both wild-type (�) and transgenic (�) CF-1
animals and F1 hybrid animals (B6/C) at 2 and 5 months of age.
A, This cluster displays genes that decrease in expression in
granulosa cell tumors and are increased in B6/C transgenic
animals. Only genes changing more than 3-fold were consid-
ered to be significant. B, A reciprocal cluster was also identified
that included 75 significant gene expression increases specific
to granulosa cell tumors.
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mors (Table 1). This dramatic decrease in StAR mRNA
was surprising because animals harboring tumors re-
tain elevated serum androgens (44). This may suggest
potential adrenal involvement or a StAR-independent
mechanism of steroid production in tumor cells. Of
note, LH�CTP mice have elevated levels of LH-R in
their adrenal glands, again implicating the adrenals in
the pathology (45). On the other hand, high expression
of StAR in luteomas correlates with previous studies
reporting elevated expression of StAR in corpora lutea
and luteomas of pregnancy in women (68). Further-
more, the decreased expression of StAR correlates
with the decrease in LH-R mRNA. This phenomenon is
also observed in LH-R knockout mice (69), in which
StAR expression is also decreased (data not shown).
Thus, because LH and the LH surge regulate StAR
expression (70, 71), there may be linkage between
these two observations, functionally connecting their
changes in gene expression. In addition, PRL receptor

(PRL-R) expression parallels StAR and LH-R. PRL-R
mRNA is elevated in differentiated granulosa cells
found in mouse corpora lutea (72, 73), consistent with
its higher expression in luteomas compared with tu-
mors in LH�CTP mice. Hence, decreased expression
of PRL-R, in combination with decreased StAR and
LH-R expression, suggests that granulosa cell tumors
are less differentiated compared with wild-type ova-
ries and luteomas and that some of these changes
may be functionally interrelated.

Other signaling pathways were also identified in the
refined cohort of expression changes. For instance,
alterations in members of the Wnt signaling pathway
were revealed. The Wnt signaling pathway is involved
in development, cellular proliferation and differentia-
tion, and tumorigenesis (74–77). Specifically, Wnt-4
and secreted frizzled related protein 4 (sFRP-4) dis-
played dramatically decreased expression in granu-
losa cell tumors, while remaining high in luteomas.

Fig. 3. Consistent Expression Patterns Were Identified with Duplicate Samples and Confirmed by RT-PCR
A, Duplicate, pooled samples encompassing distinct granulosa cell tumors (GCT) and luteomas from F1 hybrids were used to

identify consistent, tumor-specific gene expression changes. SOMs were used to normalize expression and illustrate the pattern
of expression as described in Fig. 2. A cohort of genes was identified whose expression changed consistently between two
luteoma and two tumor samples. Specifically, 26 genes demonstrated consistent expression decreases, whereas 46 genes
displayed consistent expression increases. These genes have now been distinguished as strong candidates for further study.
These consistent gene expression changes are illustrated in Tables 1 and 2. B, Semiquantitative RT-PCR was performed to
confirm specific expression changes in individual animals with either a tumor or luteoma phenotype. All samples have approx-
imately the same level of expression of �-actin at cycle 25, allowing for comparison of the specific mRNAs at this cycle number.
Both LH-R and StAR expression are decreased in all granulosa cell tumors (GCT 1–3) as compared with the luteoma samples.
Conversely, inhibin �-B is increased in all granulosa cell tumors compared with luteomas. These data recapitulate the microarray
analyses and illustrate that the expression changes for these genes are consistent between animals of a particular phenotype.
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Interestingly, mice deficient in Wnt-4 have significant
ovarian pathology (78), suggesting that this pathway is
essential for normal ovarian physiology and, from
these data, potentially involved in tumorigenesis. Fur-
thermore, Wnt-4 mRNA expression mirrors LH-R
mRNA levels, suggesting that these signaling path-
ways may also interact and that Wnt-4 may be impor-
tant for granulosa cell differentiation. In addition, there
are emerging data (79) that Wnt-4 is expressed in
granulosa cells, regulated by LH, and highly expressed
in corpora lutea, supporting the data from this study.
Frizzled-10 mRNA, a receptor for Wnts (80), was also
dramatically increased in granulosa cell tumors from
LH-hypersecreting mice. This may be in response to
the decreased expression of Wnt-4 ligand observed in
granulosa cell tumors (Table 1), further suggesting that
the Wnt signaling pathway may play an important role
in ovarian tumorigenesis. Thus, from the refined cohort
of consistent expression changes, uncharacterized
signaling pathways representing potentially important
contributors to granulosa cell tumorigenesis and ovar-
ian physiology have been identified and targeted for
future studies.

The consistent changes in gene expression, ob-
served through processing of two independent tumor
and luteoma samples, suggests that the cohort of
expression changes presented in Tables 1 and 2 may
represent common phenomena in granulosa cell tu-
mors in LH�CTP mice. To provide another means of
verification, we analyzed a smaller subset of these
genes in granulosa cell tumors and luteomas obtained

from individual animals using semiquantitative RT-
PCR. This was distinct from the pooling technique
used in the microarray analysis. As shown in Fig. 3B,
the expression differences in LH-R, StAR, inhibin �-B,
and Wnt-4 observed between luteomas and granulosa
cell tumors through microarray analyses were recapit-
ulated. Thus, from these additional analyses, this sub-
set of tumor-associated expression changes has been
shown to be consistent throughout individuals, distin-
guishing them and their related signaling pathways as
potentially important contributors in both normal ovar-
ian physiology and in ovarian tumorigenesis.

Ovulatory Doses of hCG Prevent Tumorigenesis
in LH�CTP Mice

Having defined the partial transcriptomes that are as-
sociated with LH-induced luteomas or granulosa cell
tumors, we wondered whether providing even further
elevated, but surge like, levels of LH in genetically
predisposed animals (CF-1) would shift the patho-
genic outcome from tumor to luteoma through initia-
tion of a differentiation cascade. The initial expression
profiling data suggested that granulosa cell tumors in
this model are composed of undifferentiated granu-
losa cells with decreased expression of LH-R, StAR,
and PRL-R as compared with the more differentiated
luteomas. Furthermore, although LH�CTP mice have
chronically elevated levels of LH, they fail to mount a
preovulatory surge of LH (data not shown) that is nec-
essary for granulosa cell differentiation. Thus, we hy-

Table 1. Gene Expression Decreases Associated with Granulosa Cell Tumors

Accession
No. Gene Name

Average Fold
Decrease

(Tumor vs. Luteoma)

Reproduced in hCG-
Induced Luteoma

AA087277 Secreted frizzled related protein 4 400 Yes
Z27088 Relaxin precursor 300 Yes
AA122502 NG-CAM related adhesion molecule precursor 150 Yes
M14757 Multidrug resistant protein 100 No
M89797 Wnt-4 100 Yes
W15994 Laminin B receptor 49.0 Yes
D17433 PGF receptor 43.0 Yes
L36062 StAR 33.0 Yes
D14636 PEBP2a1 protein 32.0 Yes
D32137 MOPG 31.0 Yes
W41963 Acetyl-CoA synthetase 16.0 No
M62766 HMG-CoA reductase 14.0 Yes
Z22532 Syndecan-1 13.0 No
I13593 PRL-R receptor 11.5 Yes
D42048 Squalene epoxidase 9.5 No
X61940 Growth factor-inducible immediate early gene 9.0 Yes
AA066425 Tumor-associated antigen 8.5 No
M81310 LH-R 8.0 Yes
X56304 Tenascin 7.5 Yes
U49507 Lisch 7 7.0 Yes
M28698 Cytokeratin 19 7.0 Yes
AA016727 Farnesyl pyrophosphate synthetase 7.0 No
I05781 Cytosolic epoxide hydrolase 6.0 Yes
M37761 Calycyclin 6.0 Yes
M31419 204 interferon activatable protein 5.5 Yes
AA000961 Hemoglobinase precursor 3.0 Yes
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pothesized that the lack of ovulatory surges may be an
important determinant of granulosa cell tumor forma-
tion in CF-1 mice. Without ovulatory doses of LH,
granulosa cells that express LH-R will fail to differen-
tiate, causing an imbalance between cells that prolif-
erate and those that differentiate. We found previously
that ovulatory doses of hCG can induce ovulation in
LH�CTP mice. This provides evidence that the ovula-
tion machinery, including LH-R expression on granu-
losa cells, is intact in young transgenic animals (46).
Thus, activating this machinery by providing ovulation-
inducing doses of hCG may stimulate differentiation

and antagonize the protumorigenic influence of chron-
ically high LH and possibly other hormones and
growth factors.

To address these possibilities, LH�CTP mice were
treated with ovulatory doses of hCG every fourth day
for 5 months to determine whether an alteration in the
tumorigenic outcome would occur. Treatment began
at 2 wk of age and was halted once the animals
reached 5 months of age. Transgenic female litter-
mates received injections of saline as controls. All
transgenic animals (n � 4) receiving hCG injections
failed to develop granulosa cell tumors, whereas, as

Table 2. Gene Expression Increases Associated with Granulosa Cell Tumors

Accession
No. Gene Name Average Fold Increase

(Tumor vs. Luteoma)
Reproduced in hCG-

Induced Luteoma

X13586 2,3-Bisphosphoglycerate mutase 130 Yes
U81603 Eya2 homolog 40.0 Yes
W35058 Frizzled 10 39.0 Yes
U85610 Indian hedgehog protein 27.0 Yes
AB004048 Neuronatin 26.0 Yes
J04946 Angiotensin-converting enzyme 22.0 Yes
AA111277 Visinin-like protein 22.0 Yes
U37459 Glia-derived neurotrophic growth factor (GDNF) 21.0 Yes
M69069 MHC class I mRNA 21.0 No
X68837 Secretogranin II 17.0 Yes
M29464 Platelet-derived growth factor A-chain 14.0 Yes
X69620 Inhibin �-B subunit 12.0 Yes
AA105452 Glia-derived nexin precursor 10.0 Yes
M15525 Laminin B1 10.0 Yes
X03919 N-myc 9.5 Yes
X69619 Inhibin �-A subunit 9.0 Yes
I056439 IGFBP-2 9.0 Yes
M18194 Fibronectin 9.0 Yes
AA097626 Pol polyprotein 9.0 Yes
X94322 Melanoma-inhibitory-activity protein 8.5 Yes
V00727 c-fos oncogene 8.0 Yes
X13945 L-myc 8.0 Yes
M70642 FiSP-12 8.0 Yes
U17961 p62 mRNA 7.0 No
AA035915 Ras-like protein TC21 6.5 Yes
U79766 Ajuba 6.0 No
AF004326 Angiopoietin-2 6.0 Yes
W48402 SIR2 5.5 Yes
X89627 17-�-Hydroxysteroid dehydrogenase 5.5 Yes
AA064226 RAB-11B 5.5 Yes
M31131 N-cadherin 5.0 Yes
X70853 Fibulin C 5.0 Yes
W82053 EF-2 5.0 Yes
W41733 PKC substrate 5.0 Yes
X75285 Fibulin 2 5.0 Yes
X70854 Fibulin D 4.0 Yes
Z28532 Follistatin 4.0 Yes
AA063914 Tubulin �-chain 3.5 Yes
L04538 Amyloid precursor-like protein 3.5 Yes
AF119416 GM3 synthase 3.5 Yes
U79748 DPC4 3.5 No
X89749 mTGIF protein 3.0 Yes
W13162 CDK4 3.0 Yes
W43968 Myosin heavy chain 1B 3.0 Yes
W81863 Extensin precursor 3.0 Yes
Z22784 Troponin 1 3.0 Yes

MHC, Major histocompatibility complex.
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expected, all littermate controls (n � 3) receiving saline
injections developed tumors at 5 months of age. Rep-
resentative sections from one of the four hCG-treated
and one of the three saline-treated mice is shown in
Fig. 4. Interestingly, ovaries from hCG-treated females
displayed a histological phenotype indistinguishable
from the F1 hybrid mice, i.e. a luteoma in which most
cells in the ovary are luteinized and differentiated.
Thus, providing CF-1 transgenic females with ovula-
tory doses of hCG prevents tumor formation and in-
duces an ovarian phenotype histologically identical
with that observed in other strains of mice where LH is
chronically elevated. This result indicates that ovula-
tory surges of hCG are capable of antagonizing the
genetic predisposition for granulosa cell tumor forma-
tion in CF-1 transgenic mice.

Surges of hCG Induce a Transcriptional Profile
Similar to a Luteoma as Opposed to a Granulosa
Cell Tumor

Because hCG treatment induced formation of a lu-
teoma in CF-1 mice that was morphologically and
histologically identical with those in F1 hybrid mice, we
examined whether the ovarian transcriptome of CF-1
mice treated with ovulatory doses of hCG resembled
that from F1 hybrid mice. Specifically, from the initial
analyses, 46 genes were found to increase in expres-
sion in tumors when compared with wild-type and F1

hybrid luteomas (Fig. 2). In contrast, ovaries from ge-
netically predisposed CF-1 mice receiving hCG treat-
ment failed to show increases in expression in these
genes and, in fact, had levels more similar to those
found in luteomas from F1 hybrids (Fig. 5A and Table
2). For example, expression of the c-fos, L-myc, and
N-myc genes was increased in granulosa cell tumors;
however, the expression of these genes was quite low
in hCG-induced luteomas and similar to levels found in
F1 hybrid luteomas and wild-type animals. Increases in
inhibin �A-B mRNAs, and most of the extracellular
matrix protein encoding mRNAs seen in granulosa cell
tumors, were also not observed with surges of hCG
(Table 2).

Similarly, most genes with reduced expression in
granulosa cell tumors were not significantly altered in
ovaries from hCG surge-treated mice (Fig. 5B and
Table 1). PRL-R, StAR, Wnt-4, and sFRP-4 were all
expressed at levels similar to those in F1 hybrid luteo-
mas compared with granulosa cell tumors. Of note is
the retention of LH-R mRNA in hCG-treated animals
compared with tumor-bearing animals, in which its
expression was decreased. Surges of LH normally
induce luteinization of granulosa cells and expression
of LH-R to support pregnancy (81). Thus, because
hCG-treated transgenic ovaries and ovaries from F1

hybrids are highly luteinized, it is not surprising that
LH-R gene expression in these samples is high. These
data again suggest that appropriate LH-R expression
and sufficient LH levels may be critical for proper
control of granulosa cell proliferation, differentiation,
and tumorigenesis when accompanied by a genetic
predisposition toward tumor formation.

Refining the Transcriptome Alterations
Associated with Granulosa Cell Tumors

The diagram in Fig. 6 illustrates that chronically ele-
vated LH, as well as potential alterations in androgens
and other growth factors, initiates a series of events
that, depending on the genetic predisposition of trans-
genic mice that chronically hypersecrete LH, leads
inevitably to one of two tumorigenic outcomes: gran-
ulosa tumors or luteomas. In the preceding sections,
we have shown that specific transcriptomes are linked
to each tumorigenic outcome. Several of the changes
in gene expression involve important components of
major signal transduction cascades associated with

Fig. 4. Surges of hCG Prevent Tumorigenesis in LH�CTP
Mice

Injections of hCG (10 IU) every 4 d beginning at 2 wk of age
in CF-1 transgenic animals prevented the formation of gran-
ulosa cell tumors. Representative hemotoxylin and eosin-
stained sections from one of four hCG-treated, and one of
three saline-treated, controls are illustrated. All samples from
each experimental group had the same histological pheno-
types. The granulosa cell tumors from saline controls dis-
played several hallmarks of granulosa cell tumors including
increased nuclear-cytoplasm ratio, increased mitoses, and
Call-Exner bodies. Conversely, in hCG-treated animals there
is a decrease in the nuclear-cytoplasm ratio and extensive
luteinization of the ovary.
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LH action. We have also discovered that administra-
tion of surges of hCG that mimic ovulatory levels of LH
block formation of granulosa tumors in genetically pre-
disposed mice and trigger, instead, formation of luteo-
mas. The transcriptome associated with luteomas in-
duced by this pathway bears striking resemblance to
luteomas that form in transgenic mice that are not
genetically predisposed to granulosa cell tumors.

Although this type of comparative gene expression
profiling points to a number of interesting candidates
worthy of additional functional characterization, we
suspect that only a few of these will consistently as-
sociate with every granulosa cell tumor or luteoma.
Therefore, the next challenge is to identify a smaller
subset of transcriptomes that fulfills this criterion. We
predict this can be achieved by continued expression
profiling of ovarian tumors that arise through different
initiating events. For example, we have recently per-
formed comparisons between granulosa cell tumors
from LH�CTP mice and tumors from inhibin � knock-
out mice (data not shown). The inclusion of these
tumors has further reduced the size of the transcrip-

tome linked with granulosa tumors to approximately
30 genes including LH-R and members of the Wnt
signaling pathway. By further extending this approach
to ovaries from LH�CTP mice deficient in other hor-
mones, such as FSH, androgens, or estrogens, we
predict that a stable transcriptome will emerge that
uniquely associates with most granulosa cell tumors.

Once transcriptome alterations have been refined,
the tumorigenic sufficiency of the identified genes and
their encoded proteins, such as c-fos, N-myc, and
members of the Wnt signaling pathway, can be exam-
ined indirectly through assessment of cell-specific lo-
calization and quantification and directly via additional
transgenic approaches. Additionally, coupling these
studies with proteomic approaches that include as-
sessment of protein modification and activity should
provide an ultimate test of their functional significance.
Although proteomic approaches can be pursued inde-
pendently, gene expression profiling can enhance pro-
teomic analysis by identifying potential signaling path-
ways that include components that do not show
parallel changes between a specific mRNA and its

Fig. 5. Ovaries from hCG-Treated Mice More Closely Resemble F1 Hybrid Luteomas when Analyzing Tumor-Associated
Expression Changes

New clusters were created with the addition of RNA from hCG-treated animals (CF-1 5 mo� hCG). Remarkably, hCG-induced
luteomas had a transcriptome that more closely resembled F1 hybrid luteomas as compared with granulosa cell tumors.
Specifically, hCG luteomas mimicked F1 hybrid luteomas in 86% of the gene expression changes previously identified as
associated with granulosa cell tumor development. SOMs of tumor-associated expression increases (A) and decreases (B) are
illustrated with the incorporation of hCG-induced luteomas. The specific gene expression changes are displayed in Tables 1 and
2, respectively.
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encoded protein. For example, our preliminary data
indicate that the mRNA for �-catenin, an important
member of the Wnt signaling pathway, does not
change during the course of tumorigenesis, whereas
processing of its encoded protein changes dramati-
cally (data not shown). Thus, our initial transcriptome
data lay the groundwork for continued definition of
genetic networks and signaling pathways that consis-
tently associate with formation of ovarian tumors. How
these networks and pathways interact with genetic
factors governing tumor susceptibility may ultimately
lead to a better understanding of human granulosa
cell tumors, particularly those from postmenopausal
women.

MATERIALS AND METHODS

Expression Profiling

Total RNA was collected from ovaries from individual mice
using TRIzol reagent (Life Technologies, Inc., Gaithersburg,
MD). Equal amounts of total RNA were pooled from at least
four animals in each experimental group. The average
amount of pooled total RNA was approximately 20 �g. Biotin-
labeled cRNA was created from pooled total RNA, following
protocols provided by Affymetrix (Affymetrix, Santa Clara,
CA). Briefly, total RNA was used in a reverse transcription
reaction (Life Technologies, Inc.) with an oligo-dT primer
containing a T7 polymerase promoter. Double-stranded
cDNA was generated and used in an in vitro transcription
reaction containing biotinylated UTP and CTP (Enzo Diag-
nostics, Farmingdale, NY). Equal amounts of biotinylated
cRNA from each sample were used to probe Affymetrix
Mu11K expression array GeneChips. These arrays contain
11,000 genes and ESTs distributed between two chips (A and
B). Once all samples were hybridized and scanned, expres-
sion data between chips were normalized to GAPDH expres-
sion levels using GeneChip software.

Generation of SOMs and Data Analysis

SOMs were generated using data collected from Affymetrix
expression arrays. Values for “average difference intensity,” a
quantitative level of hybridization and hence relative expres-
sion, were used to generate SOMs. GENECLUSTER was
used to create the SOMs (50). Data were filtered and normal-
ized (thresholds: minimum (min), 20; maximum (max), 30,000;
row variation: max/min � 3, max � min � 100; row normal-
ization: mean 0, variance 1) across samples so as to eliminate
genes that exhibited no change throughout the samples.
Once informative SOMs and clusters were generated, the
data were filtered further using parameters generated by
Affymetrix Microarray Suite that are not considered in the
GENECLUSTER program. For example, genes are identified
as “absent” or “present” by Affymetrix software. Therefore,
genes identified as absent throughout all the samples were
removed from the analysis. In addition, only genes identified
as “increased” or “decreased” between informative samples
by Affymetrix software were recorded as significant changes.
Fold change was also considered. Gene changes 3-fold or
greater were considered significant because changes greater
than 3-fold were previously found to be highly repeatable and
reliable between duplicated samples (51). Once genes were
removed using these criteria, the data was reclustered in
GENECLUSTER to generate the true expression pattern, uti-
lizing only the row normalization parameter in GENECLUS-
TER. In the end, only genes changing more than 3-fold and
those that were identified as “present,” “increased,” and/or
“decreased” in particular samples were accepted in each
cluster. Expression profiling data can be viewed at http://
mend.endojournals.org, and have been deposited in the
Gene Expression Omnibus database (http://www.ncbi.nlm.
nih.gov/geo).

RT-PCR

Total RNA was purified from the ovaries of both CF-1 and F1
hybrid (C57BL/6� � CF-1�, Tg) 5-month transgenic mice
harboring either granulosa cell tumors or luteomas, respec-
tively. The RNA was deoxyribonuclease 1 treated and used in
a reverse transcription reaction to generate single-stranded
cDNA using SuperScript reverse transcriptase (Life Technol-
ogies, Inc.). Equal amounts of RNA were used for each re-

Fig. 6. Identifying Unique Transcriptomes that Couple with Genetic Factors to Induce Granulosa Cell Tumors or Luteomas
This model illustrates that chronically elevated LH, as well as potential alterations in androgens and other growth factors,

initiates one of two basic tumorigenic pathways. The pathway taken depends on genetic predisposition and can be modified by
hormonal intervention. Although the different tumors share overlapping transcriptomes, each has a unique pattern of gene
expression.
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action. Specific cDNA species were generated through the
use of gene-specific 3�-primers for �-actin (5�-GGATTCCAT-
ACCCAAGAAGGAAGG-3�), LH-R (5�-TCTGTTCACCCAAGA-
CACTC-3�), StAR (5�-CTGAAGATGGACAGACTT-3�), Wnt-4
(5�-AACTGTGCATTCCGAGGCAC-3�), and inhibin �-B (5�-
GTCGTACGAGTACAGTTTCG-3�). Single-stranded cDNAs
were used as templates for PCR for each of the gene tran-
scripts. Additional gene-specific 5�-primers were used
for these reactions [�-actin (5�-GAACATGGCATTGTTACC-
AACTGG-3�), LH-R (5�-TCTGTTCACCCAAGACACTC-3�),
StAR (5�-GTCAAGGAGATCAAGGTC-3�), Wnt-4 (5�-GCTTC-
CAGTGGTCAGGATGC-3�), inhibin �-B (5�-AACAACTGA-
CAGGTCACTGG-3�)]. Fifteen-microliter aliquots were re-
moved from each 100-�l reaction every five cycles beginning
at cycle 15 and ending at cycle 35. Aliquots were visualized
on agarose gels. Comparison of gene expression levels be-
tween samples was normalized to �-actin expression.

hCG Injections and Histological Analyses

All mice for these experiments were on a 12-h day/night cycle
and had food and water ad libitum. The Case Western Re-
serve University Institutional Animal Care of Use Committee
approved all animal studies. Four transgenic and four wild-
type CF-1 mice were given hCG in saline (Wyeth-Ayerst
Laboratories, Inc., Philadelphia, PA) (10 IU) injections ip be-
ginning at 14 d of age. This dose has been shown to induce
ovulation in wild-type and young LH�CTP mice (46). Injec-
tions were given every 4 d, mimicking the normal cycle of a
mouse (82). At 5 months of age, the mice were killed and
ovaries harvested for histological analysis and RNA collec-
tion. Tissue was fixed in Kalhe’s solution, paraffin embedded,
sectioned, and hemotoxylin and eosin stained. Sections were
then evaluated for the presence of granulosa cell tumors.
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