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Abstract Granulosa cell tumors of the ovary (GCT)
represent ~5% of malignant ovarian tumors. The adult form
is defined by a mutation in the FOXL2 gene. GCT exhibit
many of the features of normal proliferating granulosa cells.
We have profiled the expression of the 48 human nuclear
receptors (NR) by quantitative RT-PCR in a panel of GCTand
in two GCT-derived cell lines, COV434 and KGN. The
highest level of expression is seen for COUP-TF2 with
abundant expression of PPARγ, SF-1, and TR-α. Estrogen
receptor (ER)-β is the most abundant of the steroid receptors
with relatively high expression also of AR, ER-α, and PR.
The concordance of expression for each NR across the tumors
is remarkably high with same discordance between the cell
lines and the tumors, particularly the COV434 line. No
significant differences were observed with respect to tumor
stage for NR expression. These findings provide a full profile
of NR expression in GCT which will enable full character-
ization of their roles and potential as therapeutic targets.
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Introduction

Granulosa cell tumors of the ovary (GCT) are a specific
subset of malignant ovarian tumors which, in contrast to the
more common epithelial tumors, arise from the stromal
cells of the ovary. GCT are the predominant form of ovarian
stromal tumor, representing ~5% of all malignant ovarian
tumors [1, 2]. Although GCT are generally thought to have
a better prognosis than epithelial ovarian tumors, ~80% of
patients with advanced or recurrent tumors die from their
disease [3].

GCT exhibit many morphological, biochemical, and
hormonal features of normal proliferating pre-ovulatory
granulosa cells (GC), including both estrogen and inhibin
biosynthesis [1, 4, 5]. The latter hormone has proven to
be a useful tumor marker in post-menopausal women and
in women post-oophorectomy [5, 6]. The peak incidence
for GCT is in the early 50’s but they may arise at any
age; a much less common juvenile form of the disease
occurs representing ~5% of GCT. Identification of the
molecular pathogenesis of these tumors has proven elusive
despite extensive investigation [6, 7]. In the case of juvenile
GCT and in contrast to adult GCT, a recent study found that
30% contain the gsp oncogene, an activating mutation of
Gαs [8]. In the case of adult GCT, the landscape has
recently changed with the finding that 97% of a large series
of GCT contain a missense mutation (C134W) in the
FOXL2 gene [9]. Interestingly, this mutation is not found in
juvenile GCT or in other stromal tumors, except where they
contain GCT-like elements. This finding has been con-
firmed in two subsequent independent studies [10, 11].
Curiously, in juvenile GCT, advanced stage is associated

Maria Alexiadis and Natalie Eriksson equally contributed to this work.

Electronic supplementary material The online version of this article
(doi:10.1007/s12672-011-0069-3) contains supplementary material,
which is available to authorized users.

M. Alexiadis : S. Jamieson :A. E. Drummond : S. Chu :
C. D. Clyne : P. J. Fuller (*)
Prince Henry’s Institute of Medical Research,
Institute of Medical Research,
Clayton, Victoria 3168, Australia
e-mail: peter.fuller@princehenrys.org

S. Jamieson : P. J. Fuller
Department of Medicine, Monash University,
Clayton, Victoria 3168, Australia

N. Eriksson :M. Davis :G. E. Muscat
Institute for Molecular Biosciences, University of Queensland,
Brisbane, Queensland, Australia

HORM CANC (2011) 2:157–169
DOI 10.1007/s12672-011-0069-3

http://dx.doi.org/10.1007/s12672-011-0069-3


with loss of FOXL2 expression [12]. It can be argued that
the presence of this mutation defines adult GCT. The
significance of the mutation remains to be determined.
Given that the mutation is present in all adult GCT,
irrespective of stage, it may be aetiologic but it does not
explain the differing patterns of pathogenesis.

The NR superfamily members are usually defined as
ligand-dependent transcription factors, although in some
cases their ligand remains to be identified [13]. The
canonical receptor consists of a central cysteine-rich DNA
binding domain of 66 or 68 amino acids with a C-terminal,
ligand-binding domain (LBD). The LBD consists of 12 or
11 α-helices in three anti-parallel layers; this tertiary
structure is also highly conserved. N-terminal to the DBD
is the N-terminal domain whose length and sequence is not
conserved between receptors [14]. NR play a critical role in
endocrine signaling and in hormone-dependent malignan-
cies such as cancers of the breast, prostate and uterus.

Granulosa cells both synthesize steroid hormones and
respond to steroid hormones. Whilst a potential role for
some NR such as the steroidogenic factor-1 (SF-1) has been
well characterized in the biology of GC, the patterns of
expression of the other NR have not been systematically
examined. Similarly, there is limited information on the role
of NR in GCT; we have characterized the estrogen receptor
(ER)-β in GCT [15] and others have examined ER-α, the
progesterone receptor (PR), and SF-1 [16–18]. The role of
other NR known to be expressed in GC has not been
examined nor has there been a systematic expression
profiling of the entire NR superfamily. Although such data
might in principle be obtained from analysis of published
microarray data sets, the relatively low abundance of
transcription factors means that NR are often not captured

in microarray analysis. In addition, with the exception of
the sequencing data from four tumors in the FOXL2 study
[9], microarray analyses of GCT have not been reported [2].

Therefore, in order to systematically evaluate the
expression of NR in GCT, we used the commercial, ABI
TaqMan Low-Density Nuclear Receptor Gene Signature
Array (TLDA) to screen a well-defined cohort of GCT
together with the two GCT-derived cell lines, COV434 and
KGN. The relative expression across the various adult GCT
has been analyzed against a commercial universal reference
sample which is a tumor sample (derived from ten human
cell lines). Subsequent to the analysis, we were also able to
confirm the FOXL2 mutation status of the GCT examined.
This dataset confirms and extends previous studies of
individual nuclear receptors in granulosa cells. In several
cases, these NR, represent potential therapeutic targets for
the treatment of GCT.

Materials and Methods

Isolation of RNA from Tissue and Cell Line Species

RNA was isolated from GCT (n=14) collected sequentially
at our institution [10] and from the two GCT-derived cell
lines COV434 [19] and KGN [20] which have been
described previously [21]. RNA was extracted using the
guanidine thiocyanate/caesium chloride method as previ-
ously described [22]. The RNA quality was checked by
electrophoresis using a Bio-Rad Experion™ automated
electrophoresis system (Bio-Rad Laboratories, Hercules,
CA). The details of the individual tumors and their FOXL2
mutational status are shown in Table 1. The collection and

Sample FOXL2 status (*) Patient age Tumor stage Menopausal status

1 Het 31 I Pre

2 Het 48 Recurrent, metastatic Pre

3 Het 66 Recurrent, metastatic Post

4 Het 58 Recurrent, metastatic Post

5 Hemi 50 Recurrent Pre

6 Het 53 I Pre

7 Het 54 I Pre

8 Het 45 Recurrent Pre

9 WT 71 Recurrent Post

10 Het 56 Recurrent Post

11 WT 80 High grade (1/2) Post

12 Het 50 Ic Post

13 Het 54 Recurrent Post

14 Het 79 1 Post

COV434 WT 27 Metastatic Pre

KGN Het 73 III, recurrent Post

Table 1 Clinical information of
the patients studied

Het heterozygous for the
FOXL2 mutation, WT wild-type
FOXL2 sequence only, Hemi
FOXL2 mutation only (a dis-
tinction between homozygous
and hemizygous is not possible),
see Jamieson et al. [10]
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use of this tissue is approved by the Research and Ethics
Committee of Monash Medical Centre, and all women gave
written informed consent for collection of the tissue. The
human tumor RNA reference sample is an FDA-approved
reference control from Stratagene (catalog no. 740000).

TaqMan Low-Density Array

Commercial micro-fluidic cards, the TLDA (Applied
Biosystems, catalog no. 4379961), that contain an exclusive
set of TaqMan gene expression assays for the 48 NR and 16
internal controls (eukaryotic 18S rRNA (18S), beta-actin
(ACTB), beta-2-microglubulin (B2M), glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), glucuronidase, beta
(GUSB), hydroxymethylbilane synthase (HMBS), hypo-
xanthine phosphoribosyltransferase 1 (HPRT1; Lesch-
Nyhan syndrome), importin 8 (IPO8), phosphoglycerate
kinase 1 (PGK1), polymerase (RNA) II (DNA directed)
polypeptide A, 220 kDa (POLR2A), peptidylprolyl isom-
erase A (cyclophilin A) (PPIA), ribosomal protein, large,
P0 (RPLP0; same as 36B4 in mouse), TATA box binding
protein (TBP), transferrin receptor (p90, CD71) (TFRC),
ubiquitin C (UBC), and tyrosine 3-monooxygenase/trypto-
phan 5-monooxygenase activation protein, zeta polypeptide
(YWHAZ)) were used to profile gene expression. These
controls span the relative abundance/Ct range of the genes
on the card, and three (18S rRNA, GAPDH, and RPLPO)
are validated real-time PCR controls from Nuclear Receptor
Signaling Atlas (NURSA)-supported NR studies [23, 24]
The geNorm software imbedded within the ABI/Intergro-
mics StatMiner V4.1 software package was used to
compute least expression variation and select the most
appropriate, stable, and robust combination of internal
control genes with which to normalize the expression data
(against the mean of the most stable controls).

For each sample, 1.5 μg of total RNA was reverse
transcribed using random hexamers with SuperScript III
reverse transcriptase (Invitrogen) in a total volume of 45 μl.
A total of 100-μl reaction mixture containing 50-μl cDNA
template (333 ng) in RNase-free water and an equal volume
of TaqMan® universal master mix (Applied Biosystems,
Foster City, CA) was added to each TLDA fill reservoir.
Each GCT sample was run once while the cell lines were
run as three biological replicates. Four reservoirs per
sample were filled. The TLDA includes all NR and
endogenous controls in triplicate. After sealing the plate,
it was run on an ABI 7900HT Real-Time instrument
(Applied Biosystems).

Statistical Analysis

The TLDAs were analyzed for Fig. 1 using the relative
quantification method of ΔCt. The geNorm software

imbedded within the ABI/Intergromics StatMiner V4.1
software package was used to compute least expression
variation and select the appropriate and most stable
combination of internal control genes with which to
normalize the expression data. The expression data were
normalized to the median of GAPDH, HMBS, RPLPO,
and TBP. A calibrator/reference sample was not used and
hence no significance between samples was calculated.
The data are expressed as percentage of the geNorm-
selected controls.

The TLDA were analyzed as described in Raichur et al.
[25] for Online Resources 1, 3, and 4 (Electronic
Supplementary Material). Briefly, significant changes in
expression relative to reference samples or an FDA-
approved universal human tumor RNA sample (Stratagene)
were analyzed using the ABI/Integromics “StatMiner”
software package. Differentially expressed genes were
identified by the comparative Ct method and significance
was assigned by the application of the non-parametric
Wilcoxon’s (Mann–Whitney U) test [26]. Furthermore, we
performed conservative data filtering (Benjamin–Hochberg)
to control for false-discovery rate (FDR), and further
refined the subset of differentially expressed genes. Rela-
tive quantification, i.e., the calculated fold differences
(between the target and the calibrator/reference sample/
tissue) are displayed as valid, when the Ct values of the
gene in the target and calibrator/reference samples was <35
cycles. Moreover, fold differences are flagged as target not
detected, calibrator not detected, and no detection (i.e.,
expression in either tissue), when the Ct value of the gene
(s) in 50% or more of the target samples, calibrator, and/or
both samples was >35 cycles (i.e., the arbitrarily selected
threshold limit). Hence, the reported quantitative “fold
change of a gene that is not expressed in some of the
biological conditions may not be reliable” [27], however, it
does reflect a qualitative difference. The data generated by
the ABI SDS software from the ABI7900 instrument do not
normally contain missing Ct values, and Ct values are
assigned beyond the arbitrarily set threshold (Ct 35) up to a
maximum Ct 40. In situations where the sample is
undetected and the Ct values are beyond the maximum Ct

40, the StatMiner software imputes a value, set to the
maximum Ct.

Analysis of Relative Expression

Calculation of relative expression by StatMiner is not
supported, so a workflow was developed to automate the
processing of raw TLDA results files and generate N·X
relative expression values, where N is the number of genes
in the TLDA experiment, and X is the number of samples.
For small experiments, these calculations can be done by
hand, but in large studies such as this, where N·X=960,
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automation is required. We have designed a Pipeline Pilot
workflow to read the results files from the TLDA analysis,
normalize against a set of endogenous control genes (E; in
this case, the set is selected by geNorm embedded within
StatMiner, see above) and generate the relative expression
value for each detected gene N in each submitted sample X.
These data are presented as percentages in Table 1 in the
Electronic Supplementary Material and Fig. 1. The work-
flow also assigns samples to groups according to the
sample identifiers used in the results files, and visualizes
descriptive statistics for the groups (Online Resources 1 and
2 (Electronic Supplementary Material)). Relative expression
(R) of each gene N, in sample X was calculated as follows:

RNX ¼ 2�ΔCtN x

ΔCtNX
is calculated by:

ΔCtNX
¼ CtNX

�MCtEX

where ΔCtNX
is the Ct value of gene N in sample X taken

from the raw TLDA results file, and MCtEX
is the median Ct

value from the set of selected endogenous controls. E is
determined by StatMiner for the whole experiment, but Ct

values of genes in E used to determine the median are
specific to each sample.

FOXL2 Mutation Detection

The identification by Shah et al. [9] of the FOXL2 C134W
mutation in 97% of adult GCT led us to retrospectively
assess the mutational status of our GCT panel [10]. The
presence of the mutation (Table 1) was determined by RT-
PCT with direct sequencing of the amplicon with the
primers described by Shah et al. [9].

Results

The details of the GCT tissues examined and their FOXL2
mutational status are shown in Table 1. The tumors were
selected on the basis that they were adult GCT however two
were FOXL2 mutation negative. The significance of this is
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Fig. 1 Nuclear receptor gene expression analysis in Granulosa cell
tumors of the ovary (GCT) and GCT-derived cell lines, COV434 and
KGN. Values were averaged over 14 GCT samples and over three
replicate experiments for the COV434 and KGN cell lines. Samples
with a CT value of ≥35 were given a value of 0. Data are presented as
the relative expression normalized to and expressed as a percentage of

the median of the geNorm-selected controls of GAPDH, HMBS,
RPLPO, and TBP. The bar graphs represent mean±SEM for the GCT;
the values for the COV434 and KGN cells are the mean of three
independent determinations. Actual values are shown in the Electronic
Supplementary Material (Online Resource 1)
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uncertain but it may be that they are a late-onset juvenile
form of GCT [9]. Sample 11 is curious in that it exhibited
very abundant FOXL2 expression levels [10]. The KGN
cell line is heterozygous for the C134W mutation [10, 28,
29] whereas we found the COV434 line to be wild-type for
FOXL2 and to have low to no expression [10], consistent
with it being derived from an advanced juvenile GCT [12].

The relative expression of each NR normalized against
the median of geNorm software selected controls (and
expressed as a mean percentage) is shown in Fig. 1. It is in
effect the inverse of the Ct value. The software selects the
most appropriate (and most stable) combination of internal
control genes with which to normalize the expression data.
The manufacturer states that the amplification efficiency of
TaqMan gene expression assays is ~100±10%, which
suggests that the relative expression of each NR is an
accurate reflection of the mRNA levels (normalized against
control mRNA) in the tissue. The numerical values as well
as the trivial gene names of each NR are given in Online
Resource 1 in the Electronc Supplementary Material.

The highest level of expression in the tumors was observed
for chicken ovalbumin upstream promoter-transcription factor
2 (COUP-TF2). Peroxisome proliferator-activated receptor
(PPAR)-γ, SF-1 and thyroid hormone receptor (TR)-α also
exhibited abundant expression. ER-β, perhaps not unexpect-
edly, was the most abundantly expressed steroid receptor
although there is also expression of the androgen receptor
(AR), ER-α, and the PR. Although the results represent the
mean for the entire tumor panel, the concordance between
tumors is extraordinarily high as is indicated by the small
standard errors (Fig. 1). Although the negative FOXL2
mutation status of tumors 9 and 11 suggests that they may
not be true adult GCT, their removal from the analysis does
not materially alter the result.

The two cell lines generally parallel the results for the
tumor panel although for several genes, there is discordance
either between the lines and the GCT or between one line
and the other. The relative expression for each NR between
the cell lines and the GCT has been analyzed using the
StatMiner software (Online Resource 2 in the Electronic
Supplementary Material) to identify statistically significant
differences. For the KGN cells, the results parallel that of
the tumor panel being either equivalent or lower. In
particular, the values for the most abundantly expressed
genes in the GCT panel, COUP-TF2, PPAR-γ, TR-α, and
SF-1 are significantly lower as are the two ER. The
COV434 cells are significantly less concordant, with the
expression of many genes being significantly lower than in
the GCT (Online Resource 2b in the Electronic Supple-
mentary Material). Retinoic acid receptor-related orphan
receptor (ROR)-α, COUP-TF1 and nuclear receptor-related
protein 1 (NURR1) expression was significantly elevated
against the GCT panel.

Online Resource 3 (Electronic Supplementary Material)
presents the box plots of the relative expression of the 48
NR in the GCT, the GCT derived cell lines and the FDA-
approved universal human tumor RNA sample (Stratagene)
normalized against the median of geNorm software selected
controls, in this case 18S, HBMS, IPO8, and UBC.
Furthermore, the expression data were also normalized
against NURSA-utilized controls [30], for example, 18S
rRNA (that was also selected as a stable control) and 36B4/
RPLP0 which has a similar relative abundance to the genes
on the card.

Analyses have also been performed using StatMiner
software to compare the tumors and the cell lines with an
accepted reference sample. The results in which the GCT
are compared for each NR against the tumor reference are
shown (Online Resource 4 in the Electronic Supplementary
Material). This analysis allows the data to be compared
against other similar data sets which have been standard-
ized using this RNA sample.

The pattern of NR expression was compared between the
stage 1 GCT and those that were more advanced or
recurrent (Online Resource 5 in the Electronic Supplemen-
tary Material). For this analysis, only the FOXL2 mutant
positive tumors (Table 1) were examined. As might be
predicted from the standard errors obtained for the group
data (Fig. 1), no significant differences for a given NR were
identified between these two groups. The exception is
FXR-α, however its absolute levels of expression (Fig. 1)
are extraordinarily low. The pattern of NR expression
therefore does not appear to predict stage or behavior.

Hierarchical cluster analysis (Fig. 2) for each of the GCT
and the two cell lines against the expression levels suggest
some separation of the tumors into two principal groups,
however this does not correspond to either FOXL2
mutation status, stage or clinical outcome. The rather
anomalous tumor, sample 11, which has no FOXL2
mutation, high FOXL2 expression and a juvenile GCT-
like morphology yet arose in an elderly woman [10], differs
most from the group data. Principal component analysis
(Fig. 3) similarly did not identify specific clusters.
Surprisingly, the COV434 and KGN cell lines did not
consistently separate from the tumors nor did tumor 11
consistently separate from others. The principal component
analysis did not, as with the analysis of the individual NR
(Online Resource 5 in the Electronic Supplementary
Material), separate the tumors by stage.

Discussion

Nuclear receptors play a fundamental role in many aspects
of cellular metabolism, proliferation and homeostasis [13,
14]. In hormone-dependent cancers, they sometimes have a
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central pathogenic role, making them important therapeutic
targets. GCT have not been well characterized with respect
to NR. Indeed studies in normal GC are, with some
exceptions, very limited. In this study, we have systemat-
ically determined the expression levels of the 48 NR in 14

GCT and in two GCT-derived cell lines. The data are
remarkable on two counts, firstly for the wide variety in
expression levels between the 48 NR and secondly, for the
extraordinary concordance obtained between tumors for NR
expression. In previous studies examining the expression of
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specific genes in GCT, we have observed remarkable
homogeneity between GCT [4, 31] and that is again seen
for the NR. Abundant expression is seen in decreasing
order of COUP-TF2, PPAR-γ, SF-1, TR-α, and ER-β. A
significant number of NR show very low/no expression.

Chicken Ovalbumin Upstream Promoter-Trancription
Factor

COUP-TF2 is the most abundantly expressed NR in the GCT
and indeed in both cell lines. COUP-TF2 is a ubiquitously
expressed orphan member of the NR superfamily. Together
with COUP-TF1 and v-erbA-related protein 2 (EAR2) it is a
type III nuclear receptor. The role of COUP-TF2 has been
characterized in GC where it is reported to negatively regulate
SF-1-dependent transcription of steroidogenic enzymes [32].
In normal human GC, COUP-TF2 immunoreactivity is
predominantly located to the thecal cells with high levels
maintained across the menstrual cycle. In vitro studies
suggest that COUP-TF2 is also a repressor of the FSH
receptor promoter [33]. Superficially therefore, it might be
concluded that COUP-TF2 antagonizes the induction of the
differentiated phenotype in GC, a phenotype which ulti-
mately leads to luteinization and terminal differentiation. The
ubiquitous nature of its expression and its lack of ligands
make it an interesting but challenging therapeutic target. It is
tempting to speculate that the expression of COUP-TF2 may
be driven by FOXL2, given the fundamental role of both
factors in GC development. Expression of COUP-TF2 in
human breast cancer has been associated with negative
prognostic markers including VEGF-C expression [34].
Other studies in breast cancer have demonstrated interactions
between COUP-TF2 and estrogen receptor signaling at
estrogen response elements [35, 36]. Expression of COUP-
TF2 is induced in breast cancer cell lines by the MAP kinase
pathway; conversely, Lee et al. [37] reported that COUP-
TF2 expression was down regulated in ovarian epithelial
tumors. Our finding that COUP-TF2 was also abundantly
expressed in both cell lines provides an experimental system
in which the role of COUP-TF2 might be defined.

Peroxisome Proliferator Activating Receptor

In the GCT, expression of all three PPAR genes (α, δ, and γ)
is observed with PPAR-γ expression being particularly
abundant. Expression of PPAR-γ has been reported in a
number of tumor types. PPAR-γ is the second most abundant
NR in the GCT, it is modestly expressed in the KGN cells and
arguably absent from the COV434 cells. Ligand-induced
PPAR-γ activation has been explored as a therapeutic strategy
in a number of tumors including endocrine malignancies such
as thyroid cancer [38, 39]. There are only limited studies of
PPAR-γ in GC [40, 41]. PPAR-γ acts as a heterodimer with

its partner retinoid X receptor (RXR)-α and indeed there is
significant expression of RXR-α in the GCT and also in both
cell lines. Characterization of the role of PPAR-γ in GC has
been aided by the availability of agonist ligands. These
studies have primarily used isolated rat GC but in several
studies the KGN cell line has also been examined, usually as
a model of normal GC rather than as a model of GCT.
Several studies have demonstrated a role for PPAR-γ in
inhibiting proliferation and inducing apoptosis in cultured rat
granulosa cells [40, 42]. It may also have a role in
gonadotropin-induced steroidogenesis. PPAR-γ is expressed
in GC in the rat where it promotes steroidogenesis [43]; its
levels are decreased by LH [44], and PPAR-γ mRNA levels
have a reciprocal relationship with those of P450SCC [45].
Seto-Young et al. [46] found that in isolated human GC
obtained at the time of in vitro fertilization, PPAR-γ agonists
markedly upregulated steroidogenic acute regulatory protein.
This finding was also reported in murine GC [47]. The
response of cultured human GC and KGN cells to PPAR-γ
agonists and/or an RXR agonist has been examined [48].
Fan et al. [49] reported that PPAR-γ/RXR activation down-
regulates aromatase gene expression through suppression of
NF-κB-dependent aromatase activity. The findings of both
increased [340] and decreased [49] estrogen biosynthesis in
response to PPAR-γ activation are dichotomous. Whether
they reflect species difference or the difference between
measuring estrogen levels and aromatase promoter activity is
not clear. Gasic et al. [50, 51] reported that PPAR-γ agonist
treatment inhibits progesterone synthesis in porcine GC. Kim
et al. [52] found that PPAR-γ was regulated by PR in the
ovulatory follicle and that granulosa cell-specific deletion of
PPAR-γ resulted in a failure of pre-ovulatory follicle
receptors. They concluded that PPAR-γ was a key mediator
of the action of PR in GC.

By analogy with other tissues, data in GC although
limited, suggests primarily an anti-proliferative role for
PPAR-γ which makes the high levels observed in the
tumors unexpected. It is possible that there is some degree
of resistance to the actions of PPAR-γ in the tumors. It also
suggests that treatment with combined PPAR-γ/RXR
ligands might be of therapeutic benefit.

PPAR-δ levels are 4-fold lower than those of PPAR-γ
and 4-fold higher than those for PPAR-α. In the rat ovary,
both PPAR-δ and PPAR-α are expressed primarily in the
theca cells and in the stroma [43]. PPAR-δ is principally
expressed in muscle where it has a role in regulating energy
utilization. Whether it fills a similar role in the ovary
remains to be established

Retinoid X Receptor

The retinoid X receptors form heterodimers with a number
of NR including PPAR as discussed above. RXR-α is
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abundantly expressed whereas both RXR-β and RXR-γ
expression is very low to absent. As noted, the possibility
that activation of PPAR-γ±RXR might have a therapeutic
utility makes this finding of some interest. There is
abundant and modest expression of RXR-α in the
COV434 and KGN cells, respectively. Unfortunately, the
COV434 cells lack PPAR-γ and the levels are only
moderate in the KGN cells so it may be difficult to
adequately address the therapeutic potential of combined
PPAR-γ and RXR-α ligand treatment using these cell lines.

Thyroid Hormone Receptor

Thyroid hormone receptors are ubiquitously expressed.
Falzacoppa et al. [53] examined the effect of T3 on
COV434 cells. They found both TR-α and TR-β in the
COV434 and reported increased proliferation and decreased
apoptosis in response to T3 treatment. We found little TR-β
in the tumors whereas TR-α was very abundant and also
present in both the COV434 and KGN albeit at lower
levels. In contrast to the study of Falzacoppa et al. [53], we
found very little TR-β in either cell line. Several studies
have reported that both TR-α and TR-β are expressed in
normal GC [54, 55] although their functions are not clear.
TR-α null mice are reported to have normal reproduction
[56] so the specific role of ovarian TR-α expression is
obscure, as is its role in GCT. In breast cancer there is
evidence that TR-β may be a tumor suppressor gene [57]
and it is interesting to reflect that the v-erb A oncogene is a
dominant negative form of the thyroid receptor found in the
avian erythroblastosis virus. The potential therefore of TR-
α as a therapeutic target is not clear.

Steroidogenic Factor-1/Liver Receptor Homolog-1

The NR5A proteins, SF-1 and liver receptor homolog-1
(LRH-1), have important roles in the ovarian function. SF-1
null mice fail to develop ovaries [58], and granulosa cell-
specific SF-1 null mice are infertile with hypoplastic
ovaries, reduced follicle number and fail to develop corpora
lutea [59, 60]. Humans with inactivating mutations in SF-1
exhibit a spectrum of phenotypes ranging from normal to
primary ovarian insufficiency and disorders of sex devel-
opment [61, 62]. Deletion of LRH-1 in mice is embryonic
lethal [63], and granulosa cell-specific loss of LRH-1
results in annovulation [64]. LRH-1 expression is much
higher than that of SF-1 in the corpus luteum, and mRNA
for SF-1, but not LRH-1 is selectively expressed in theca
cells [65]. Granulosa cells express both LRH-1 and SF-1
[66, 67]. SF-1 and LRH-1 bind to the same enhancer
elements in a number of genes, with overlapping but
distinct effects on FSH-stimulated estrogen and progester-
one synthesis [68]. SF-1 appears to selectively regulate

estrogen synthesis in that LRH-1 does not appear to be
essential for estrogen synthesis, whereas LRH-1 is involved
in progesterone production [69], consistent with the
reduced intrafollicular progesterone levels seen in granulosa
cell-specific LRH-1 null mice [64]. This regulation of
progesterone synthesis has recently been reported to
involve the NR co-activator PGC1-α [70]. Both LRH-1
and SF-1 have a role in the transcriptional activation of the
inhibin α-subunit gene [71]; LRH-1 synergizes with the
transcription factor GATA4 in the regulation of the inhibin
α-promoter [72]. GATA4 expression is upregulated in GCT
and is thought to have a role in their pathogenesis [73]. The
significance of SF-1 and LRH-1 in GCT, however, is
unknown. Interestingly, both the COV434 cells and the
GCT have abundant LRH-1 expression whereas the KGN
cells do not; for SF-1 the pattern is the converse with the
COV434 cells having much lower levels than both the GCT
and the KGN cells which have equivalent levels. In both
cases, the question arises as to whether the expression of
SF-1 and LRH-1 simply correlates with the cell type of
origin of the tumors, or whether they have a pathogenic
role. Since GCT express aromatase and synthesize estrogen,
the presence of the NR5A family members is not
unexpected. SF-1 immunohistochemistry has been advocate
as a marker of sex-cord stromal tumors [17, 18]. Both SF-1
and LRH-1 positively regulate cell proliferation in other
tumors (e.g., adrenal and colon) [74–78] and it is possible
therefore that either or both receptors may influence
proliferation of GCT.

Estrogen Receptor

Of the classical steroid receptors, the receptors for the
gonadal steroids predominate. GC are the predominant site
of expression of ER-β in the human female [79] and we
have previously demonstrated expression of ER-β in GCT
[15]. We also found that, in both cell lines, ER-β signaling
was inhibited by constitutive activation of NF-κB signaling
which provides at least circumstantial evidence that ER-β
may be a tumor suppressor gene [18]. ER-α expression is
~50% that of ER-β. The significance of ER-α in GC and/or
GCT is uncertain. In transgenic mice, deletion of either
estrogen receptor induces an ovarian phenotype, however in
the case of ER-α, this is an indirect effect via pituitary
gonadotropins, whereas for ER-β, it is a direct effect via the
GC [80]. It is curious that both tamoxifen therapy and
aromatase treatment have been reported to have a thera-
peutic benefit in recurrent GCT [6].

Androgen Receptor

After ER-β, AR and PR are the most abundant of the
steroid receptors in the GCT. The AR has also been
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reported to be abundantly expressed in the GC of pre-antral
and antral follicles of the primate ovary [81]. The role of
androgens and the AR in the ovary has recently been
reviewed by Waters et al. [82]. Female mice null for the AR
have subfertility secondary to increased GC apoptosis in the
pre-ovulatory follilcles [83]. Sen and Hammes [84] have
recently demonstrated that GC-specific AR gene deletion
largely phenocopies the global knockout mice indicating
that the reproductive phenotype reflects the role of the AR
in GC. The AR appears to play a fundamental role in GC
growth and in preventing follicular atresia [84]. Activating
and inactivating mutations of the AR are features of
prostate and breast cancer respectively; mutations in the
AR have not been systematically sought in GCT.

Progesterone Receptor

GC expression of the progesterone receptor has long been
recognized as a feature of the GC response to LH. Farinola
et al. [16] reported that PR immunohistochemistry was
positive in 98% of a series of GCT, which is consistent with
our results for PR mRNA. Activation of the PR can be seen
as both anti- and pro-proliferative in uterus and breast
respectively. In addition, the pattern of response will be
determined by the PR isoform expressed [84]. At this stage
we have not established whether the PR in GCT is PRA,
PRB, or both. Studies in murine systems [85] suggest that
progesterone plays an essential role in ovulation, primarily
via PRA. In addition, Friberg et al. [86] have reported that
activation of the PR in rat pre-ovulatory GC decreases
apoptosis through induction of genes involved in the
control of apoptosis. This latter property may be relevant
to GCT; however, a relative lack of ligand makes this of
uncertain pathogenetic significance.

Testicular Receptor 4

Testicular receptor 4 (TR4) is an orphan nuclear receptor
which has a role in spermatogenesis. It is however also
expressed in GC. TR4 has been reported to repress ER-
mediated transcription [87]. Chen et al. [88] have recently
reported that female mice null for TR4 have poor follicular
development and increased GC apoptosis. These authors
suggest that it may also be involved in LH receptor
expression. The levels of expression are similar in both
the GCT and both cell lines, it is interesting to speculate
that it may have an anti-apoptotic role in GCT.

Liver X Receptor

The liver X receptors (LXR)-α and LXR-β have a role in
cholesterol homeostasis particularly in the liver [13].
Expression of the oxysteroid receptor LXR-β is relatively

ubiquitous and has been reported in the rodent ovary [89].
The relatively greater abundance of LXR-β than LXR-α is
consistent with results for the normal mouse ovary. Mice
null for either LXR-α or LXR-β have enlarged ovaries,
haemorrhagic corpus luteum and increased estradiol levels,
suggesting that LXR normally play a role in ovarian
steroidogenesis presumably through modulation of ovarian
cholesterol metabolism [89, 90]. Drovineaud et al. [91]
examined LXR function in human luteinized granulosa
cells in vitro, LXR-β was the more abundant isoform and
its levels were increased during luteinization. Treatment
with LXR agonist resulted in decreased progesterone
synthesis, secondary to increased cholesterol efflux through
induction of LXR target genes. The expression of LXR-β
in GCTwould therefore seem consistent with their ability to
actively synthesize estrogen.

Rev-erbA

Rev-erbAα and β are widely expressed orphan receptors.
They have a role as “clock genes” [92] and may link
circadian rhythms to metabolic pathways. The significance
of the expression of Rev-erbAα expression in GCT raises
interesting questions regarding its role in both GCT and
normal GC. Rev-erbAα null female mice are fertile and
have only a very mild reproductive phenotype [93]. Both
Rev-erbA genes are expressed in the cell lines albeit at
lower levels than in the GCT.

Retinoic Acid Receptor

Although expression of these receptors is generally low
or absent, there is modest expression of retinoic acid
receptor (RAR)-α in the GCT and in the two cell lines.
The RAR also generally act via heterodimerization with
RXR and in other systems are anti-proliferative and/or
promote differentiation.

RAR-Related Orphan Receptor Alpha/Nuclear
Receptor-Related 1 Protein

Several genes are relatively abundantly expressed in the
COV434 cell line but not in the KGN cell line. This
difference, we suspect, reflects the fact that they derive
from different sub-types of GCT. The COV434 line
appears, on the basis of the FOXL2 mutation studies to
be derived from a juvenile GCT. In addition to prominent
expression of several of the NR already discussed,
including COUP-TF1 and LRH-1, the COV434 cells have
very high expression of ROR-α and NURR1. ROR-α has
not been associated with either GC or malignancy and their
expression status in juvenile GCT has not been docu-
mented. ROR-α has been associated with the regulation of
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steroidogenesis [94] including the regulation of aromatase
expression [95]. ROR-α is expressed in lung cancer,
melanoma and some epithelial ovarian cancer-derived cell
lines [30]. In breast cancer cell lines, it has been reported to
inhibit proliferation [96]. NURR1 is a member of the
NR4A subfamily which has been shown to play a role in
the regulation of steroidogenesis. NURR1 has been
reported to inhibit aromatase gene expression in KGN cells
[97]. NURR1 has been reported to interact with p53 to
block the induction of the pro-apoptotic gene BAX [98].

Of the genes that are not expressed in GCT, there are
none that have been either characterized in GC or might
have been predicted to be expressed. It would of course be
desirable to be making this comparison with normal human
GC but this turns out to be extremely difficult. For various
ethical reasons, proliferating GC of the pre-antral follicle,
which, on the basis of previous studies [4] would be
appropriate comparators, are extremely difficult to obtain.
Although GC can, in principal, be obtained at the time of
egg collection in an IVF cycle, these GC have been
exposed to a hyper-stimulation regimen that renders them
at least partially luteinized.

Holbeck et al. [30] have performed a similar profiling of
NR expression for the NC160 cancer cell panel. This panel
does not include the COV434 or KGN cells. They found
COUP-TF2 to be abundantly expressed in a range of cell
lines as is COUP-TF1, albeit with a more restricted pattern.
PPAR-γ also has a widespread expression which is
particularly prominent in renal, colon and lung cancer-
derived lines. LRH-1 expression is highly variable with
most lines having little or no expression. TR-α expression
is prominent across all the cell lines whereas, conversely
ER-β and SF-1 are virtually absent from all of the cell lines
examined. The GCT-derived cell lines and indeed the GCT
show a distinct pattern of NR expression when compared
with the NC160 panel, which serves to emphasize the
unique nature of this disease.

A subset of the NR differ between the GCT and the cell
lines and indeed between the two cells lines. Both the
hierarchical clustering (Fig. 2) and the principal component
analysis ( Fig. 3) however do not clearly separate the lines
from the tumors reinforcing the relative homogeneity of this
tumor type and also arguing for the validity of the COV434
and KGN cells for the study of GCT.

The identification of NR with abundant expression in
GCT will stimulate further examination of their roles in
GCT, in normal GC and their potential as therapeutic
targets. In several cases (e.g., PPAR, LRH-1, and ER) there
is existing data in other tumors but this potential has been
little, if at all, explored in GCT.

The results of these analyses represent the first system-
atic review of NR gene expression in human GCT. The
findings also have implications for non-malignant granu-

losa cells, providing an important resource for future
studies as well as identifying specific targets. The analysis
of the two cell lines, in the context of the tumors, similarly
provides important background information for these two
widely used lines.
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