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Differential expression of steroidogenic factor-1/adrenal 4 binding
protein and liver receptor homolog-1 (LRH-1)/fetoprotein
transcription factor in the rat testis: LRH-1 as a potential regulator of

testicular aromatase expression.

Corticotropin-releasing hormone directly stimulates cortisol and the

cortisol biosynthetic pathway in human fetal adrenal cells.

Corticotropin-releasing hormone (CRH) and urocortin act through



type 1 CRH receptors to stimulate dehydroepiandrosterone sulfate
production in human fetal adrenal cells.

Antiestrogens upregulate estrogen receptor beta expression and
inhibit adrenocortical H295R cell proliferation.

The AP-1 complex: a negative regulator of CYP17 transcription in
adrenal cells.

IGF-1 regulating aromatase expression through SF-1, supports
estrogen dependent tumor Leydig cell proliferation.



Summary

Aim of this study was to investigate the role of estrogens in Leydig cell tumor
proliferation. We used rat R2C Leydig tumor cells and testicular samples from Fischer rats
with a developed Leydig tumor (FRTT). Both experimental models express high levels of
aromatase and Estrogen Receptor alpha (ERa). Treatment with exogenous E2 induced
proliferation of R2C cells and upregulation of cell cycle regulators cyclin D1 and E, that
were blocked by addition of antiestrogens. These observations leaded us to suppose an
E2/ERa dependent mechanism for Leydig cell tumor proliferation. Determining the
molecular mechanism responsible for aromatase overexpression, we found that total and
phosphorylated levels of transcription factors CREB and SF-1 were higher in tumor
samples. Moreover, we found that R2C cells produce also high levels of IGF-I that
increased aromatase mRNA, protein and activity as a consequence of increased total and
phosphorylated SF-1 levels and that specific inhibitors for IGF-I receptor, Protein Kinase
C and Phosphoinositol-3-kinase determined a reduction in SF1 and consequently in
aromatase expression and activity. The same inhibitors were also able to inhibit the IGF-1
dependent-SF-1 recruitment to the aromatase PII promoter as shown with ChIP assays. We
conclude that one of the molecular mechanims determining Leydig cell tumorogenesis is
an excessive estrogen production stimulating a short autocrine loop determining cell
proliferation. In addition, cell produced IGF-I amplifies estrogen signaling through a SF-1-
dependent up-regulation of aromatase expression. The finding of this new molecular

mechanism will be helpful in defining new therapeutic approaches of Leydig cell tumor.
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Introduction

1. The testis

1.1 Anatomy

In mammalian species both testicular compartments consist of a variety of different cell
types (1). The Sertoli cells comprise the main structural component of the seminiferous
epithelium. They are responsible for the physical support of the germ cells, in addition to
providing nutrients and growth factors. The germ cells are sequentially organised into
several layers signifying the respective mitotic or meiotic processes and spermatid
development. Each seminiferous tubule is surrounded by mesenchymal cells. Among these
are the peritubular myoid cells whose contractile elements generate peristaltic waves along
the tubules, but do not present a tight diffusion barrier. The interstitium is populated by
androgen-producing Leydig cells which are heterogeneous in respect to their physiological
and structural features. Vascular smooth muscle cells, macrophages and endothelial cell
types are also located in the interstitial space of the testis. The physiological role of
macrophages has long been underestimated. In the rat, the number of macrophages is one
quarter of the number of Leydig cells and the presence of macrophages is crucial for
(re)population of Leydig cells during development and after experimental depletion (2;3).
Immune cells, known to secrete a number of growth factors and cytokines, are part of the

intratesticular communication pathways (4).

1.2 Testicular function and its regulation
Testes are components of both the reproductive system (being gonads) and the endocrine
system (being endocrine glands). The respective functions of the testicles are:
1. producing sperm (spermatozoa)
2. producing male sex hormones
These two functions occur in separate compartments within the testis: 1. the seminiferous

tubules produce sperm and 2. the interstitial cells (i.e., Leydig cells) synthesize androgens

(Fig. 1).
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Figure 1. Schematic representation of functions of the testis.

Both functions of the testis, sperm-forming and endocrine, are under control of
gonadotropic hormones produced by the anterior pituitary: luteinizing hormone (LH) and
follicle-stimulating hormone (FSH).

Synthesis and release of both FSH and LH is regulated by a single gonadotropin releasing
hormone (GnRH) also referred to as LHRH. GnRH is a decapeptide secreted from
hypothalamic neurons into the hypothalamic/hypophysial portal vessels. LH and FSH
secretion is subject to negative feedback control by the testis. At least two products of the
testis are involved. LH acts to stimulate Leydig cells to produce testosterone which, in
turn, inhibits further secretion of LH by inhibition of GnRH release from the

hypothalamus. Testosterone also decreases the responsiveness of the pituitary to GnRH

(Fig. 2).
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Figure 2. Hypothalamic-Pituitary-Testicular axis.

LH, through specific receptors found on the surface of Leydig cells, controls the
production and secretion of testosterone (5;6). The interaction of LH with its receptor, a
seven transmembrane domain G protein coupled receptor, initiates signalling through the
cyclic AMP pathway through GTP binding proteins (7;8). Signal transduction occurs
through the protein kinase A pathway as its principal signal transduction mechanism.

The testis is also able to produce growth factors that can act with an autocrine/paracrine
manner (9). Some factors induce specific differentiation steps, while others act primarily as
environmental or survival factors. Insulin-like growth factor (IGF) family which includes
three structurally related peptides: insulin, IGF-I (also called somatomedin C) and IGF-II
belongs to the second group of factors. The receptor for IGF-I has been found on most
testicular cell types, including rat and human Sertoli cells, Leydig cells and pachytene

spermatocytes (4;10-12), indicating a more general role such as the stimulation of
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steroidogenesis in Leydig cells (13-16). IGF-I is produced locally in the testis, in Sertoli,
Leydig and peritubular cells derived from the immature rat testis and cultured in vitro
(17;18). The crucial role of IGF-I in the development and function of Leydig cells was
highlighted by studies on IGF-I gene knock-out mice (19;20). The failure of adult Leydig
cells to mature and the reduced capacity for T production is caused by deregulated
expression of testosterone (T) biosynthetic and metabolizing enzymes (21). Expression
levels of all mRNA species associated with T biosynthesis were lower in the absence of

IGF-1.

1.3 Steroid production

The pathway of testosterone synthesis from cholesterol and the conversion of testosterone
to active androgen and estrogen metabolites is shown in Figure 3. The mobilization of
cellular sources of cholesterol is achieved through the action of cholesterol ester hydrolase
and subsequently, this is converted to pregnenolone by the enzyme cholesterol side-chain
cleavage termed cytochrome P450SCC (22). The conversion of cholesterol to
pregnenolone is a key step at which regulation of androgen production within the Leydig
cells occurs. Availability of cholesterol substrate can be rate-limiting and the intracellular
trafficking of cholesterol across mitochondrial membranes is dependent on the
steroidogenic acute regulatory protein (STAR) (23-25). The role of this protein has been
well demonstrated in patients with mutations in the gene encoding STAR in the disorder
termed congenital lipoid adrenal hyperplasia wherein the mitochondria from the adrenals
and gonads of these patients are unable to convert cholesterol to pregnenolone (26).
Further, the results of studies involving targeted disruption of the mouse gene encoding
STAR support the data derived from human studies (27).

Intracellular transport of steroid substrates involved in androgen production is the transport
of cholesterol into the mitochondrion to form pregnenolone and the transport of
pregnenolone to smooth endoplasmic reticulum for the remainder of the steps in the
production of testosterone. Pregnenolone may progress to testosterone production through

two pathways. It can be converted to progesterone through the enzyme 33-hydroxysteroid
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dehydrogenase (the A4 pathway) or can be hydroxylated at the 17a position by the enzyme
17a-hydroxylase to form 17a-hydroxypregnenolone (the A5 pathway). The relative
importance of these two pathways vary with the species and the physiological status of the
male (28). The further conversion of 17a-hydroxypregnenolone through the A5 pathway
involves the formation of the C19 steroid dehydroepiandrosterone catalyzed by the enzyme
17,20 lyase and both steps appear to be catalyzed by a single microsomal enzyme
cytochrome P450c17 encoded by a single copy gene (29;30). The conversion of
dehydroepiandrosterone to androstenediol is mediated by a microsomal enzyme 173-
hydroxysteroid dehydrogenase encoded by a single gene (31;32). The conversion of
substrates from the A5 to the A4 pathway are catalyzed by the enzyme 3p-hydroxysteroid
dehydrogenase (33). In the A4 pathway 17a-hydroxyprogesterone proceeds through the
action of cytochrome P450c17 to androstenedione and testosterone. Testosterone can be
converted to a dihydrotestosterone by the enzyme Sa-reductase (34) or can be metabolised

to 17B-estradiol by the enzyme aromatase (35).
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Figure 3. Steps in steroidogenesis leading to androgens and estrogens production.
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2. Estrogen biosynthesis and action

2.1 The aromatase gene: structure and regulation

In males, estrogens derive from circulating androgens. Aromatization of the C19
androgens, testosterone and androstenedione, to form estradiol and estrone, respectively, is
the key step in estrogen biosynthesis, which is under the control of the aromatase enzyme.
The aromatase enzyme is a P450 mono-oxygenase enzyme complex present in the smooth
endoplasmic reticulum which acts through three consecutive hydroxylation reactions,

whose final effect is the aromatization of the A ring of androgens (Fig. 4).
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Figure 4: Biochemical pathway of testosterone conversion into estrogens.
P450 aromatase is the product of the CYP19 gene which consists of at least 16 exons and
is located on chromosome 15 in humans (36;37) (Fig. 5). Analysis of transcript and

genomic sequences indicates that the tissue-specific expression of P450arom is regulated

in part by alternatively spliced untranslated first exons (38;39). The proximal promoter PII
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regulates P450arom expression in mammalian gonads (40;41) as well as in Leydig cell
tumors (42). Promoter PII activity (fig. 5) is regulated by cyclic AMP and requires the
transcription factors cAMP responsive element binding protein (CREB), cAMP response
element modulator (CREM) and steroidogenic factor-1 (SF-1). SF-1 belongs to the nuclear

orphan receptor superfamily and regulates steroidogenic gene transcription.
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Figure 5: Structure of the human Cypl9 gene showing the various untranslated first exons and their
corresponding promoters. The region around promoter P1.4 and PII from human and PII from rat are
expanded to show the identified response elements. Sequences of these are shown in boxes.
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2.2 The Estrogen Receptors (ERS)

Estrogens actions are mediated through the specific binding to nuclear estrogen receptors
(ERs), which are ligand-inducible transcription factors regulating the expression of target
genes after hormone binding. Two subtypes of ERs have been described: estrogen receptor
o (ERa) and the more recently discovered estrogen receptor  (ERP). The two ER (o and

B) proteins have a high degree of homology at the amino acid level (Fig. 6).

s  Ea  mam =

Fevcrntuyes of kam ologr
L 1. b srwrss ERer amd ERJ

1M gty L
e o c W -

eIt [ 1 2 [ s Je | s 1 ] 7] & | 2

Figure 6: ERs genes and their products.

While it is clear that estrogens regulate transcription via a nuclear interaction after binding
their receptors, a non-genomic action of estrogens has been recently demonstrated,
suggesting that a different molecular mechanism accounts for some estrogen actions. In
vitro studies showed a very short latency time between the administration of estrogens and
the appearance of biological effects. These actions are thought to be mediated through cell-

surface receptors, which are not believed to act via a transcriptional mechanism (43).

2.3 Distribution of ERs and aromatase in the male reproductive system
ERs and the aromatase enzyme are widely expressed in the male reproductive tract in both

animals and humans, implying that estrogen biosynthesis occurs in the male reproductive

-13 -
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tract and that both locally produced and circulating estrogens may interact with ERs in an
intracrine/paracrine and/or endocrine fashion (43). The concept of a key estrogen action in
the male reproductive tract is strongly supported by the fact that male reproductive
structures are able to produce and respond to estrogens (44).

In particular in the adult rodent testisERa is expressed in the Leydig cells of both adult rats
and mice (45) but not in Sertoli cells. Knowledge of the distribution of ERa is of great
importance in understanding estrogen action on the male reproductive tract. ERa is highly
expressed in the proximal reproductive ducts (rete testis, efferent ductules, proximal
epididymis) and its expression progressively decreases distally (corpus and cauda of the
epidydimis, vas deferens). The highest degree of ERa expression is seen in the efferent
ductules of the rat (46) and accounts for one of the most well-documented estrogenic
actions on male reproductive system, that of fluid reabsorption from the efferent ductules.
It has to be remarked that the concentration of ERa in the male reproductive tract is

opposite to that of ER, which is more concentrated in the distal tract (Table 1).

Table 1. ERs and Aromatase distribution in the adult rodent testis.
ERa ERB Aromatase

Leydig cells +/- +/- -t
Sertoli cells - + +
Germ cells +/- ++ NI
Spermatogonia - + +(?)
Pachytene Spermatocytes -/ + +
Round Spermatids -/+ + ++
Spermatozoa +(?) +(?) +
efferent ductules - - -()

-14 -
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ER is expressed in Leydig, Sertoli and germ cells in adult rodents (44;47-49) and has also
been detected in primate germ cells (50). There is now considerable evidence that germ
cells contain both ER and aromatase (44;50).

By adulthood, rodent Leydig cells show higher aromatase activity compared to every other
age and in comparison to Sertoli cells (51). Aromatase is also expressed at high levels in
germ cells throughout all stages of maturation, and its expression appears to increase as the

germ cell becomes a mature spermatid.

2.4 Aromatase over-expression in rodents

Recently a transgenic line of mice overexpressing aromatase enzyme (AROM+) has been
developed (52;53). These mice show highly elevated serum estradiol concentrations, with a
reciprocal decrease in testosterone concentrations. About half of these male mice were
infertile and/or had enlarged testis and showed Leydig cell hyperplasia and Leydig cell
tumors (54) while the female of these mice revealed mammary glands hyperplasia
associated with an altered expression of proteins involved in apoptosis, cell cycle, growth

and tumor suppression (55).

2.5 Exposure to excess estrogens in animals

In order to evaluate the effect of estrogen excess on the reproductive tract, several studies
have been performed in various animal species treated with diethylstilbestrol, a synthetic
estrogenic compound. In male mice, the critical period for Miillerian duct formation is day
13 post-coitus. Prenatal exposure of fetal male mice to DES caused a delay in Miillerian
duct formation by approximately two days as well as incomplete Miillerian duct regression
with a female-like differentiation of the non-regressed caudal part (56). An increase in the
expression of anti-Miillerian-Hormone (AMH) mRNA in male mice fetuses exposed to
DES has also been demonstrated. This increase was not accompanied by a regression of
the ducts. This data was interpreted to suggest that the asynchrony in the timing of
Miillerian duct formation, with respect to the critical period of Miillerian duct regression,

led to the persistence of Miillerian duct remnants at birth in male mice. Moreover DES
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exposure did not impair embryonal genetic development, but increased ERs number, and
slightly prolonged the gestation time (cesarean sections were performed to rescue the litter
and revealed no difference in size of fetuses from control and DES treated mothers). The
timing of DES exposure is crucial to the induction of abnormalities of Miillerian duct
development and regression (56).

Many studies in rodents suggest that inappropriate exposure to estrogen in utero and during
the neonatal period impairs testicular descent, efferent ductule function, the hypothalamic-
pituitary-gonadal axis, and testicular function (44). The latter effect can be a direct
consequence of exposure to excess estrogen, as well as a secondary effect due to
perturbations in circulating hormones or the ability of the efferent ductules to reabsorb
fluid. Some studies show that low dose estrogenic substances given during puberty can
actually stimulate the onset of spermatogenesis, likely due to stimulatory effects on FSH
(57), highlighting the fact that the effects of excess estrogen on male fertility are often
complex. The effects of excess estrogen in the neonatal period can impact upon the testis

into adulthood, with permanent changes in testis function and spermatogenesis (44).

2.6 Exposure to excess estrogens in humans

The clinical use of diethylstilbestrol (DES) by pregnant women in order to prevent
miscarriage resulted in an increased incidence of genital malformations in their sons (58).
DES may have an effect on sex differentiation in men, as is the case in rodents (56). The
risk of testicular cancer among men exposed to DES in utero has been a controversial issue
and several meta-analyses showed no increased risk (59). However more direct evidence
will be necessary in order to fully understand this issue.

While various studies suggest that environmental estrogens affect male fertility in animal
models, the implications for human spermatogenesis are less clear (60). It has been
demonstrated that male mice whose mothers have consumed a 29 ng/g dose of bisphenol A
for seven days during pregnancy had a 20% lower sperm production as compared to
control males (61). Various abnormalities in reproductive organs have also been described

in males exposed to bisphenols (i.e. a significant decrease in the size of the epididymis and
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seminal vesicles and an increase in prostate gland volume), suggesting that bisphenols
interfere with the normal development of the Wolffian ducts in a dose-related fashion.
Exogenous estrogens could interfere with the development of the genital structures if
administered during early organogenesis, by leading to both an impairment of
gonadotropin secretion and by creating an imbalance in the androgen to estrogen ratio,
which may account for impaired androgen receptor stimulation or inhibition according to
the dose, the cell type and age (58;62-64).

An excess of environmental estrogens has been suggested as a possible cause of impaired
fertility in humans (65-67). A progressive decline in sperm count has been reported in
some Western countries during the past 50 years, suggesting a possible negative effect of
environmental contaminants on male reproductive function (58;62;66;68). Data concerning
the role of estrogens in male reproductive structure development remains conflicting.
Animal studies suggest that exposure to estrogen excess may negatively affect the
development of reproductive male organs. These effects, however, are considered to be the
result of an impaired hypothalamic-pituitary function as a consequence of estrogen excess
and of the concomitant androgen deficiency (63;64). Much of the knowledge on excess
estrogen exposure and human fertility depends upon animal data and the validity of these

concepts to humans has not been established.

3. Testicular cancer

Although cancer of the testes is rare, accounting for only about 1 percent of all cancers in
men of all ages and about 5 percent of all male genitourinary system cancers, it is the most
common cancer in men between the ages of 15 and 35, and the second most common
malignancy in men ages 35 to 39 (69-72).

Because the incidence of testicular cancer has risen markedly in the past 20 years,
numerous studies are being conducted to explore possible environmental causes, including
the mother's diet during her pregnancy as well as her use of diethlstilbestrol (DES) to

prevent miscarriage. Researchers are also looking at the increasing presence of estrogen-
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mimicking pollutants in the environment. The most consistent occupational association has
been the elevated rate among men in professional and white-collar occupation, which may
be linked to an increased risk observed with lower levels of exercise. Other possible causes
include hereditary factors, genetic anomalies, congenital defects involving the reproductive
tract, testicular injury, and atrophy of the testes. Viral infections such as mumps, which
cause inflammation of the testes, have not been proven to cause cancer.

Testicular cancer comprises a number of different diseases. Nearly all of the main cell
types in the testis can undergo neoplastic transformation, but germ cell-derived tumors
constitute the vast majority of cases of testicular neoplasms. Ninety-five percent of
testicular cancers arise from sperm-forming, or germ cells and are called germinal tumors.
The remaining 5 percent are nongerminal tumors. About 40 percent of germinal tumors are
categorized as seminomas. Several other types of germinal tumors are referred to
collectively as non-seminomas. Somatic cell tumors, known as sex cord-stromal neoplasms
and Leydig cell tumors are relatively rare. However, being derived from endocrine active

cells, they have endocrine manifestations.

3.1 Leydig cell hyperplasia and tumors

Although Leydig cells in adult men are considered to be a terminally differentiated and
mitotically quiescent cell type, in various disorders of testicular function, focal or diffuse
Leydig cell hyperplasia is very common. Micronodules of Leydig cells are frequently seen
in certain conditions associated with severe decrease of spermatogenesis or germinal
aplasia, such as the so-called Sertoli-cell-only syndrome (Del Castillo syndrome),
cryptorchidism, or Klinefelter’s syndrome (73). A term “Leydig cell adenoma” is used
when the size of a nodule exceeds several fold the diameter of a seminiferous tubule. It is
unknown whether Leydig cell adenomas can progress further to form overt Leydig cell
tumors, but even if it was the case, it is exceedingly rare. Morphological heterogeneity of
hyperplastic Leydig cells is noticeable in some cases.

The mechanism of Leydig cell hyperplasia in the human male is still poorly understood.

The disruption of hypothalamo-pituitary-testicular axis leading to an excessive stimulation
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of Leydig cells by LH can play a central role (73). However, molecular pathways remain
largely unknown in the vast majority of cases. In a small subset of cases structural changes
of the LH receptor (74;75) and G proteins (76;77) were detected. Constitutively activating
mutations of LH receptor cause early Leydig cell hyperplasia and precocious puberty
(74;78). Similarly, constitutively activating mutations of Gs-protein in Leydig cells lead
into hyperplasia and endocrine hyperactivity (77;79). However, Leydig cell hyperplasia is
distinct from tumors that are usually solitary, and the role of the LH receptor and G protein
mutations in the tumorigenesis may be limited to few cases (75;77). Leydig cell
hyperplasia and adenomas can be easily induced in rodents by administration of estrogens,
gonadotropins and a wide range of chemical compounds. Whether or not humans would be
similarly susceptible to environmental effects remains to be elucidated.

Leydig cell tumors account for one to three percent of testicular neoplasms and occur in all
age groups (79-81). Approximately 20 % are found before the age of 10, most often
between five and ten years of age. Precocious puberty is the presenting symptom in these
cases. Tumors produce androgens, mainly testosterone in a gonadotropin independent
manner, and therefore LH and FSH remain low in spite of external signs of puberty.
Approximately 10 % of the boys also have gynecomastia that is caused by estrogens
produced in excess due to aromatase activity. In adults, gynecomastia is found in
approximately 30 % of patients (81). The excessive androgen secretion rarely causes
notable effects in adults.

Leydig cell tumors are always benign in children and can be treated with surgical
enucleation when the tumor is encapsulated (71), whereas in adults malignant tumors have
been found in 10-15 % of patients, and inguinal orchidectomy remains the treatment of
choice (80). The presence of cytologic atypia, necrosis, angiolymphatic invasion, increased
mitotic activity, atypical mitotic figures, infiltrative margins, extension beyond testicular
parenchyma, and DNA aneuploidy are associated with metastatic behavior in Leydig cell
tumors (81;82). Malignant tumors are hormonally active only in exceptional cases. Benign
tumors can be treated by orchidectomy, whereas an additional retroperitoneal

lymphadenectomy should be considered when the gross or histological features suggest
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malignancy (82). Malignant tumors have not responded favorably to conventional
chemotherapy and irradiation (82). Survival time has ranged from 2 months to 17 years
(median, 2 years), and metastases have been detected as late as nine years after the
diagnosis (81;82). Therefore follow-up of patients with malignant Leydig cell tumors has
to be life-long. The remaining testis may be irreversibly damaged by longstanding high

estrogen levels, resulting in both permanent infertility and hypoandrogenism (81-83).

-20 -



-21 -

Specific aim



Specific aim

Whereas the effects of estrogen on mammary gland tumorogenesis in human and in
rodents is well known, the role of aromatase overexpression and in situ estrogen
production in testicular tumorogenesis is not clearly defined. In this study we have
investigated the molecular mechanisms causing aromatase overexpression and the effect of
estradiol (E2) overproduction on rat Leydig cell tumor proliferation. As experimental
model we used rat R2C Leydig tumor cell line and to validate our in vitro data in an in
vivo model we used Leydig cell tumors from old Fisher rat testes in which the incidence of
the spontaneous neoplasm is exceptionally high in aged animals (84).

We investigated the role of IGF-I a peptide also demonstrated to have a role in testicular
growth and development, control of Leydig cell number (9). A previous study showed that
in IGF-I gene knock-out mice (19;20) adult Leydig cells fail to mature, as a consequence
these animals have a reduced capacity for testosterone (T) production caused by
deregulated expression of T biosynthetic and metabolizing enzymes (21). Expression
levels of all mRNA species associated with T biosynthesis were lower in the absence of
IGF-I. However, this study did not investigate the effect on aromatase expression, even
though an effect could be supposed.

Starting from these findings, in this study we investigated if a testicular overproduction of
IGF-I could be one of the mechanisms determining aromatase overexpression in rat tumor
Leydig cells through the activation of specific transcriptional factors. The high related
Leydig cells E2 production through an autocrine/paracrine mechanism mediated by their
own receptors, could contribute to the hormone dependence of testicular tumorogenesis

stimulating Leydig tumor cell proliferation.
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Cell cultures and animals.

TM3 cells (mouse Leydig cell line) were cultured in D-MEM/F-12 medium supplemented
with 5% HS, 2.5% FBS and antibiotics (Invitrogen, S.R.L., San Giuliano Milanese, Italy);
R2C cells (rat Leydig tumor cell line) were cultured in Ham/F-10 medium supplemented
with 15% HS, 2.5% FBS and antibiotics (Invitrogen, S.R.L., San Giuliano Milanese, Italy).
Male Fischer 344 rats (a generous gift of Sigma-Tau Pomezia, Italy), 6 (FRN) and 24
(FRT) months of age were used for studies. 24 months old animals presented
spontaneously developed Leydig cell tumors absent in younger animals. Testes of all
animals were surgically removed by qualified, specialized animal care staff in accordance
with the Guide for Care and Use of Laboratory Animals (National Institutes of Health) and

used for experiments.

Aromatase activity assay.

The aromatase activity in subconfluent R2C cell culture medium was measured by tritiated

water-release assay using 0.5 puM [1B—3H(N)]androst—4—ene—3,l7—di0ne (DuPont NEN,
Boston, MA, USA) as a substrate (85). Incubations were performed at 37 °C for 2 h under
a 95%:5% air/CO2 atmosphere. Obtained results were expressed as pmol/h and normalized

to milligram of protein (pmol/h per mg protein).

Radioimmunoassay.

Prior to experiments, TM3 cells were maintained overnight in DME/F12 medium and R2C
cells in Ham/F-10 (medium only). The Estradiol content of medium recovered from each
well was determined against standards prepared in low serum medium using a
radioimmunoassay kit (DSL 43100; Diagnostic System Laboratories, Webster, TX, USA).
Results assay were normalized to the cellular protein content per well and expressed as
pmol per mg cell protein. IGF-I content in medium recovered from each well of R2C and
TM3 cells was determined following extraction and assay protocols provided with the
mouse/rat IGF-I radioimmunoassay kit (DSL 2900; Diagnostic System Laboratories,

Webster, TX, USA).
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Chromatin Immunoprecipitation (ChlP).

This assay was performed using the ChIP assay kit from Upstate (Lake Placid, NY) with
minor modifications in the protocol. R2C cells were grown in 100 mm plates. Confluent
cultures (90 %) were treated for 24 h with AG1024 (Sigma St Louis, MO, USA), PD98059
(Calbiochem, VWR International S.R.L. Milano), LY294002 (Calbiochem, VWR
International S.R.L. Milano), GF109203X (Calbiochem, VWR International S.R.L.
Milano) or for increasing times with 100 ng/ml IGF-I (Sigma St Louis, MO, USA) or left
untreated. Following treatment DNA/protein complexes were crosslinked with 1 %
formaldehyde at 37 °C for 10 min. Next, cells were collected and resuspended in 400 pl of
SDS lysis buffer (Upstate Technology, Lake Placid, NJ) and left on ice for 10 min. Then,
cells were sonicated four times for 10 sec at 30 % of maximal power and collected by
centrifugation at 4 °C for 10 min at 14 000 rpm. Of the supernatants 10 pl were kept as
input (starting material, to normalize results) while 100 pl were diluted 1:10 in 900 pl of
ChIP dilution buffer (Upstate Technology, Lake Placid, NJ) and immunocleared with 80 pl
of sonicated salmon sperm DNA protein A agarose (Upstate) for 6 h at 4 °C.
Immunocomplex was formed using 1 pl of 1:5 dilution of specific antibody anti-SF-1
(provided by Prof. Ken-ichirou Morohashi, Division for Sex Differentiation, National
Institute for Basic Biology, National Institutes of Natural Sciences, Myodaiji-cho, Okazaki,
Japan) overnight at 4 °C. Immunoprecipitation with salmon sperm DNA protein A agarose
was continued at 4 °C until the day after. DNA/protein complexes were reverse crosslinked
overnight at 65 °C. Extracted DNA was resuspended in 20 pl of TE buffer. 3 pl volume of
each sample and input were used for PCR using CYP19 promoter II specific primers. The
PCR conditions were 1 min at 94 °C, 1 min at 50 °C and 2 min at 72 °C for 30 cycles using
the following primers: forward, 5’-TCAAGGGTAGGAATTGGGAC-3’; reverse, 5’-
GGTGCTGGAATGGACAGATG-3’. Amplification products were analyzed on a 1 %
agarose gel and visualized by ethidium bromide staining. In control samples, non immune

rabbit IgG was used instead of specific antibodies.

_25.-



Materials and Methods

Real-time RTPCR.

Prior to experiments, cells were maintained overnight in low serum medium. Cells were
then treated or the indicated times and RNA was extracted from cells using the TRiazol
RNA isolation system (Invitrogen). TRiazol was also used to homogenize total tissue of
normal (FRNT) and tumor (FRTT) Fisher rat testes for RNA extraction. Each RNA sample
was treated with DNase I (Ambion, Austin, TX), and purity and integrity of the RNA was
confirmed spectroscopically and by gel electrophoresis prior to use. One pg of total RNA
was reverse transcribed in a final volume of 30 pl using the ImProm-II Reverse
transcription system kit (Promega, Promega Italia S.R.L. Milano, Italy), cDNA was diluted
1:3 in nuclease free water, aliquoted and stored at —20°C. Primers for the amplification
were based on published sequences for the rat CYP19, rat CREB and rat SF-1 genes. The
nucleotide  sequences of the primers for CYP19 were: forward 5°-
GAGAAACTGGAAGACTGTATGGAT-3’ and reverse 5’-
ACTGATTCACGTTCTCCTTTGTCA-3’. For CREB amplification were used the
following primers: forward 5’-AATATGCACAGACCACTGATGGA-3’ and reverse 5°-
TGCTGTGCGAATCTGGTATGTT-3’; for SF-1 amplification primers have been
previously published (86). PCR reactions were performed in the iCycler iQ Detection
System (Biorad Hercules, CA, USA), using 0.1 pM of each primer, in a total volume of 30
uL reaction mixture following the manufacturer’s recommendations. SYBR Green
Universal PCR Master Mix (Biorad Hercules, CA, USA) with the dissociation protocol
was used for gene amplification, negative controls contained water instead of first-strand
cDNA. Each sample was normalized on the basis of its 18S ribosomal RNA content. The
18S quantification was performed using a TagMan Ribosomal RNA Reagent kit (Applied
Biosystems, Applera Italia, Monza, Milano, Italy) following the method provided in the
TagMan Ribosomal RNA Control Reagent kit (Applied Biosystems, Applera Italia,
Monza, Milano, Italy). The relative gene expression levels were normalized to a calibrator
that was chosen to be the basal, untreated sample. Final results were expressed as n-fold
differences in gene expression relative to 18S rRNA and calibrator, calculated following

the AACt method, as follows:
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n-fold = 2 — (ACtsample — ACtcalibrator)

where ACt values of the sample and calibrator were determined by subtracting the
average Ct value of the 18S rRNA reference gene from the average Ct value of the

different genes analyzed.

Western-blot analysis

R2C and TM3 cells or total tissue of FRNT and FRTT were lysed in ice-cold Ripa buffer
containing protease inhibitors (20 mM Tris, 150 mM NaCl, 1% Igepal, 0.5% sodium
deoxycholate, 1 mM EDTA, 0-1% SDS, 1 mM PMSF, 0.15 units/ml aprotinin and 10 uM
leupeptin) for protein extraction. The protein content was determined by Bradford method
(87). The proteins were separated on 11% SDS/polyacrylamide gel and then electroblotted
onto a nitrocellulose membrane. Blots were incubated overnight at 4 °C with 1. anti-human
P450 aromatase antibody (1:50) (Serotec, Oxford, UK, MCA 2077), 2. anti-ERa (F-10)
antibody (1:500) (Santa Cruz Biotechnology, Santa Cruz, CA, USA, sc8002), 3. anti-ER]3
(H-150) (1:1000) (Santa Cruz Biotechnology, Santa Cruz, CA, USA, sc8974), 4. anti-
cyclin D1 (M-20) antibody (1:1000) (Santa Cruz Biotechnology, Santa Cruz, CA, USA,
sc718), 5. anti-cyclin E (M-20) antibody (1:1000) (Santa Cruz Biotechnology, Santa Cruz,
CA, USA, sc481), 6. anti-CREB antibodies (1:1000) (48H2, Cell Signaling Technology,
Celbio, Milan, Italy) and (1:1000) (AHOO0842Biosource Inc. Camarillo CA USA); 7. anti-
pCREB ser133 (87G3) (1:1000) (Cell Signaling Technology, Celbio, Milan, Italy) or anti-
pCREB Ser129/133 (1:1000) (Biosource Inc. Camarillo CA USA, 44-297G), 8. anti SF-1
(1:1000) provided by Prof. Ken-ichirou Morohashi, Division for Sex Differentiation,
National Institute for Basic Biology, National Institutes of Natural Sciences, Myodaiji-cho,
Okazaki, Japan), 9. anti-pSF-1 (1:1000) provided by Dr Holly A. Ingraham Department of
Physiology, University of California, San Francisco, San Francisco, California 94143-

0444, USA), 10. anti-actin (C-2) antibody (1:1000) (Santa Cruz Biotechnology, Santa
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Cruz, CA, USA, sc8432). Membranes were incubated with horseradish peroxidase (HRP)-
conjugated secondary antibodies (Amersham Pharmacia Biotech, Piscataway, NJ) and
immunoreactive bands were visualized with the ECL western blotting detection system
(Amersham Biosciences, Cologno Monzese, Italy). To assure equal loading of proteins

membranes were stripped and incubated overnight with (3-actin antiserum.

Cell-proliferation assay.

For proliferative analysis a total of 1x10° cells were seeded onto 12-well plates in
complete medium and let grow for 2 days. Prior to experiments, cells were maintained
overnight in Ham/F-10 medium and the day after treated with ICI 182780, a gift from
Astra-Zeneca (Basiglio, Milano, Italy), 4-hydroxytamoxifen (OHT) (Sigma St Louis, MO,
USA) and Letrozole, a gift from Novartis Pharma AG (Basel, Switzerland) and 17f3-
estradiol (E2) (Sigma St Louis, MO, USA). Control (basal) cells were treated with the
same amount of vehicle alone (DMSO) that never exceeded the concentration of 0.01%
(v/v). [3H]Thymidine incorporation was evaluated after a 24-h incubation period with 1
uCi [3H]thymidine (PerkinElmer Life Sciences, Boston, MA, USA) per well. Cells were
washed once with 10% trichloroacetic acid, twice with 5% trichloroacetic acid and lysed in
1 ml 0.1 M NaOH at 37°C for 30 min. The total suspension was added to 10 ml optifluor

fluid and was counted in a scintillation counter.

Data Analysis and Statistical Methods.
Pooled results from triplicate experiments were analyzed using one-way ANOVA with
Student-Newman-Keuls multiple comparison methods, using SigmaStat version 3.0 (SPSS,

Chicago, IL).
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Estradiol induces Leydig cell tumor proliferation through an autocrine mechanism.
We performed our study utilizing as model system R2C Leydig tumor cells. These cells
have been demonstrated to have high aromatase expression and, consequently, activity
(42), while we used another Leydig cell line, TM3 cells, as a normal control. We also
analyzed testes from older and younger Fischer rats. Aged animals have a high incidence
of spontaneous neoplasm of Leydig cells (84;88), a phenomenon not observed in younger
animals, allowing us to use them as a good in vivo model to confirm results obtained in cell
lines. Our first step was to measure estradiol content in culture medium of R2C and TM3
cells maintained in culture for increasing time. While E2 levels in TM3 medium were
extremely low (data not shown) in R2C cells E2 levels after 24 h were 0.5 pmol/mg protein
and increased by 7-fold at 96 h (Fig. 1A). This production was dependent on high
constitutive active aromatase activity, since the presence of aromatase inhibitor Letrozole
was able to decrease E2 production at all time points tested (Fig. 1B). E2 levels after 24 h
treatment with Letrozole were still detectable, but were completely knock down when we
removed the medium after 24 h and renewing the treatment for an additional 24 h. The

same effect was maintained for the other two time points investigated (Fig. 1B).
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Figure 1. E2 production in R2C cells. (A) Cells were cultured for the indicated times in serum free medium. (B) Cells
were treated for the indicated times in HAM-F10 in the absence (-) or presence of aromatase inhibitor Letrozole (0.1, 1,
10 uM). Every 24h, before renewing treatment, cell culture medium was removed and analyzed for steroid content. E2
content was determined by RIA and normalized to the cell culture well protein content. Data represent the mean + SEM
of values from three separate cell culture wells expressed as pmol/mg protein.
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Once estradiol is produced it can exert its actions binding to specific receptors, the
estrogen receptors a € B (ERa and ER). Analysis of the two receptor protein isoforms in
our models demonstrated that tumor Leydig cells express both isoform of ERs (Fig. 2).
Particularly the o isoform seems to be more expressed in R2C cells respect to TM3 and in
FRTT respect to the its control FRNT (Fig. 2A) where ER is more expressed (Fig. 2B). In
R2C as well as in FRTT was observed an increase in ERa/ERJ ratio (Fig. 2E). Moreover

aromatase protein content is extremely high in tumoral samples (54) (Fig. 2C).
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Figure 2. Expression of estrogen receptors and Aromatase in R2C cells. ERa (A) ER (B) and aromatase (C) western blot analysis
was performed on 50 pg of total proteins extracted from TM3 and R2C cells or from total tissue of normal (FRNT) and tumor (FRTT)
Fisher rat testes. Results are representative of three independent experiments. B-actin (D) was used as loading control. Graphs depicted
near western blots were obtained by averaging densitometric analyses of the three independent experiments. Protein expression in each
lane was normalized to the B-actin content, and expressed as fold over control. (E) Graph was obtained calculating ERo/ERf ratio of
normalized optical density. (*,P <0.001 and **,P <0.05 compared with basal).

Our next experiments demonstrated that estrogen receptors are required for proliferation
through a short autocrine loop maintained by endogenous E2 production in Leydig tumor
cells. For instance, the use of both antiestrogens OHT and ICI and the use of aromatase
inhibitor Letrozole determined a dose-dependent inhibition of cell proliferation (Fig. 3A).
Among the different doses tested the highest dose of OHT (10 uM) was able to inhibit cell

proliferation by 90%, ICI 10 uM by 86% and letrozole by 70%. In the same vein, starving
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cells for prolonged time and changing the medium every day in order to remove local E2
production, we found that addition of 1, 10 and 100 nM E2 stimulated Leydig tumor cell
proliferation (Fig. 3B), and partially abrogated the inhibition induced by Letrozole (Fig.
30).
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Figure 3. Effects of antiestrogens, aromatase inhibitor Letrozole and estradiol on R2C cell proliferation. (A) Cells were treated for
96h in HAM-F10 in the absence (-) or presence of antiestrogens hydroxytamoxifen (OHT) or ICI 182,760 (ICI) or aromatase inhibitor
Letrozole at the indicated concentrations. (B) Cells were cultured for 48h in serum-free HAM-F10, every 24 h cell culture medium was
removed and renewed. Cells were then treated for 24 h with estradiol at the indicated concentrations. (C) Cells were cultured for 24h in
serum-free HAM-F10, cells were then treated for 48 h with letrozole (1uM) changing the culture medium and renewing treatment every
24h. For additional 24h cells were treated with letrozole (IuM) in combination with estradiol at the indicated concentrations.
Proliferation was evaluated by [3H] Thymidine incorporation analysis. Values expressed as percent of untreated (basal) cells (100%)
represent the mean + SEM of three independent experiments each performed in triplicate. (*) P< 0.05 compared with basal cells.

The stimulatory effect of E2 was concomitant with the increased levels of cell cycle
regulator cyclin D1 and E, whose expression was inhibited by pure antiestrogen ICI (Fig.
4). All these results address how the classic E2/ERalpha signalling may control Leydig cell
tumor growth and proliferation similarly to what observed in other estrogen-dependent

tumors.
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Figure 4. R2C cells were cultured for 48h in serum-free HAM-F10, every 24 h cell culture medium was removed and renewed.
Cells were then treated for 24 h in the absence (basal) or in the presence with estradiol (InM) and ICI (1uM) before extracting total
proteins. Western blot analysis of Cyclin D1 and Cyclin E was performed on 50 pg of total proteins extracted from R2C cells. Blots are
representative of three independent experiments with similar results. B-actin was used as loading control. Graphs depicted below western
blots were obtained by averaging densitometric analyses of the three independent experiments. Protein expression in each lane was
normalized to the B-actin content, and expressed as relative fold over basal. (*,P < 0.05 and **,P <0.01 compared with basal).

Aromatase overexpression is determined by constitutive activation of transcription
factors SF-1 and CREB.

Aromatase gene transcription in rat Leydig cells is driven by the PII promoter, which is
principally regulated through three CRE-like sites and one NRE site binding SF-1 and
LRH-1 (42;86). Constitutive active levels of CREB have been previously demonstrated in
R2C cells (89). Here we confirmed these data and demonstrated high phosphorylated status
of CREB together with enhanced phosphorylation of SF-1 in FRTT (Fig. 5). Furthermore
we demonstrated the presence of high expression levels of SF-1 with the protein present in

a phosporylated status in R2C but not in TM3.
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Figure 4. Expression of total and phosphorylated forms of SF-1 and CREB. Western blot analysis was performed on 50 pg of total
proteins extracted from TM3 and R2C cells or from total tissue of normal (FRNT) and tumor (FRTT) Fisher rat testes. Blots are
representative of three independent experiments with similar results. B-actin was used as loading control. Graphs depicted near western
blots were obtained by averaging densitometric analyses of the three independent experiments. Protein expression in each lane was
normalized to the B-actin content, and expressed as relative difference from controls. (*,P < 0.001 compared with basal).

IGF-1 is produced by R2C cells and induces aromatase expression through PI3K- and
PKC- mediated activation of SF-1.

Starting from previous findings demonstrating that SF-1 and CREB are activated by IGF-I
and lead to an increase in StAR transcription and then steroidogenesis (90;91), we
investigated the role of this factor locally produced in the testis in regulation of aromatase.

Determination of IGF-I content in TM3 and R2C culture medium by RIA revealed a
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significant difference in the growth factor production with R2C cells producing about 4-

fold higher IGF-I (Fig. 5).
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Figure 5. IGF-I production in Leydig cells. IGF-I levels in culture medium of TM3 and R2C cells by RIA. TM3 and R2C cells were
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Upon binding to its receptor, IGF-IR, IGF-I activates three major transductional pathways:
Ras/Raf/MAPK, PI3K/AKT, PLC/PKC, to demonstrate involvement of IGF-I
transductional pathways in modulating aromatase expression in Leydig cell tumors, we
used specific inhibitors: of IGF-I receptor (IGF-IR) [AG1024 (AG)], of ERK1/2 [PD98059
(PD)], of PI3K [LY294002 (LY)] and of PKC [GF109203X (GFX)]. IGF-I receptor
inhibitor was able to inhibit aromatase activity in R2C cells by 85%, LY determined 65 %
inhibition, PD 35 % and GFX 61 % (Fig. 6).
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Figure 6. Aromatase activity in R2C cells in response to inhibitors of IGF-I pathways. Cells were treated with AG (20uM), LY (10
uM), PD (20 pM) and GFX (20 pM). Aromatase activity was assessed by using the modified tritiated water method. Results obtained

are expressed as pmoles of [3H]H20 released per hour and are normalized to the well protein content (pmol/h/mg protein). Values

represent the mean + SEM of three independent experiments each performed with triplicate samples. * P < 0.01 compared to basal.
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The same inhibitory pattern was observed also on aromatase mRNA (fig. 7A) and protein
content (Fig. 8). Parallely all of the different inhibitors but PD were able to reduce SF-1
mRNA, while CREB remained unchanged (Fig. 7). For SF-1 inhibition was 75% with AG,
90 % with LY and 80 % with GFX (Fig. 7). Analysis of protein levels by western blot
confirmed the data on mRNA (Fig. 8). Treatments with increasing doses of AG, LY and
GFX but not PD were able to induce a dose-dependent inhibition of total and
phosphorylated levels of SF-1, on the other hand CREB was not affected by the presence
of any of the inhibitors (Fig. 8).
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Figure 7. Effects of inhibitors of IGF-I pathways on mRNA expression of CYP19, SF-1 and CREB in R2C cells. Total RNA was
extracted from R2C cells untreated (bs) or treated for 24h with AG (20uM), LY (10 uM), PD (20 uM) and GFX (20 uM). Real time RT-
PCR was used to analyze mRNA levels of CYP19, SF-1, and CREB. Data represent the mean + SEM of values from three separate RNA
samples. Each sample was normalized to its 18S ribosomal RNA content. Final results are expressed as n-fold differences of gene
expression relative to calibrator (basal) calculated with the AACt method. * P < 0.001 compared to basal.
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relative difference from basal. (*,P < 0.01 compared with basal).

IGF-I induces aromatase expression and activity in R2C cells. To further demonstrate
the prevalent role of SF-1 in IGF-I induced aromatase expression in Leydig cell tumor, we
monitored the effect of IGF-I on CYP19 and SF-1 expression. Addition of exogenous
amounts of IGF-I were able to induce aromatase activity by 1.8-fold (Fig. 9A). A
significant effect of IGF-I treatment was seen also on CYP19 mRNA levels (Fig. 9B). IGF-
I was able to induce a significant increase of 2- and 3.8-fold in aromatase mRNA at 12h
and 24h, respectively (Fig. 9B). Aromatase protein levels under the same treatments
reflected mRNA data (Fig. 9C). Analysis of expression levels of total and phosphorylated

forms of transcription factors SF-1 and CREB showed an increase in SF-1 and pSF-1 in the
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presence of IGF-I after 4h while no difference was observed for CREB at any of the
investigated times (Fig. 9C).
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Figure 9. Aromatase activity and expression in R2C cells in response to IGF-I. (A) Cells were treated with IGF-I (100 ng/ml) for
24h. Aromatase activity was assessed by using the modified tritiated water method. Results obtained are expressed as pmoles of
[3H]H20 released per hour and are normalized to the well protein content (pmol/h/mg protein). Values represent the mean £ SEM of
three independent experiments each performed with triplicate samples. *P<0.05 compared to basal. (B) Total RNA was extracted from
R2C cells untreated (bs) or treated for the indicated times with IGF-I (100 ng/ml). Real time RT-PCR was used to analyze mRNA levels
of CYP19. Data represent the mean + SEM of values from three separate RNA samples. Each sample was normalized to its 18S
ribosomal RNA content. Final results are expressed as n-fold differences of gene expression relative to calibrator (basal) calculated with
the AACt method. *P<0.01 and **P<0.001compared to basal. (C) Western blot analyses were performed on 50 pg of total proteins
extracted from R2C cells untreated (basal) or treated for the indicated times with IGF-I (100 ng/ml). Blots are representative of three
independent experiments with similar results. B-actin was used as loading control. Graphs depicted below western blots were obtained
by averaging densitometric analyses of the three independent experiments.. Protein expression in each lane was normalized to the B-
actin content, and expressed as relative difference from controls. (*,P < 0.01 compared with basal).

Changes in IGF-I pathway activation status lead to changes in SF-1 binding to the
aromatase Pll promoter.

Finally we performed CHIP assay to investigate how IGF-I stimulation influence per se
binding of transcription factors to the aromatase PII promoter. We evidenced how in basal

condition all the different inhibitors but not PD reduced the amount of bound SF-1
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reflecting changes in SF-1 protein amount (Fig. 10 A). The increase in SF-1 protein

content seen under IGF-I treatment (Fig. 9C) reflected an increase in SF-1 binding to the

PII promoter (Fig. 10B).

A bs AG PD LY GFX

IGF-1 (h}

.
| — SFA1

Figure 10. IGF-1 increases SF-1 recruitment to the aromatase PIlI promoter through PI3K and PKC. (A) R2C cells were
incubated for 24 h with AG (20uM), LY (10 uM), PD (20 uM) and GFX (20 uM). Untreated cells (basal, bs) were treated with the same
amount of vehicle alone (DMSO) that never exceeded 0-01% (v/v). (B) R2C cells were incubated for the indicated times with IGF-I (100
ng/ml). In vivo binding of SF-1 to the aromatase PII promoter was examined using ChIP assay. Immunoprecipitated (SF-1) and total
(10% input) DNA were subject to PCR using specific primers. Similar results were obtained in two additional experiments.
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The current study was aimed to explain the molecular mechanism responsible for
aromatase overexpression in tumor Leydig cells with a consequent excess of estradiol in
situ production sustaining tumor cell growth and proliferation.

Mammalian testis is capable of estrogen synthesis, whose production is regulated by
different factors at different ages. In mature animals, aromatization of testosterone to
estradiol is enhanced by LH/chorionic gonadotropin (CG) and not by FSH. The site of this
synthesis appears to be age-dependent, at least in some species, such as the rat (92). Leydig
cells are an elective target site of LH/CG which controls testosterone biosynthesis as well
as its conversion to estradiol through aromatase activity. Leydig cell is also known to be
the site of estrogen synthesis in several species, including mice (93), humans (94), suine
(95), and sheep (96). Alterations in local estrogen synthesis may have significant
consequences in malignancy of these cells. In the present study we observed that
manteinance of R2C cells in the absence of serum induces a cospicous release of E2 from
cellular storage in a time dependent manner. This synthesis was abrogated by treatment
with Letrozole, an aromatase inhibitor, addressing how estrogen production is dependent
on high constitutive aromatase activity. A strongly increased aromatase expression was
observed in R2C cells respect to the normal cell line control TM3 as well as in FRTT
respect to FRNT. These findings concord with a previous study on human tissues showing
that the increase in estrogen synthesis, as a consequence of a more intense aromatase
activity, is higher in Leydig cell tumor fraction than in normal tissue surrounding the tumor
of the same patient (97).

Mediators of the physiological effects of estrogens are the estrogen receptors (ER) a
and B. ERa appears to be confined to Leydig cells in testicular tissue (45), while ER has
been detected immunohistochemically in several rat testicular cell types, including Sertoli
cells, germ cells, and peritubular cells (98). An enhanced expression of ERa., resulting in
an increased ERo/ERf, ratio was observed in R2C compared to TM3 cell line as well as in

FRTT respect to FRNT. This is in agreement with previous reports demonstrating that
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transgenic mice overexpressing aromatase have an enhanced occurrence of breast and
Leydig cell tumors together with an enhanced expression of ERa in the tumoral tissue
(54). The latter findings address reasonably how an estrogen short autocrine loop may be
involved in breast and testicular tumorogenesis in the presence of an excess of locally
produced estradiol. Indeed, an arrest of cell growth was observed following abrogation of
local E2 production with Letrozole or after addition of ERa inhibitors ICI or OHT.
Besides, only after remotion of medium every day along with prolonged R2C starvation
abolishing local steroid production, we observed how exogenous E2 was able to display
proliferative effects.

One mechanism through which estrogens induce cell proliferation is by increasing
protein levels of G1 regulatory cyclins A, B1, D1, D3, and E in target cells (99). In our
study we showed that the expression of two of the most important regulators of Leydig cell
cycle, cyclin D1 and E can be increased by E2 and downregulated by treatment with
antiestrogens. These data further confirm that aromatase overexpression and the
consequent E2 production may be the cause of altered cell cycle regulation of Leydig
tumor cells.

In the attempt to explain the molecular mechanism determining aromatase
overexpression in our tumor cell line, we focused our attention on expression levels of
transcription factors identified as crucial regulators of aromatase gene expression: CREB
and SF-1. In the adult testis SF-1 is predominantly expressed in Leydig cells (100). The
increase of total and/or phosphorylated protein can potentiate SF-1 transcriptional activity
(101). In R2C cells and in FRTT compared to the normal controls we found higher SF-1
phosphorylated protein levels as a consequence of elevated protein content. Total CREB
levels were similar in all samples but highly phosphorylated in tumor samples. Starting
from these observations we investigated which pathways could be involved in the
activation of these transcription factors.

The most important signal that initiates steroidogenesis in Leydig cells is the binding of
LH to the LH receptor (102). It has been demonstrated that LH/LHreceptor signaling

pathway is constitutively active in R2C cells and makes the phenotype of these cells

_42 -



Discussion

constitutively steroidogenic (103). For instance in the presence of a specific PKA inhibitor,
constitutive synthesis of Star mRNA and steroids were significantly inhibited (104). These
observations fit well with our findings evidencing how the presence of PKA inhibitor
determined a strong decrease in aromatase activity together with a drop in CREB
phosphorylation (data not shown). In the presence of a specific PKC inhibitor no effects
were elicited on phosphorylation of CREB, while SF-1 dropped dramatically.

It has been shown that CREB in mouse Leydig cells can be phosphorylated also
through the PKC pathway, activated by IGF-I (103). In this study we have revealed that
R2C tumor Leydig cells release higher levels of IGF-I in the culture medium respect to
TM3 cells. However, the exposure to IGF-I as well as the treatment with inhibitors of IGF-
I signalling did not affect CREB phosphorylative status but decreased SF-1
phosphorylation, postulating a separate mechanism controlling CREB and SF-1 activation
in modulating aromatase activity.

These findings led us to suppose that the IGF-I derived from tumor Leydig cells could
act through an autocrine mechanism in activating aromatase expression. IGF-I receptors
have previously been identified in Leydig cells of several species (10;105-107). It has been
hypothesized that changes in IGF-RI expression can influence tumor cell progression.
However in our cellular models, we did not reveal differences in IGF-RI expression
between normal and tumor cells (data not shown), indicating that IGF-I level may be the
determining factor in potentiating IGF-I signalling. A previous study investigating the
effects of long term IGF-I treatment on Leydig cells did not reveal alterations in DNA
synthesis, indicating that IGF-I may act as a differentiation factor rather than a mitogenic
factor (12). In fact, expression levels of all mRNA species associated with T biosynthesis
were shown to be lower in the absence of IGF-I, while treatment with IGF-I/insulin has
been found to stimulate steroidogenesis and StAR expression in Leydig cells through a
process that does not require cAMP signaling (9;107;108). In the same vein we may
reasonable hypothesize that IGF-I could sustain, through an autocrine/paracrine
mechanism, the elevated aromatase expression/activity in tumor Leydig cells. To verify

this hypothesis we studied the various signalling pathways initiated by IGF-I through IGF-

-43 -



Discussion

IR. Binding of IGF-I to its receptor causes receptor autophosphorylation and the activation
of intrinsic tyrosine kinase that acts on various substrates including the insulin receptor
substrate (IRS) and Shc adaptor proteins. These activated proteins recruit other factors,
leading to activation of multiple signalling pathways including the phosphatidyl inositol 3-
kinase (PI3K)/Akt and the mitogen-activated protein (MAP) kinase cascade. In addition, it
has been shown that IGF-I can activate also the phospholipase C (PLC)/protein kinase C
(PKC) pathway (90;109). To demonstrate a role for IGF-I in mediating aromatase
activation we used specific inhibitors for IGF-I signaling [AG1024 (AG)], ERK1/2
[PD98059 (PD)], PI3K [LY294002 (LY)] and PKC [GF109203X (GFX)] and showed a
reduction of aromatase activity with all of them. Together these data confirm a role for
IGF-I in mediating aromatase activation in tumor Leydig cells. All of the different
inhibitors but PD were able to produce a similar inhibitory pattern on both aromatase and
SF-1 mRNA and protein expression. Furthermore by ChIP assay we evidenced that SF-1
binding to the aromatase promoter II that was reduced by AG, LY, GFX but not by PD
indicating a central role of this transcription factor in regulating aromatase gene
transcription in tumor Leydig cells. This is the first report of a direct link between SF-1
transcription and IGF-I signalling pathway in regulating aromatase expression.
Furthermore, addition of IGF-I itself was able to increase aromatase activity and
expression. These events were due to an increase in the amount of total and phosphorylated
SF-1 levels whose binding to the aromatase promoter was shown to be rapidly augmented.
So we postulate that an enhanced endogenous IGF-I local production may contribute to
maintain an elevated aromatase activity sustained by a direct stimulatory effect of SF-1.
For instance the inhibition of IGF-I signalling through inhibition of either PI3K/AKT and
PLC/PKC pathways were able to block SF-1 expression and protein phoshorylation.
Particularly treatment with AG blocked SF-1 phosphorylation more efficiently than the
separate treatment of PI3K or PKC, addressing how both pathways may synergize in
upregulating SF-1 activity. In the presence of PD, SF-1 expression remained unchanged
together with unaffected aromatase mRNA and protein levels. Importantly aromatase

activity appeared decreased in the presence of PD suggesting a potential stimulatory role of
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ERK1/2 on the enzyme at a post-transcriptional level. From our findings then emerges a
double mechanism inducing enhanced expression of aromatase: 1. a constitutive activation
of LH/cAMP/PKA pathway which determines CREB activation; 2. an enhanced IGF-I
signaling potentiating SF-1 action. The enhanced expression of SF-1 may be maintained by
the lack of DAX-1 (Dosage-Sensitive Sex Reversal, Adrenal Hypoplasia Congenita,
Critical Region on the X Chromosome, Gene-1) in R2C cells (89). DAX-1 is a specific co-
repressor of SF-1 (60-64) and inhibits StAR expression and steroidogenesis by 40-60%
when overexpressed in R2C cells (89). The lack of DAX-1 expression in R2C cells may
be due to the constitutive active PKA signalling, in fact since in a mouse Leydig cell line
was shown a marked decrease of DAX-1 mRNA within 3 h after addition of LH or
forskolin (110). Then, the activation of LH/LHt/PKA pathway at the same time decreases
DAX-1 expession and promotes SF-1 activity.

Remains to explain which molecular mechanism(s) is responsible for the elevated IGF-
I production in tumor Leydig cells. In vivo, administration of hCG increases IGF-I mRNA
levels in rat Leydig cells (111). LH deprival determines a decrease in the BrdU
incorporation as well as a decrease in mRNA levels of IGF-I and IGF-I receptor. These
observations together with our data showing a decrease in IGF-I basal production after
treatment with a PKA inhibitor (data not shown) suggest the possibility that LH can
mediate its proliferative effects also by regulating IGF-I and its receptor in Leydig cells
and that the altered LH/LHreceptor activated pathway in R2C cells could be the cause of
olGF-I overproduction (112).
Moreover the observation that in murine Leydig cells IGF-I is able to increase the LHr
mRNA stability (113) together with data showing that the presence of an IGF-I antibody
reduced the steroidogenic responsiviness to LH/hCG (114) suggest also the possibility of
an IGF-I action in sustaining LH/LHr signalling. If the constitutive activation of
LH/LHr/PKA signalling in R2C cells may be involved in upregulation of IGF-I expression
remains also to be explored.

In conclusion, in this study we demonstrated that in tumor Leydig cells aromatase

overexpression determines an excessive local estradiol production able to stimulate the
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expression of genes involved in cycle regulation and sustaining cell proliferation.
Aromatase overexpression appears to be induced by the combined enhanced LH/LHr and
IGF-I signalling (Fig. 11).

Particularly, LH/LHr signaling determines a constitutive active CREB phosphorylation
on aromatase gene promoter while IGF-I overproduction stimulates through an autocrine
mechanism SF-1 binding on the same promoter. The observation that antiestrogens and
aromatase inhibitors as well as IGF-I signalling blockers are able to reduce R2C
proliferation opens new perspectives on the adjuvant therapeutic approach of testicular

cancer.
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Figure 11. Schematic model showing the mechanism of tumor Leydig cell proliferation.
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Aromatase converts testicular androgens to estrogens, which
are essential for male fertility. Aromatase expression in testis
occurs via transcription from promoter II, and requires the
presence of a nuclear receptor half-site that binds the orphan
receptor steroidogenic factor-1 [SF-1 (nuclear receptor 5A1)]
to mediate basal and (in part) cAMP-induced transcription.
We hypothesized that liver receptor homolog-1 (LRH-1) (nu-
clear receptor 5A2), a receptor closely related to SF-1, could
also play a role in regulating aromatase expression in the
testis. We demonstrate expression of LRH-1 in adult rat and
immature mouse Leydig cells (LHR-1 > SF-1) as well as in
pachytene spermatocytes and round spermatids but not in
Sertoli cells, which in contrast, express high levels of SF-1. In

transient transfection assays using TM3 Leydig cells and TM4
Sertoli cells, a rat promoter II luciferase reporter construct
was stimulated by cotransfection of LRH-1 expression vector.
Mutation analysis showed that induction by LRH-1 in TM3
and TMA4 cells requires an AGGTCA motif at position —90, to
which LRH-1 bound in gel shift analysis. We therefore provide
evidence that LRH-1 plays an important role in the regulation
of aromatase expression in Leydig cells. The colocalization of
LRH-1 and aromatase to multiple testis cell types suggests
that LRH-1 may have important effects on estrogen produc-
tion, testis development, spermatogenesis, and testicular
carcinogenesis. (Endocrinology 145: 2186-2196, 2004)

ONADOTROPINS AND TESTOSTERONE, together

with numerous intratesticular factors, play a crucial

role in the development and maintenance of spermatogen-
esis in the mammalian testis (1, 2). However, several lines of
evidence have conclusively shown that estrogens are also
produced in the male genital tract and contribute signifi-
cantly in regulating testicular functions and development (3,
4). The biosynthesis of estrogens from androgens is catalyzed
by the microsomal enzymatic complex termed aromatase,
which is composed of two polypeptides: a ubiquitous, non-
specific flavoprotein reduced nicotinamide adenine dinucle-
otide phosphate (NADPH)-cytochrome P450 reductase; and
a specific form of cytochrome P450 (P450arom encoded by

Abbreviations: AD4BP, Adrenal 4 binding protein; CPF, CYP7A pro-
moter binding factor; CRE, cAMP response element; Ct, threshold cycle;
DAX-1, dosage-sensitive sex reversal adrenal hypoplasia congenita crit-
ical region on the X chromosome, gene 1; FSK, forskolin; FTF, fetoprotein
transcription factor; LRH-1, liver receptor homolog-1; MBEF-1, multipro-
tein-bridging factor-1; NRE, nuclear receptor element; PII, promoter II;
PS, pachytene spermatocytes; RS, round spermatids; SF-1, steroidogenic
factor 1; SHP, short heterodimer partner; ST, seminiferous tubules; ttp,
transcripted translated protein.
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www.endo-society.org), the foremost professional society serving the
endocrine community.

the CYP19 gene) expressed in several tissues such as pla-
centa, adipose tissue, skin, brain, and gonads (5).

In the rat testis, there is an age-related pattern of aromatase
activity. Activity is present mainly in Sertoli cells of imma-
ture animals and in Leydig cells of adults (6). In pig, ram, and
human, however, aromatase is mainly present in Leydig cells
(7). In germ cells, the amount of P450arom mRNA changes
with the stage of maturation: it is twice as high in pachytene
spermatocytes (PS) than in round spermatids (RS), and 20-
fold higher in RS than in spermatozoa (8). Conversely, aro-
matase activity appears to be 4- to 5-fold higher in sperma-
tozoa than in either PS or RS (4). Similar patterns of
aromatase expression have been reported in mouse Leydig,
Sertoli, and germs cells (9). Moreover, the presence of aro-
matase in Leydig cells of primates and humans is well es-
tablished (7), and we have recently identified aromatase ex-
pression in ejaculated human spermatozoa (10).

Aromatase expression is regulated by tissue-specific pro-
moters (11-14). A promoter proximal to the translation start
site, termed promoter II (PII), regulates the expression of
P450arom in ovaries of several species (15, 16), in fetal gonads
(13) and in two rat Leydig tumor cells (R2C and H540) (17,
18). Recently we have demonstrated that PII is the principal
promoter that is active in rat Sertoli, Leydig, and germ cells
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(19). This promoter contains several CAMP response element
(CRE)-like motifs that mediate the effects of the cAMP trans-
duction pathway that potentiates aromatase expression and
activity. Basal and, in part, cAMP-induced transcription of
CYP19 also requires the presence of a nuclear receptor half
site [nuclear receptor element (NRE)] located at —90 relative
to the start of transcription of the rat gene that has been
proposed to bind the orphan nuclear receptor steroidogenic
factor-1 [SF-1 (nuclear receptor 5A1)] (19, 20). However, the
intratesticular sites of expression of SF-1 and aromatase do
not correlate; in adult rats, SF-1 is mainly expressed in Sertoli
cells (21), whereas aromatase is mainly in Leydig and germ
cells. In seeking an alternative factor that might account for
aromatase expression in these SF-1 negative sites, we have
focused the present study on the liver receptor homolog-1
(LRH-1).

LRH-1 [nuclear receptor 5A2, also known as CYP7A pro-
moter binding factor (CPF), a-fetoprotein transcription factor
(FTF), and hB1f (22-25)] and SF-1 are the two mammalian
homologues of the Drosophila nuclear receptor Fushi tarazu
F1 (26) and share common DNA binding and transactivation
properties. LRH-1 is expressed at high levels in liver, where
it regulates expression of genes involved in cholesterol
metabolism and bile acid synthesis including cholesterol
7a-hydroxylase (CYP7A) (27, 28), sterol 12a-hydroxylase
(CYP8B1) (29), and the cholesteryl ester transfer protein (30).
Initially, LRH-1 expression was thought to be limited only to
the nonsteroidogenic tissues pancreas, intestine, and colon
(31). Recently, however, LRH-1 was shown to be expressed
in horse and rat ovary (32-34); whereas, in collaboration with
Rainey and co-workers (35), we have quantified mRNA lev-
els of SF-1 and LRH-1 in different human steroidogenic tis-
sues, showing high expression in the human ovary and testis.
We also described the effect of LRH-1 on transcription of the
genes encoding the enzymes involved in steroidogenesis,
suggesting that this transcription factor may play a role not
only in bile acid production but also in steroidogenesis (35).
Our recent results (36), suggesting that LRH-1 regulates aro-
matase gene transcription in preadipocytes acting on aro-
matase PII, led us to hypothesize a role for this factor in
regulation of CYP19 gene in the testis. In the current study,
we demonstrate expression of LRH-1 in several rat testicular
cell types and investigate the role of LRH-1 in regulating
aromatase expression in these cells.

Materials and Methods
Plasmids

PII-688 is a CYP19 PIl/luciferase construct containing —688/+94 of
rat CYP19 PII inserted upstream of the firefly luciferase gene in the

TABLE 1. Oligonucleotide primer sequences
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reporter vector pGL2-Basic (Promega, Madison, WI). The nuclear re-
ceptor half site (NRE) at position —90 within this construct was mutated
by PCR-directed mutagenesis (AGGTCA— AtaTCA) to produce pll-
688mNRE. Both these plasmids were generously provided by Michael
McPhaul (University of Texas Southwestern Medical Center, Dallas, TX).
For all transfections, empty pGL2-Basic was used as the control vector
to measure basal activity. The coding region of mouse LRH-1 (provided
by Dr. David Mangelsdorf, UT Southwestern Medical Center) and
mouse SF-1 (provided by Dr. William Rainey, UT Southwestern Medical
Center) were inserted into pcDNA3.1 zeo (Invitrogen, Carlsbad, CA)
eukaryotic expression vector and used for transfections and in vitro
transcription/translation reactions.

Cell culture and transfection

Primary cultures of purified adult rat Leydig cells, Sertoli cells, and
testicular mixed germ cells (enriched PS or RS, respectively) were es-
tablished as described previously (37, 38). All animal studies were con-
ducted in accordance with the Guide for Care and Use of Laboratory
Animals (National Institutes of Health). TM3 and TM4 cells (immature
mouse Leydig and Sertoli cell lines) were cultured in DMEM /Ham's F12
(Invitrogen, S.R.L., San Giuliano Milanese, Italy) supplemented with 5%
NU Serum (Collaborative Biom, Bedford, MA) and antibiotics in a 24-
well plate. For transfection experiments, Fugene6 (Roche, Indianapolis,
IN) was used, as directed by the manufacturer, to transfect the reporter
plasmid and the indicated amounts of expression vectors. pcDNA3.1
Zeo empty vector was used to ensure constant amounts of DNA per well
for each transfection. To normalize luciferase activity, cells were co-
transfected with 50 ng/well of TK Renilla luciferase plasmid (Promega).
Where indicated, cells were treated with forskolin (FSK) (10 um) for the
indicated time, 1824 h after the beginning of transfection, and then
assayed for activity using the Dual Luciferase assay system (Promega).

RNA extraction, cDNA synthesis, and real-time RT-PCR

The RNAgents total RNA isolation system (Promega, Charbonnieres,
France) was used to extract total RNA from primary cells. Total cellular
RNA was extracted from TM3 and TM4 cells using Total RNA Isolation
System kit (Promega). All RNA was treated with DNase (Ambion, Aus-
tin, TX), and purity and integrity of the RNA was confirmed spectro-
scopically and by gel electrophoresis before use. Four micrograms of
total RNA were reverse transcribed in a final vol of 100 ul using the High
Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA) and
stored at —20 C. Primers for the amplification were based on published
sequences for the rat and mouse LRH-1 and SF-1. The nucleotide se-
quences of the primers are shown in Table 1.

PCRs were performed in the ABI Prism 7000 Sequence Detection
System (Applied Biosystems) in a total vol of 30 ul reaction mixture,
following the manufacturer’s recommendations, using the SYBR Green
Universal PCR Master Mix 2 X (Applied Biosystems) and 0.1 um of each
primer using the dissociation protocol. Negative controls contained
water instead of first-strand cDNA. Each sample was normalized on the
basis of its 18S ribosomal RNA content. The 18S quantification was
performed using a TagMan Ribosomal RNA Reagent kit (Applied Bio-
systems), following the method provided in the TagMan Ribosomal
RNA Control Reagent kit (Applied Biosystems). The relative SF1 and
LRH-1 gene expression levels were normalized to a calibrator that
was chosen to be the sample with the highest threshold cycle (Ct).
Final results, expressed as n-fold differences in orphan nuclear re-
ceptor gene expression relative to 185 rRNA and calibrator, were

Gene Oligonucleotide Sequence (5'-3") PCR product size (bp)
Mouse SF-1 (AF511594) Upper primer GICTCAAGTTCCTCATCCTCTTCAG 74
Lower primer CCTGGGCGTCCTTTACGA
Rat SF-1 (NM_053344) Upper primer GICTCAAGTTCCTCATCCTCTTCAG 74
Lower primer CCTGGGCGTCCTTTACCA
Mouse LRH-1 (NM_030676) Upper primer CCCTGCTGGACTACACGGTTT 74
Lower primer CGGGTAGCCGAAGAAGTAGCT
Rat LRH-1 (NM_021742) Upper primer AAAGCTGAGCGCGTITTGG 67
Lower primer CCCACTCAACAATGGAGAACAG
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calculated following the AACt method, determined as follows:
n-fold = 2~ (ACHkample = ACtalibraror) where ACt values of the sample and
calibrator are determined by subtracting the average Ct value of the
nuclear receptor gene from the average Ct value of the 185 rRNA
reference gene. Before using the AACt method for relative quantifi-
cation, we perform validation experiments to demonstrate that effi-
ciencies of target and reference are approximately equal, following
instructions of Applied Biosystems [http://docs.appliedbiosystems.
com/pebiodocs/04303859.pdf (page 14)].

Western blot analysis

Nuclear extracts were prepared from cultured cells as previously
described (39). Briefly, cells plated into 60-mm? dishes were scraped into
1.5 ml cold PBS. Cells were pelleted for 10 sec and resuspended in 400
wl cold buffer A (10 mm HEPES-KOH, pH 7.9, at 4 C; 1.5 mm MgCl,; 10
mm KCl; 0.5 mm dithiothreitol; 0.2 mm phenylmethylsulfonylfluoride)
by flicking the tube. The cells were allowed to swell on ice for 10 min
and then vortexed for 10 sec. Samples were centrifuged for 10 sec, and
the supernatant fraction was discarded. The pellet was resuspended in

Pezzi et al. ® LRH-1 Regulates Testicular Aromatase Expression

50 ul cold buffer C (20 mm HEPES-KOH, pH 7.9; 25% glycerol; 1.5 mm
MgCl,; 420 mm NaCl; 0.2 mm EDTA; 0.5 mm dithiothreitol; 0.2 mm
phenylmethylsulfonylfluoride) and incubated in ice for 20 min for high-
salt extraction. Cellular debris was removed by centrifugation for 2 min
at 4 C, and the supernatant fraction (containing DNA binding proteins)
was stored at —70 C. The yield was determined by the Bradford method.
The proteins (50 ug) were separated on sodium dodecyl sulfate-poly-
acrylamide (12%) gel and then electroblotted onto a nitrocellulose mem-
brane. The blots were incubated overnight at 4 C with FTF-2 antiserum
(polyclonal antibody generated against the mouse FTF extra DNA bind-
ing domain, provided by Dr. Luc Belanger, Laval University, Quebec
Canada) or with anti-CPF antibody against the amino-terminal region
of mouse LRH-1, (1:1000) (Santa Cruz Biotechnology, Inc., Santa Cruz,
CA) or rabbit antiserum to adrenal 4 binding protein (Ad4BP)/SF-1
[Ad4BP is the bovine homolog of SF-1 (1:1000) kindly provided from Dr.
Morohashi (National Institute for Basic Biology, myodaiji-cho, Okazaki,
Japan)]. The antigen-antibody complexes were detected by incubation of
the membranes at room temperature with antigoat (for CPF) or anti-
rabbit for Ad4BP IgG coupled to peroxidase, developed using the ECL
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Plus Western blotting detection system (Amersham Biosciences, Co-
logno Monzese, Italy). In vitro transcribed and translated LRH-1 and SE-1
proteins were synthesized from the expression vectors described above
using T7 polymerase in the rabbit reticulocyte lysate system as directed
by the manufacturer (Promega). These proteins were used as positive
controls in the immunoblot and EMSA experiments. The specificity of
each antibody was tested using antisera preabsorbed with excess
amount of antigens.

Gel mobility shift assay

Nuclear extracts were prepared from TM3 and TM4 as previously
described (39). In vitro transcribed and translated LRH-1 and SF-1 pro-
teins were synthesized using T7 polymerase in the rabbit reticulocyte
lysate system as directed by the manufacturer (Promega). The probe was
generated by annealing single-stranded oligonucleotides (Sigma Geno-
sys, Cambridge, UK) and labeling with [y*P] ATP and T4 polynucle-
otide kinase, followed by purification using Sephadex G50 spin columns
(Amersham Pharmacia Biotech). The DNA sequences used as probe or
as cold competitors are the following (the nucleotide motifs of interest
are underlined): 5'-CAG GAC CTG AGT CTC CCA AGG TCA TCC TTG
TTT GAC TTG TA-3'. The protein binding reactions were carried out in
20 pl buffer [20 mm HEPES, pH 8; 1 mm EDTA; 50 mm KCl; 10 mm DTT;
10% glycerol; 1 mg/ml BSA] with 50,000 cpm of labeled probe, 20 ug
nuclear proteins or 2 ul of transcribed and translated in vitro SE-1 protein
or LRH-1 protein, and 5 ug poly (dI-dC) (Roche). The mixtures were
incubated at 4 C for 30 min in the presence or absence of unlabeled
competitor oligonucleotides or in vitro-translated protein in the presence
or absence of rabbit antiserum to Ad4BP /SF-1 or FTE-1 antiserum [rabbit
immunized with the peptide CLTSAIQNIHSSASKGL; rat position 142—
156 (22), provided by Dr. Luc Belanger, Laval University]. For FTF-1 the
reaction mixture was incubated with this antibody at 4 C for 2 h before
addition of labeled probe. The entire reaction mixture was electropho-
resed through a 6% polyacrylamide gel in 0.25X Tris borate-EDTA for
3hat150 V. Gels were dried and subjected to autoradiography at —70 C.

Statistical analysis

Data were analyzed using STATPAC software (Minneapolis, MN).

Results
LRH-1 and SF-1 expression in various testicular cell types

To address the possible role of LRH-1 in the regulation of
CYP19inrat testis, we first determined the expression profile
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of LRH-1 in various testicular cell types and compared it with
expression levels of SF-1. To accomplish this, total RNA from
primary cell cultures of Leydig cells, Sertoli cells, RS, PS,
primary cocultures of Sertoli and germ cells, seminiferous
tubules (ST) isolated from adult rats, and Sertoli cells isolated
from immature animals were used to quantify transcript
levels of both nuclear receptors using real-time RT-PCR (Fig.
1). LRH-1 was expressed at appreciable levels in mature
Leydig cells as well as in PS and RS (~50% and 75% of the
levels in Leydig cells, respectively, but was undetectable in
Sertoli cells of any age (Fig. 1A). The relatively lower LRH-1
mRNA levels measured in coculture of Sertoli and germ cells
and in ST reflects the diluted quantity of LRH-1 mRNA
expressed in germ cells, and confirms that LRH-1 expression
is present only in germ cells but not in Sertoli cells (Fig. 1A).
In contrast, we observed high levels of SF-1 mRNA in im-
mature and mature Sertoli cells as well as in mature Leydig
cells; whereas in germ cells, the SF-1 mRNA was present at
negligible levels (Fig. 1B). This is confirmed by the relatively
lower SF-1 mRNA levels measured in coculture of Sertoli and
germ cells and in ST (Fig. 1B). SF-1 was undetectable in rat
liver, confirming the lack of cross-reactivity of the primers
used in the assay. The data obtained for the somatic cells was
confirmed using RNA isolated from immature mouse Leydig
cell line (TM3) and Sertoli cell line (TM4): LRH-1 was un-
detectable in TM4 cells, where SF-1 expression was high,
whereas TM3 showed an opposite pattern with high LRH-1
expression and almost undetectable expression of SF-1 (Fig.
1C). Thus, the two orphan receptors show overlapping, but
distinct, patterns of expression within the rat testis: Leydig
cells express both SF-1 and LRH-1 mRNA, whereas Sertoli
cells and germ cells (PS and RS) exclusively express SF-1, and
LRH-1 mRNA, respectively.

We confirmed this pattern of SF-1 and LRH-1 expression
at the protein level by Western analysis using nuclear ex-
tracts from TM3/4 cells, as well as from isolated rat primary
cells. As shown in Fig. 2A, bands of the expected size (64 kDa

A 61 KD = B -.—
N —_— . S — . B | <— LRH-1
FiG. 2. Western blot analysis of LRH-1 55 KD . —— = | .
and SF-1 expression testicular cells.
LRH-1 (A) and SF-1 (B) proteins were B 61 KD
examined by Western analysis using 50 g - et P aaa <— SFA
g nuclear extracts isolated from TM3 55 KD # ! - -
Leydig cells (TM3), primary cultured
rat Leydig cells (L), TM4 Sertoli cells ™3 L ™4 S PS RS Liver SF1tpLRH1up
(TM4), primary cultured rat Sertoli
cells, PS, and RS. Rat liver extract and C 7001
in vitro-translated LRH-1/SF-1 (ttp) M rRH-1
served as positive controls. The same @ 600 - [ sF-1
nuclear extracts were run on two dif- =
ferent gels, transferred to membranes, 2 5004
and one probed for LRH-1 and the other g
for SF-1. One representative experi- g 400 -
ment from three independent experi- =
ments is shown. C, The histograms rep- =
resent the mean * SEM of three 5 300
separate Western analyses performed ; 200
on different nuclear extract prepara- £ 7]
tions in which band intensities were 1) i
evaluated by OD. ND, Nondetectable. 100
0 ] ND N ND ND
T™M3 L TM4 s PS RS  Liver
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Fic. 3. LRH-1 and SF-1 induce aromatase PII reporter gene activity in TM3 and TM4 cells. TM3 (A—C) and TM4 (B-D) cells were transfected
with 0.5 pug rat aromatase PII promoter and with empty pcDNAS3.1zeo expression vector or the indicated amounts of LRH-1 (A and B) or SF-1
(C and D) expression plasmids, and a renilla luciferase reporter vector. The day after transfection, where indicated, cells were treated with FSK
(10 uMm). Twenty-four hours later, cells were lysed and assayed for luciferase activity. Luciferase signal was normalized to the renilla activity.
Results represent the mean * sD of pooled data from three to four independent experiments, each performed in triplicate.

and 56 kDa) were observed using TM3 Leydig cell nuclear
extract and primary rat Leydig cells (TM3 and L) but not in
TM4 Sertoli cells or primary rat Sertoli cells (TM4 and S).
Strong expression was observed in rat PS and RS, consistent
with the mRNA data above (Fig. 1). Strong expression was
also observed in the positive control tissue, liver. Using in
vitro-translated SF-1 and LRH-1 as the source of protein, no
staining was observed for SF-1 [SF-1ttp (transcripted trans-
lated protein)], indicating an absence of cross-reactivity of
the LRH-1 antibody with SF-1, whereas bands of the ex-
pected size were observed using in vitro-translated LRH-1
(LRH1ttp). Note that the 64-kDa protein corresponds to full-
length LRH-1, whereas the shorter isoform presumably
arises through use of an alternative in-frame initiator me-
thionine at position 62. This isoform is 61 amino acids smaller
than the full-length product and has a size of 56 kDa. Al-
ternatively, two LRH-1 isoforms with different length of the
A/B region (hB1F and hB1F-2) have been identified in hu-
man hepatocytes (25), both of which are recognized by the
antibody used in this study.

A quite different pattern of expression was observed for
SF-1 protein (Fig. 2B). SF-1 was detected at similar low levels

in TM3 Leydig cells, primary rat Leydig cells, TM4 Sertoli
cells (TM4), and primary rat Sertoli cells, but was completely
absent from PS, RS, or liver. Again, in vitro-translated pro-
teins confirmed the specificity of the SF-1 antibody (SF-1ttp
and LRH1ttp). Densitometric analysis of Western blot data
combined from three independent experiments indicated
that SF-1 protein is expressed at similar low levels in TM3,
TM4, and primary Leydig and Sertoli cells. Further, the rel-
ative levels of LRH-1 protein in purified germ cells is ap-
proximately 50% of that seen in the positive control tissue
liver (Fig. 2C). Therefore, the intratesticular patterns of ex-
pression of LRH-1 and SF-1 proteins mirror that of their
respective mRNAs, and are distinct: whereas Leydig cells
express both SF-1 and LRH-1 protein, Sertoli cells uniquely
express SF-1, and germ cells (PS and RS) uniquely express
LRH-1. Moreover, LRH-1 protein is present in these testicular
cell types at significant levels.

Regulation of CYP19 PII by LRH-1

Aromatase activity and CYP19 mRNA expression in testis
are strongly induced by LH in Leydig cells or by FSH in
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Sertoli cells, both of which act through the cAMP pathway
to induce transcription from PII. Basal and, in part, cAMP-
induced transcription of CYP19 has been shown to require
SF-1 (40), which, in rat, binds to a nuclear receptor half site
(NRE) located at —90 relative to the start of transcription.
Because LRH-1 recognizes the same binding site as SF-1, we
next assessed the potential of LRH-1 to induce transcription
from PIL

TM3 and TM4 cells were cotransfected with the rat CYP19
PII reporter construct and increasing concentrations of either
LRH-1 or SF-1 expression vectors. Cells were then incubated
in the presence or absence of the adenylyl cyclase activator
FSK for 24 h. Transfected into TM3 cells, in the absence of
stimulation, LRH-1 dose-dependently increased PII activity,
reaching a maximum of 8-fold over basal at 0.05 ug plasmid
(Fig. 3A). Treatment with FSK increased basal promoter ac-
tivity 3-fold (over basal level at 0.05 pg); however, in the
presence of this agent, LRH-1 strongly induced PII activity,
reaching a maximum of 20-fold at only 0.01 ug LRH-1 (Fig.
3A). Transcription was inhibited at higher concentrations of
LRH-1. Analogous transfection experiments using SF-1 in-
stead of LRH-1 revealed a similar pattern, although the max-
imum levels of induction were lower (8-fold in the presence
of FSK and 5 ng SF-1 plasmid) (Fig. 3C). Interestingly, in TM4
cells in basal conditions, neither LRH-1 nor SF-1 increased
luciferase activity (Fig. 3, B and D). However, once activated
by FSK, both LRH-1 and SF-1 further increased luciferase
activity, reaching a maximum of 9-fold at 0.05 ug LRH-1 and
13-fold at 0.05 ug SF-1. Treatment with PKC activators alone
or in combination with FSK was ineffective (data not shown).

We next investigated the contribution of the PII NRE to
transcriptional regulation by FSK and LRH-1 (Fig. 4). TM3
(Fig. 4B) and TM4 (Fig. 4C) cells were transfected with LRH-1
and either a wild-type PII reporter construct (PII-688) or a
promoter construct harboring a mutation in the NRE
(AGGTCA— AtaTCA plI-688m, see Fig. 4A). Under control
conditions, 0.05 ug/well of LRH-1 plasmid increased PII
activity 8-fold in TM3 cells, and this stimulation was com-
pletely abolished when the NRE was mutated (Fig. 4B). FSK
treatment increased the activity of pll-688 approximately
3-fold, and this induction was augmented by a further 5-fold
by LRH-1 cotransfection (Fig 4B). Mutation of NRE did not
significantly affect the ability of the promoter to respond to
FSK; however, LRH-1 did not increase activity of pII-688m
(Fig. 4B). Similar results were obtained performing the same
experiments in TM4 cells (Fig. 4C); although, as before,
LRH-1 did not increase transcription in the absence of FSK.
These data suggest that the NRE is required for induction
of PII by LRH-1 acting as a basal transcription factor, whereas
cAMP-dependent transcription occurs through other
mechanisms.

LRH-1 binds to the rat aromatase PII NRE

To demonstrate whether LRH-1 derived from TM3 cells is
capable of binding to the PIINRE, a synthetic oligonucleotide
probe encompassing this sequence was prepared and used in
EMSA. In the presence of TM4 nuclear extract, a single dis-
tinct protein-DNA complex was formed (Fig. 5, lane 1). For-
mation of this complex was abolished by the addition of a
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Fic. 4. LRH-1 induces aromatase PII activity via the —90 NRE. A,
Schematic map of the rat P450arom proximal PII/luciferase construct
containing 688/+94 of rat CYP19 PII inserted upstream of the firefly
luciferase gene (p-688). Three putative CRE motifs (5'CRE at —335,
3'CRE at —231, and XCRE at —169) are indicated as filled circles. The
AGGTCA NRE (—90) is indicated as a rectangle. The mutated NRE
site (SF-1 mut) is present in p-688m (black rectangle). TM3 (B) and
TM4 (C) cells were transfected with either p-688 or p-688m (both 0.5
pg/well) and with either an LRH-1 expression vector or the
pcDNA3.1Zeo empty vector (both 0.05 pg/well). Twenty-four hours
later, where indicated, cells were treated with 10 um FSK for 24 h
before being lysed and assayed for luciferase activity. Data were
normalized to the coexpressed renilla luciferase expression vector.
Results represent the mean = sD of pooled data from at least three
independent experiments, each performed in triplicate.

100-fold molar excess of nonradiolabeled wild-type probe
(lane 2), but not by 100-fold molar excess of nonradiolabeled
mutated probe (lane 3), confirming sequence-specific DNA
binding. Similar binding profiles were observed using TM3
nuclear extracts (lanes 4-6), in vitro synthesized LRH-1
(lanes 7-9), and SF-1 (lanes 10-12). Because the use of a 6%
polyacrylamide gel in EMSA does not permit discrimination
of the different sizes of LRH-1 and SF-1 protein, as does
Western analysis using a 12% sodium dodecyl sulfate-poly-
acrylamide gel, we confirmed the presence and identity of
the two nuclear receptors using specific antibodies (Fig. 6).
As before, a distinct band was observed using either TM3 or
TM4 nuclear extracts, in vitro translated LRH-1 or SF-1 (lanes
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Fia. 5. Nuclear proteins from TM4
and TM3 cells bind to the aromatase
PII NRE. TM4 (lanes 1-3) and TM3
(lanes 4—6) nuclear extracts or in vitro
transcribed/translated mouse LRH-1
(lanes 7-9) and mouse SF1 (lanes 10—
12) were incubated with radiolabeled
probe encompassing the —90 NRE
(AGGTCA) (40,000 cpm) in the pres-
ence or absence of nonradiolabeled
(100X) competitor probe wild-type
(lanes 2, 5, 8, and 11) or mutated (lanes
3,6,9,and 12). DNA/protein complexes
were separated from free probe by gel
electrophoresis. Lane 13 contains
probe alone.

Nuclear extracts

Competitor (100 X)
Mutated competitor (100 X)
LRH-1 in vitro synthesized

5F-1 in vitro synthesized

1-4). This band was recognized and supershifted by a spe-
cific LRH-1 antibody in TM3, but not TM4, nuclear extracts
(lanes 5 and 6) or in vitro-translated LRH-1 (lane 7). In con-
trast, a specific SF-1 antibody recognized the DNA /protein
complex in both TM3 and TM4 nuclear extracts (lanes 8 and
9), as well as using in vitro-translated SF-1 (lane 10). Non-
specific IgG had no effect (lanes 11 and 12). These data
confirm the mRNA and protein data above and further sup-
port the conclusion that TM3 Leydig cells express both active
LRH-1 and SF-1, whereas TM4 Sertoli cells express only SF-1.
Finally, we confirmed the cell line EMSA experiments using,
as the source of protein, nuclear extracts from primary cul-
tures of rat Leydig and Sertoli cells (Fig. 7). Primary Leydig
cell nuclear extracts produced a protein/DNA complex of
mobility similar to that formed with TM3 cell extracts (lanes
1 and 2) or in vitro-translated LRH-1 (lane 5), whereas pri-
mary Sertoli cell nuclear extracts produced a complex of
mobility similar to that formed with TM4 extracts (lanes 3
and 4). The LRH-1 antibody supershifted the binding activity
from both TM3 and primary rat Leydig cell extracts (lanes 6
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and 7) but not from TM4 or primary rat Sertoli cells (lanes 8
and 9). Thus, LRH-1 DNA binding activity is present in rat
Leydig, but not Sertoli, cells.

Discussion

Estrogen is produced by the testis, from the fetal period
throughout adulthood, and acts via estrogen receptors (ERs)
to modulate transcription of specific genes. Both ERa and
ERp are found in the testis at all ages, suggesting a role for
estrogen in testicular development and function. Targeted
disruption of the genes encoding the ERa or aromatase in-
dicates that estrogen is essential for normal male fertility (41,
42). On the other hand, estrogen excess stimulates Leydig cell
hyperplasia in rodents and has been associated with cryp-
torchidism, testicular cancer, and impaired spermatogenesis
(43). The molecular mechanisms controlling aromatase ex-
pression and the estrogen production in the different testic-
ular cellular compartment are poorly understood. For this
reason, it is particularly important to analyze this process.
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SF-1/LRH-1 ——»

Fia. 6. Antibody supershift analysis of
TM3 and TM4 nuclear extract NRE
binding activity. TM3 (lanes 1, 5, 8, and
11) and TM4 (lanes 2, 6, 9, and 12) nu-
clear extracts or in vitro transcribed/
translated mouse LRH-1 (lanes 3 and 7)
and mouse SF1 (lanes 4 and 10) were
incubated with radiolabeled probe en-
compassing the —90 SF1 motif (AG-
GTCA) (40,000 cpm) in the presence or
absence of antibodies directed against
either LRH-1 (lanes 5-7) or SF-1 (lanes
8-10) or nonspecific IgG (lanes 11 and
12). DNA/protein complexes were sep-
arated from free probe by gel electro-
phoresis. The large solid arrow indi-
cates the SF-1 and LRH-1 supershifts.
Lane 13 contains probe alone.

Nuclear extracts

LRH-1 in vitro synthesized

SF-1 in vitro synthesized

Antibody

Previous studies have implicated SF-1 in regulating ste-
roidogenic gene expression in Leydig cells (17, 18). Although
aromatase is expressed in Leydig cells, it is also expressed in
germ cells. Because germ cells do not express SF-1 (21), we
hypothesized that other factors might regulate aromatase
expression in the testis. Because LRH-1 is the closest relative
of SF-1 and recognizes the same DNA response element, we
have focused the current study on this protein. The first aim
of this study was to investigate the cellular localization of
LRH-1 in the testis. We show that LRH-1 mRNA and protein
are expressed in Leydig and germ cells, but not in Sertoli
cells, which, in contrast, express high levels of SF-1. More-
over, SF-1 is almost undetectable in germ cells. Quantitative
real-time PCR revealed that LRH-1 mRNA is expressed ap-
proximately 5-fold higher than SF-1 in Leydig cells. Because
LRH-1 can regulate many of the known SF-1 target genes in
Leydig cells, including CYP11A, CYP17, 3BHSD, and StAR
(35), we suggest that LRH-1 may regulate these and other
genes in vivo. This is significant because SF-1 and LRH-1 are
differentially regulated by other nuclear receptors such as
dosage-sensitive sex reversal adrenal hypoplasia congenita
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critical region on the X chromosome, gene 1 (DAX-1) and
short heterodimer partner (SHP) (unpublished observa-
tions). Our findings are consistent with immunostaining data
reported previously by Morohashi and co-workers (21)
showing a higher expression of SF-1 in Sertoli cells compared
with Leydig cells in the prepubertal rat, decreased expression
of SF-1 in Sertoli cells of mature animals, and constant ex-
pression in Leydig cells, with no detectable SF-1 expression
in germ cells. Our data therefore indicate that LRH-1 could
play a role in the regulation of estrogen-dependent testicular
development and function, especially in those cellular types
where SF-1 is expressed at very low concentration or not
expressed (e.g. germ cells).

At least two steps of spermatogenesis are, in part, regu-
lated by estrogen: germ cell number and spermatid matu-
ration (4). However, the observations that mouse germ cells
contain only ERB but not ERe, and that ERB knockout mice
are fertile (44), raise questions as to the role of ERs in germ
cells and point to a potential action of estrogen in germ cells
via nonclassic receptors activating nongenomic pathways. In
this scenario, the observation that male mice deficient in
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Fia. 7. LRH-1 DNA binding activity is
present in primary rat Leydig but not Sertoli
cell nuclear extracts. Nuclear extracts from
TMS3 (lanes 1 and 6), TM4 (lanes 3 and 8),
primary Leydig (L) (lanes 2 and 7), Sertoli
(S) (lanes 4 and 9) cell cultures or in vitro
transcribed/translated mouse LRH-1 (lanes
5 and 10) were incubated with radiolabeled
probe encompassing the —90 SF1 motif
(AGGTCA) (40,000 cpm) in the presence or
the absence of antibodies directed against
LRH-1 (lanes 5-7). DNA/protein complexes
were separated from free probe by gel elec-
trophoresis. The large solid arrow indicates
the LRH-1 supershift. Lane 11 contains
probe alone.

MNuclear extracts

LRH-1 in vitro synthesized

LRH-1 Antibody

aromatase by the age of 1 yr develop abnormal spermato-
genesis with a blockage of germ cell maturation at the RS
stage (42) suggests that the regulation of expression and
activity of aromatase is probably the most important step
determining the role of estrogen in spermatogenesis. Inter-
estingly, the expression of LRH-1 (but not SF-1) in PS and RS
leads us to hypothesize that this factor could regulate key
genes involved in spermatogenesis including aromatase, and
opens a new field that will require further investigation.
The current observation that SF-1, but not LRH-1, is ex-
pressed in Sertoli cells is consistent with our previous study
(20), showing that SF-1 plays a pivotal role in the regulation
of aromatase expression in Sertoli cells. In these cells, aro-
matase activity is highest in prepubertal rats, declines as
Sertoli cells mature, and is hormonally regulated, principally
by FSH (45). It has been proposed that estrogen may par-
ticipate in the FSH-mediated mitogenic activity on Sertoli
cells via induction of TGF-B (46, 47). However, several ob-
servations support the indication that estrogen also has neg-
ative effects on Sertoli cell differentiation and development

____.|.'____+_

(3). In fact, toward the end of the period of Sertoli cell pro-
liferation, FSH-induced aromatase activity begins to decline.
Thyroid hormone, which stimulates Sertoli cell differentia-
tion (47), decreases aromatase activity (48, 49). We have re-
cently demonstrated that the molecular mechanisms by
which this inhibition occurs is through a competition of
thyroid receptor 8 and SF-1 for the same regulatory site NRE
(20), demonstrating the crucial role of this site in regulating
aromatase expression.

Our transfection studies clearly demonstrate that, in TM3
Leydig cells, very low concentrations of LRH-1 induce basal
aromatase promoter activity, as well as potentiate cAMP-
induced transcription. By contrast, neither LRH-1 nor SF-1
modulates basal aromatase transcription in TM4 Sertoli cells,
but both potentiate cAMP-induced transcription. These dif-
ferences possibly reflect differences in coregulator expres-
sion between Leydig and Sertoli cells. The two members of
the NROB family of nuclear receptors, SHP and DAX-1, in-
hibit transcriptional activity of LRH-1 and SF-1, respectively.
It is therefore possible that Sertoli cells express higher levels
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of either or both of these receptors than Leydig cells, neces-
sitating higher concentrations of cotransfected LRH-1 or SF-1
to overcome a tonic inhibitory action. This hypothesis has yet
to be tested. Few other coregulators for LRH-1 have been
identified; recently however, multiprotein-bridging factor-1
(MBF-1) has been shown to coactivate LRH-1, as well as LXR
and PPARYy (50). Of the tissues examined, the site of highest
expression of MBF-1 was the testis (50). MBF-1 also coacti-
vates members of the CRE-binding protein/ATF-1 family of
transcription factors (51). Because aromatase Pl is regulated
by cAMP through at least two CRE-like sequences that bind
CRE-binding protein/ATEF-1, it follows that MBF-1 may fa-
cilitate the synergistic activation of PII by LRH-1 and cAMP
in the testis.

Our data support previous observations highlighting the
importance of nuclear receptors in regulating aromatase
gene expression in testis. The finding that, in DAX-1 knock-
out mice, aromatase is overexpressed selectively in Leydig
cells (52) underscores the importance of this type of tran-
scription factor in local testicular estrogen production in vivo.
Although this Leydig cell phenotype of DAX-1 —/— mice
might seem to argue against a role for LRH-1 in Leydig cell
aromatase expression in vivo (because DAX-1 antagonizes
SF-1 action), DAX-1 has recently been shown to inhibit
LRH-1 transcriptional activity as well as SE-1 (53). Indeed, we
have found that DAX-1 is a very potent inhibitor of LRH-
l-induced aromatase PII activity in Leydig cells (data not
shown). This, together with the fact that LRH-1 is expressed
athigher levels than SF-1 in Leydig cells, raises the possibility
that the overexpression of aromatase in Leydig cells of
DAX-1 —/ — mice arises through lack of repression of LRH-1,
rather than SF-1.

Given that the DNA binding domains of SF-1 and LRH-1
are highly conserved, and both proteins recognize the same
DNA sequence, the question arises as to the relative impor-
tance of each protein in testicular function. Both proteins are
expressed in Leydig cells and therefore potentially share
target genes; however, Sertoli cells and germ cells exclusively
express SF-1 and LRH-1 respectively, suggesting cell-specific
functions for each transcription factor. The critical role of
SF-1 in testis development is clear from the dramatic phe-
notype of testicular agenesis seen in SF-1 —/— mice (54).
Knockout of LRH-1, however, is embryonic-lethal at an early
stage (D. Russell, personal communication). Identification of
the physiological roles of LRH-1 in the testis will therefore
await the development of tissue-specific or conditional trans-
genic animals.

In conclusion, we have provided evidence that LRH-1
regulates aromatase expression in Leydig cells. Because the
regulation of aromatase expression in testis has been inves-
tigated mainly in relation to SF-1 and DAX-1, future studies
focusing on LRH-1 in addition to SF-1 would enhance our
understanding of the mechanisms regulating the age-specific
expression of aromatase in the testis. The roles of LRH-1 in
testis maturation and testicular carcinogenesis also warrant
further study.
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Near term the human fetal adrenals (HFAs) initiate produc-
tion of cortisol, which promotes organ maturation and acts to
increase placental CRH biosynthesis. The objective of the
present study was to determine whether CRH directly stim-
ulates both cortisol production and expression of the steroi-
dogenic enzymes in HFA-definitive zone cells. CRH stimu-
lated the production of cortisol in a time- and dose-dependent
manner, with an effective concentration of as low as 0.01 nm.
In real-time RT-PCR experiments, CRH treatment increased
the mRNA levels of steroidogenic acute regulatory protein
and each of the enzymes needed to produce cortisol. CRH
induced 3B-hydroxysteroid dehydrogenase type II (HSD3B2)
by 34-fold, 21-hydroxylase (CYP21) by 55-fold, and 11B-hydrox-

ylase by 41-fold. Induction of steroidogenic acute regulatory
protein, cholesterol side chain cleavage (CYP11A), and 17«-
hydroxylase (CYP17) mRNA by CRH was 6-, 4-, and 6-fold,
respectively. We also demonstrated that submaximal concen-
trations of CRH (30 pm) and ACTH (30 pm) that are seen in fetal
circulation were additive on cortisol biosynthesis and 3p-
hydroxysteroid dehydrogenase type II mRNA induction. We
suggest that CRH may play an important role in the late ges-
tational rise in cortisol secretion from the HFAs, which may
serve to augment placental CRH production and therefore
participate in the endocrine cascade that is involved in fetal
organ maturation and potentially in the timing of human
parturition. (J Clin Endocrinol Metab 90: 279-285, 2005)

ORPHOLOGICALLY AND PHYSIOLOGICALLY,

the human fetal adrenal glands are remarkable or-

gans. At term they weigh the same as adult adrenal glands
and represent the largest endocrine glands in the fetus. The
daily production of steroids in the fetal adrenal glands near
term may be 5-fold higher than that of adult adrenals at rest
(1). Within the fetal adrenal, steroidogenic function and zo-
nation are different from the adult. The key difference be-
tween the human fetal adrenal (HFA) and the adult adrenal
is seen in the HFA in which a histologically distinct fetal zone
accounts for the bulk of the gland (80-90%) during the sec-
ond and third trimesters and is the source for steroid pre-
cursors that are used by the placenta to produce estrogens (2).
The transient fetal zone is unique to humans and a few
nonhuman primates. Functionally, the fetal zone is similar in
many ways to the adult zona reticularis. The outer zone is
called the definitive zone, and this zone is believed to give
rise to the adult adrenal zona glomerulosa. A third transi-
tional zone is present between the fetal and definitive zones
and is believed to give rise to the postnatal zona fasciculata.
Different studies demonstrated that these three zones have
major differences in steroid-metabolizing enzyme expression
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(3, 4), providing important clues into the role of each zone in
fetal adrenal steroidogenesis. Late in gestation, the definitive
zone expresses the enzymes needed for the production of
aldosterone, the transitional zone those for cortisol, and
throughout gestation the fetal zone expresses enzymes and
cofactors needed for high levels of dehydroepiandrosterone
sulfate (DHEA-S) production, including cytochrome b5 (5)
and dehydroepiandrosterone sulfotransferase (6). The defin-
itive and transitional zones together comprise the neocortex
of the HFA and are distinct from the fetal zone in that during
the second half of gestation, they begin to express 3p-
hydroxysteroid dehydrogenase type II (HSD3B2), an enzyme
that is almost absent in the fetal zone (7, 8).

Jaffe and colleagues (9-11) have shown that fetal adrenal
cells respond to ACTH by secretion of growth factors that
stimulate hyperplasia of the fetal zone. However, because of
the substantial growth and capacity of the fetal adrenals for
steroid synthesis during the latter stages of gestation at a time
that fetal plasma ACTH levels decline slightly (12), there
must be growth/steroidogenesis stimuli in addition to
ACTH. Two observations make it extremely likely that fac-
tors secreted by the placenta play a key role in the regulation
of steroidogenesis during the last part of gestation. First, the
fact that ACTH levels do not increase during late gestation
makes it likely that growth and differentiation of the fetal
adrenal glands are influenced by placenta-derived factors.
Second, the fact that the fetal zone of the adrenal undergoes
rapid involution immediately after birth (13) when placenta-
derived factors are no longer available further supports this
hypothesis. Evidence suggests that CRH of placental origin
is one of the critical components that facilitates fetal adrenal
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hypertrophy and increased steroidogenesis before the onset of
labor. Placental CRH, identical with maternal and fetal hy-
pothalamic CRH, is synthesized in relatively large amounts.
Unlike hypothalamic CRH, which is under glucocorticoid-
negative feedback control (14), placental CRH production
has been shown to be stimulated by cortisol both in vitro and
in vivo, in humans and other primates (15-18). The ability of
cortisol to stimulate placental CRH makes it possible to cre-
ate a feed-forward endocrine cascade that does not end until
separation of the fetus from the placenta at delivery. We and
others have proposed that this cascade drives the rise in fetal
CRH levels as well as fetal adrenal steroidogenesis in late
gestation. Parker and colleagues (19) demonstrated that CRH
can directly stimulate HFA cells to produce cortisol and
DHEA-S. Jaffe and colleagues (20, 21) similarly have shown
effects of CRH on fetal zone DHEA-S production as well as
induction of cortisol synthesis. In this project we demonstrate
that CRH stimulates both cortisol production and the cortisol
biosynthetic pathway in isolated definitive /transitional zone
cells from the HFA. In addition, we show that physiologic
concentrations of CRH and ACTH can have additive effects
on fetal adrenal cortisol biosynthesis, further supporting a
combined role of these hormones in regulating the late ges-
tational rise in fetal cortisol biosynthesis.

Materials and Methods
Cell culture

HFAs were obtained with informed consent from the pathological
examination of elective pregnancy terminations performed between 18
and 24 wk of gestation. The definitive/transitional zone (DZ/TZ) was
dissected from the fetal zone using sterile technique. The DZ/TZ was
minced into small pieces and incubated in DME/F12 containing 1
mg/ml of collagenase-dispase and 0.25 mg/ml DNase-1. Digestion and
mechanical dispersion were carried out twice for 30 min at 37 C, cen-
trifuging cells between each digestion and combining them before plat-
ing. Cells were cultured initially for 4-6 d before use in DMEM/F12
medium containing 10% cosmic calf serum (HyClone, Logan, UT), 1%
ITS+ (BD Biosciences, Bedford, MA), and antibiotics /antimycotics con-
sisting of penicillin/streptomycin, gentamicin, kanamycin, and ampho-
tericin B (complete medium). DZ/TZ cells were then plated onto 12-well
culture dishes at a density of 1 X 10°/well. Experimental treatments
were applied 4—6 d later. The protocol was approved by the institutional
review boards of the University of Texas Southwestern Medical Center
and the University of Alabama at Birmingham.

Stimulation of steroid secretion and analysis of steroids

CRH (Sigma-Aldrich, St. Louis, MO) and ACTH (Organon, West
Orange, NJ) were added to the cells and the treatment carried out at 37
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C for the indicated times. Cortisol content of conditioned medium was
determined using RIA kits (Diagnostic System Laboratories, Webster,
TX). The inter- and intraassay coefficients of variation for cortisol are 8.4
and 9.1%, respectively (manufacturer’s data).

RNA extraction, cDNA synthesis, and real-time RT-PCR

RNA was extracted from cells using the Ultraspec RNA isolation
system (Biotecx Laboratories Inc., Houston, TX). All the RNA samples
were DNase-1 treated (Ambion, Austin, TX), and purity and integrity of
the RNA was checked spectroscopically and by gel electrophoresis be-
fore use. Two micrograms of total RNA was reverse transcribed in a final
volume of 50 ul using the high-capacity cDNA archive kit (Applied
Biosystems, Foster City, CA) and stored at —20 C. The nucleotide
sequences of the primers and TaqgMan probes are shown in Table 1, and
sequences were based on the following GenBank accession no.: steroi-
dogenic acute regulatory protein (StAR), NM_000349; cholesterol
side chain cleavage (CYP11A), M14565; 17a-hydroxylase (CYP17),
NM_000102; HSD3B2, NM_000198; 21-hydroxylase (CYP21), NM_000500;
and 11B-hydroxylase (CYP11B1), NM_000498.

Real-time RT-PCRs were performed using the ABI Prism 7000 se-
quence detection system (Applied Biosystems) in a total volume of 30
wl reaction mixture following the manufacturer’s protocol, using the
SYBR Green universal 2 X PCR master mix (Applied Biosystems) and
0.1 uM of each primer using the dissociation protocol for the amplifi-
cation of StAR, CYP11A, and CYP21; and the TagMan 2 X PCR master
mix and 0.1 pum of each primer and 0.1 um of each probe using the
emulation protocol for HSD3B2, CYP17, and CYP11B1. Negative con-
trols contained water instead of first-strand cDNA. Each sample was
normalized on the basis of its 185 rRNA content.

The 18S quantification was performed using a TagMan rRNA reagent
kit (Applied Biosystems) and using the manufacturer’s protocol. Rela-
tive gene expression for each steroidogenic enzyme mRNA was nor-
malized to a calibrator that was chosen to be the basal condition (un-
treated sample) for each time point. Results were calculated with the
AACt method and expressed as n-fold differences in steroidogenic en-
zyme gene expression relative to 185 rRNA and calibrator and were
determined as follows:

n-fold = 273Ct
(AACt = ACt sample — ACt calibrator)

where the parameter Ct (threshold cycle) is defined as the fractional
cycle number at which the PCR reporter signal passes a fixed threshold.
ACt values of the sample and calibrator are determined by subtracting
the average Ct value of the transcript under investigation from the
average Ct value of the 185 rRNA gene, for each sample.

Data analysis and statistical methods

Data from two experiments run in triplicate, for a total of six inde-
pendent observations for each condition, were pooled and analyzed
using single-factor ANOVA with Fisher least significant differences
multiple comparison method, using SigmaStat version 3.0 (SPSS, Chi-
cago, IL). For experiments involving treatments with CRH and ACTH

TABLE 1. Oligonucleotide primer and probe sequences used for real-time RT-PCR

Gene Oligonucleotide Sequence (5'-3") TagMan probe sequence (5'-3")

StAR Forward primer CCACCCCTAGCACGTGGA
Reverse primer TCCTGGTCACTGTAGAGAGTCTCTTC

CYP11A Forward primer TCCAGAAGTATGGCCCGATT
Reverse primer CATCTTCAGGGTCGATGACATAAA

CYP17 Forward primer TCTCTGGGCGGCCTCAA TGGCAACTCTAGACATCGCGTCC
Reverse primer AGGCGATACCCTTACGGTTGT

HSD3B2 Forward primer GCGGCTAATGGGTGGAATCTA TGATACCTTGTACACTTGTGCGTTAAGACCCA
Reverse primer CATTGTTGTTCAGGGCCTCAT

CYP21 Forward primer TCAGGTTCTTCCCCAATCCA
Reverse primer TCCACGATGTGATCCCTCTTC

CYP11B1 Forward primer GGCAGAGGCAGAGATGCTG TGCTGCACCATGTGCTGAAACACCT

Reverse primer

TCTTGGGTTAGTGTCTCCACCTG
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alone and in combination (see Fig. 5), the six values obtained from three
experiments run in duplicate were analyzed by single-factor ANOVA as
described above. Whereas the single-factor ANOVA analysis was
planned a priori, a factorial ANOVA was performed after the experi-
mental data indicated a possible synergy between CRH and ACTH
treatments. Thus, a two-factor ANOVA with Fisher’s least significant
differences multiple comparison testing was used to quantify the sig-
nificance of interaction between these two treatments.

Results

Concentration- and time-dependent effects of CRH on
DZ/TZ cell cortisol production and expression of steroid-
metabolizing enzymes

DZ/TZ cells were isolated and placed in monolayer cul-
ture. Cells were treated with increasing concentrations of
CRH (0.01-30 nm) and ACTH (10 nm) for 24 h. Media content
of cortisol was determined by RIA (Fig. 1A). CRH caused a
concentration-dependent increase in cortisol production
with significant stimulation seen even at the dose of 0.03 nm
(P < 0.015). Maximal stimulation of cortisol was observed
with 10 nm CRH, which elicited a 14-fold increase over basal
levels. ACTH at a dose of 10 nm caused a 27-fold increase in
cortisol production. The time course of adrenocortical cell
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Fic. 1. Concentration- and time-dependent effects of CRH on cortisol
production in human fetal adrenal DZ/TZ cells. A, DZ/TZ cells were
treated for 24 h with ACTH (10 nM) or the indicated concentrations
of CRH. B, Cells were incubated for the indicated times with ACTH
(10 nm) or CRH (10 nm). Cortisol levels in the growth medium were
determined by RIA; data points are the mean = SE of values from two
experiments run in triplicate and expressed as picomoles per milli-
liter.
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response to treatment with CRH (10 nm) or ACTH (10 nm)
is shown in Fig. 1B. After 24 h of treatment, ACTH induced
a 25-fold increase in cortisol levels over basal production,
compared with a 10-fold increase for CRH.

Stimulation of adrenal steroid synthesis, regardless of the
nature of the steroid, relies on an induction of cholesterol
conversion to pregnenolone within the mitochondria. This
rate-limiting step relies on the expression of StAR protein
and the cholesterol side-chain cleavage enzyme (CYP11A). In
dose-response experiments, we found that the low dose of 0.1
nM CRH induced a significant increase in StAR mRNA levels
(P < 0.009). StAR transcripts were induced 7-fold by 10 nm
CRH, 11-fold by 30 nm CRH, and 8-fold by 10nm ACTH (P <
0.001, compared with basal) (Fig. 2A). All doses tested caused
significant increases in CYP11A mRNA with an induction of
8-fold by 30 nm CRH and 5-fold by 10 nm ACTH (P < 0.001
under all different conditions) (Fig. 2A). Time-course anal-
ysis revealed a 6-fold induction of SSAR mRNA by CRH (P <
0.001), 8-fold induction by ACTH at 24 h (P < 0.001) (Fig. 2B),
and a 4-fold induction of CYP11A mRNA levels by both CRH
(P < 0.001) and ACTH (P < 0.001) (Fig. 2B).
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Fia. 2. Concentration- and time-dependent effects of CRH on StAR
and CYP11A transcript levels in HFA DZ/TZ cells. Real-time RT-PCR
was used to quantify mRNA levels of StAR and CYP11A in human
fetal DZ/TZ cells. A, Cells were treated for 24 h with ACTH (10 nm)
or the indicated concentrations of CRH. B, Cells were incubated for
the indicated times with ACTH (10 nm) or CRH (10 nMm). Data points
are the values calculated with the AACt method as described in Ma-
terials and Methods and represent the mean * SE of two independent
RNA samples expressed as fold over basal.
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Once pregnenolone is produced, it can be acted on by both
CYP17 and HSD3B2, resulting in the production of 17a-
hydroxyprogesterone. CRH stimulated the mRNA levels of
CYP17 and HSD3B2 in a concentration- and time-dependent
manner (Fig. 3, A and B). The dose of 0.1 nm CRH caused a
significant increase in HSD3B2 mRNA, compared with basal
levels (P < 0.007). HSD3B2 was induced 52-fold by 30 nm
CRH and 78-fold by 10 nm ACTH (P < 0.001) (Fig. 3A).
CYP17 mRNA was induced 7-fold by 10 nm CRH, 11-fold by
30 nm CRH, and 8-fold by 10 nm ACTH (P < 0.001) (Fig. 3A).
HSD3B2 mRNA was induced significantly at 12 and 24 h of
treatment (Fig. 3B). At 12 h, CRH produced a 10-fold induc-
tion (P < 0.001) and ACTH a 20-fold induction (P < 0.001).
At 24 h, CRH produced a 34-fold induction (P < 0.001) and
ACTH a 50-fold induction (P < 0.001). At 24 h CYP17 was
induced 6-fold under both treatments (P < 0.001). Although
this induction was modest, compared with the other en-
zymes studied, basal levels of CYP17 mRNA are already high
in DZ/TZ cells.

Once 17a-hydroxyprogesterone is produced, it is con-
verted to deoxycortisol by the enzymatic activity of CYP21
and then into cortisol by CYP11B1. CRH increased CYP21
and CYP11B1 mRNA levels in a time and concentration-
dependent manner (Fig. 4). CYP21 was induced 64-fold by 30
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Fia. 3. Concentration- and time-dependent effects of CRH on CYP17
and HSD3B2 transcript levels in HFA DZ/TZ cells. Real-time RT-PCR
was used to quantify mRNA levels of CYP17 and HSD3B2 in human
fetal DZ/TZ cells. A, Cells were treated for 24 h with ACTH (10 nm)
or the indicated concentrations of CRH. B, Cells were incubated for
the indicated times with ACTH (10 nm) or CRH (10 nM). Data points
are the values calculated with the AACt method as described in Ma-
terials and Methods and represent the mean * SE of two independent
RNA samples expressed as fold over basal.
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Fic. 4. Concentration- and time-dependent effects of CRH on CYP21
and CYP11B1 transcript levels in HFA DZ/TZ cells. Real-time RT-
PCR was used to quantify mRNA levels of CYP21 and CYP11B1 in
human fetal DZ/TZ cells. A, Cells were treated for 24 h with ACTH
(10 nM) or the indicated concentrations of CRH. B, Cells were incu-
bated for the indicated times with ACTH (10 nMm) or CRH (10 nm). Data
points are the values calculated with the AACt method as described
in Materials and Methods and represent the mean * SE of triplicate
wells from two independent RNA samples expressed as fold over
basal.

nM CRH and 95-fold by 10 nm ACTH (P < 0.001) (Fig. 4A).
CYP11B1 was induced 58-fold by 30 nm CRH and 36-fold by
10nm ACTH (P < 0.001) (Fig. 4A). Both CYP21 and CYP11B1
were significantly induced at 12 and 24 h (Fig. 4B). CYP21
was induced 55-fold by CRH (P < 0.001) and 100-fold by
ACTH at 24 h (P < 0.001) (Fig. 4B). CYP11B1 was induced
41-fold by CRH (P < 0.001) and 53-fold by ACTHat24h (P <
0.001) (Fig. 4B).

Synergistic effects between physiologic concentrations of
CRH and ACTH on DZ/TZ cell cortisol production and
HSD3B2 expression

Toward the end of gestation (after wk 34), the concentra-
tions of CRH and ACTH measured in cord blood of human
fetuses are both in the range of 30 pm. We wanted to inves-
tigate the effect of the combined presence of such physiologic
doses of both agonists on cortisol production and HSD3B2
mRNA expression in DZ/TZ cells. Cells were treated for 24 h
with ACTH 30 pm, CRH 30 pMm, or the combined doses of both
agonists (Fig. 5A). ACTH increased cortisol production 4.7-
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Fic. 5. Additive effect of physiologic doses of ACTH and CRH on
cortisol production and HSD3B2 transcript levels in HFA DZ/TZ cells.
Cells were incubated for 24 h with ACTH (30 pm), CRH (30 pm), and
ACTH (30 pMm) plus CRH (30 pm). A, Cortisol levels in the growth
medium were determined by RIA; data points are the mean *+ SE of
values from three experiments run in duplicate and expressed as fold
over basal. B, Real-time RT-PCR was used to quantify mRNA levels
of HSD3B2. Data points are the values calculated with the AACt
method as described in Materials and Methods and represent the
mean = SE of three independent RNA samples obtained from dupli-
cate wells and expressed as fold over basal. (¥, P < 0.001, compared
with ACTH or CRH alone; A, P = 0.007 in the interaction between
ACTH and CRH).

fold over basal (P < 0.002), whereas cortisol levels were
increased 6.5-fold by CRH, compared with basal (P < 0.001).
The presence of both CRH and ACTH caused an additive
effect on cortisol production with a 9.8-fold increase over
basal (P < 0.001) (Fig. 5A). The P value for the interaction
between ACTH and CRH was not significant (P = 0.69),
consistent with an additive rather than a synergistic effect.
HSD3B2 mRNA was induced 20-fold over basal by CRH (P <
0.001), 12-fold over basal by ACTH (P < 0.003), and 45-fold
over basal by combined treatments (P < 0.001) (Fig. 5B). The
P value for the interaction between ACTH and CRH was
highly significant (P = 0.007), indicating a synergistic effect
between these factors. These data support the hypothesis that
CRH and ACTH act together to increase cortisol biosynthesis
in the HFAs.

Discussion

The initiation of cortisol production in the human fetus
occurs in the second half of gestation and increases dramat-

J Clin Endocrinol Metab, January 2005, 90(1):279-285 283

ically during the last month before birth (22). The late rise in
cortisol production is important for fetal organ maturation
and as a prerequisite for neonatal survival. The mechanisms
responsible for the late gestational rise in fetal cortisol levels
are not clear. Our results demonstrate that CRH stimulates
fetal adrenal DZ/TZ cell production of cortisol and the ex-
pression of each of the mRNAs encoding the enzymes that
comprise the cortisol biosynthetic pathway. We also dem-
onstrated additive effects between physiologic concentra-
tions of CRH and ACTH on stimulation of fetal adrenal
cortisol production as a consequence of increased HSD3B2
expression. These data support a role for CRH in the rise in
fetal cortisol biosynthesis seen in late gestation.

The 41-amino acid peptide CRH was the first hypotha-
lamic releasing factor to be characterized, controlling ACTH
release by the anterior pituitary, and thus cortisol and
DHEA-S secretion by the adrenal cortex. By reflecting the set
point of glucocorticoid-negative feedback at the hypotha-
lamic level, CRH secretion defines the canonical endocrine-
negative feedback loop of the hypothalamic-pituitary-adre-
nal axis for glucocorticoid production. The form of CRH that
circulates in systemic blood during pregnancy is identical
with maternal and fetal hypothalamic CRH but is likely
derived mainly from the placenta (23, 24). Unlike hypotha-
lamic CRH, which is under the control of glucocorticoid-
negative feedback, placental CRH production has been
found to be stimulated by cortisol both in vitro and in vivo in
humans and other primates (18, 25, 26).

Maternal plasma CRH levels are low in the first trimester,
rising from midgestation to term. In the last 12 wk of ges-
tation, CRH plasma levels rise considerably, peaking during
labor and then falling precipitously after delivery (15, 17).
Umbilical cord blood and amniotic fluid levels of CRH are
similarly increased in late gestation (16). Fetal CRH levels are
lower than those in maternal circulation (50 vs. 1000 pm) but
are still quite substantial, compared with levels in men and
nonpregnant women, and increase during the latter stages of
pregnancy. We propose that rising levels of placenta-derived
CRH in the fetal plasma in late gestation directly stimulate
human fetal adrenal steroidogenesis, working with ACTH to
drive production of cortisol and DHEA-S.

The ability of CRH to increase fetal adrenal DHEA-S pro-
duction has been noted in several studies (19-21). These
investigators showed that CRH induces fetal adrenal
DHEA-S biosynthesis as well as the levels of CYP17 and
CYP11A mRNAs, supporting a role for this hormone in di-
rect regulation of fetal zone production of DHEA-S. Thus, a
hypothesis has developed that the late gestational rise in fetal
CRH levels acts on fetal zone cells and is in part responsible
for the dramatic increase in fetal DHEA-S production that
occurs during the last weeks of gestation. This increase in
fetal zone activity correlates with rising levels of maternal
estrogen levels through the conversion of DHEA-S to estro-
gens within the placenta. The increase in the maternal es-
trogen to progesterone ratio may promote the expression of
contraction-associated proteins in the myometrium, thus fa-
cilitating the initiation of parturition (27). Due to these re-
ports, considerable focus has been placed on the ability of
CRH to stimulate DHEA-S but not cortisol biosynthesis. Part
of this focus was due to the observation that CRH treatment
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of isolated fetal adrenal cells did not significantly enhance the
level of HSD3B2 mRNA (19-21). The expression of this en-
zyme is a particularly important indicator of the capacity of
the fetal adrenal to produce cortisol because during most of
gestation, its expression is very low, thus limiting cortisol
biosynthesis (6). The apparent lack of CRH effect on this
enzyme would tend to diminish its role in cortisol biosyn-
thesis. Our data, indicative of clear enhancement of HSD3B2
in fetal adrenal cells in response to CRH, would appear to
conflict with this earlier report; however, the differences may
be explained by different methods used for cell culture prep-
aration and the study of HSD3B2 mRNA. In the earlier study,
a mixed population of HFAs was used. It is important to
remember that the fetal zone occupies 80-90% of the fetal
adrenal cortex and expresses HSD3B2 at very low levels (7,
8), which makes it difficult to detect its mRNA with the use
of Northern analysis. In our study, the fact that experiments
were conducted on isolated human DZ/TZ cells, and the use
of the more sensitive technique of real-time RT-PCR allowed
us to detect HSD3B2 mRNA in the control cultures and cells
treated with CRH or ACTH. Our report goes much further
by showing that CRH actually increases the expression of
mRNAs for all the enzymes needed for cortisol biosynthesis
as well as the StAR protein, which is needed for cholesterol
movement into the mitochondria. Thus, CRH would appear
to be a potent secretagogue for fetal adrenal cortisol
biosynthesis.

Unlike many species, human CRH is bound with high
affinity to a specific serum binding protein, the CRH-binding
protein (CRH-BP), with a concomitant reduction in its bio-
activity (28, 29). Thus, any consideration of the possible phys-
iologic role of CRH in the human fetus must take into account
the concentrations of CRH present as well as CRH-BP. Dur-
ing most of pregnancy, it appears that CRH-BP binds the
majority of circulating CRH in the fetal and maternal com-
partment, which likely serves to tightly control the bioac-
tivity of placental-derived CRH (28). Although CRH-BP lev-
els in pregnant women are high in the second trimester, they
begin to fall and by wk 35 have decreased by 50%. CRH-BP
levels in fetal plasma also decrease significantly in late ges-
tation (30, 31). Decreased CRH-BP results in an increase in
free, potentially biologically active CRH. It has been shown
that in late gestation as much as 50% of fetal CRH circulates
in the unbound form. Our dose-response studies suggest that
physiologic bioactive levels of CRH are able to stimulate
cortisol production. Perhaps more importantly, we show that
the combination of physiologic levels of ACTH and CRH has
an additive effect on the production of cortisol and a strong
synergistic effect on HSD3B2 expression. The reason for the
apparent additive effect on steroid production but synergis-
tic effect on HSD3B2 expression may relate to the effects on
early steps in steroid production. Specifically, in contrast to
the effects on HSD3B2, the combined treatments (CRH plus
ACTH) did not result in a synergistic StAR mRNA expres-
sion (data not shown). Because StAR expression may act to
regulate cholesterol flux into cortisol, synergistic effects of
the combined treatments on HSD3B2 mRNA or enzymatic
activity may not be reflected in the absolute amount of cor-
tisol produced. Thus, these data suggest that these hormones
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are likely to work together to increase the production of
cortisol late in gestation.

The ability of CRH to stimulate both cortisol and DHEA-S
is highly significant because it would allow the fetal adrenal
to work with the placenta to create a feed-forward endocrine
cascade that would not end until separation of the fetus from
the placenta at delivery. Specifically, if CRH can stimulate
fetal adrenals to produce cortisol, then the fetal-derived cor-
tisol can stimulate placental CRH production via the unique
glucorticoid-positive feedback system seen in the human
placenta. This is in contrast to negative feedback of cortisol
on fetal and maternal hypothalamic CRH production, and
the placental effect may involve activation of different CRH
receptor subtypes or through the initiation of a different
cascade of events after binding to the receptor (18). This
positive feedback cascade results in rising placental CRH and
fetal cortisol production in the last trimester of human ges-
tation. As noted, the rise in cortisol helps to promote mat-
uration of fetal organs and this fetoplacental endocrine ac-
tivation may also modulate the timing of the onset of human
parturition (32).

In conclusion, this study further extends our knowledge of
the mechanisms through which CRH activates the HFA in
late gestation. Of note, we have demonstrated that CRH
increases both cortisol secretion and the capacity to produce
cortisol through an increase in mRNAs for all enzymes
needed for its biosynthesis. In addition, these effects could be
accomplished using physiologic concentrations of CRH,
which were additive with ACTH. We thus hypothesize that
placental CRH and fetal pituitary ACTH work together to
cause the late gestational increase in fetal adrenal cortisol and
DHEA-S production. By showing additive effects between
physiologic concentrations of CRH and ACTH on fetal ad-
renal cortisol production, we now have in vitro evidence to
support this hypothesis. The role of this fetoplacental endo-
crine cascade in the timing of human parturition merits more
extensive study.
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Context: Near term, the human fetal adrenal increases the produc-
tion of cortisol and dehydroepiandrosterone sulfate (DHEAS).
DHEAS, which acts as substrate for placental estrogen production,
induces key changes involved in parturition.

Objective: The objective of this study was to determine quantita-
tively the effect of CRH on mRNA levels of enzymes needed for
DHEAS production (steroidogenic acute regulatory protein, CYP11A,
CYP17, and SULT2A1), to determine the CRH receptor (CRH-R)
subtype(s) responsible for CRH action, and to determine the effect of
CRH on CRH-R mRNA expression in human adrenal fetal zone (FZ)
cells.

Design: Human adrenal FZ cells were treated with CRH, ACTH,
urocortin (Unc), and CRH antagonists, and RNA was analyzed by
microarray and real-time RT-PCR.

Setting: This study was performed at an academic research
laboratory.

Main Outcome Measure: The main outcome measure was the ex-
pression of steroidogenic enzymes and CRH-R.

Results: Microarray analysis of human FZ cells treated for 24 h with
CRH or ACTH showed increased mRNA expression levels of the genes
needed for DHEAS production. Real-time RT-PCR analysis confirmed
these data. Induction was lost in the presence of CRH-R1 antagonists,
but not CRH-R2 antagonists. Stimulation was reproduced by Unc.
The CRH-R1e mRNA splice variant was the only type 1 receptor
isoform expressed in the fetal adrenal, and treatment with CRH
up-regulates its mRNA levels.

Conclusions: CRH, Unc, and ACTH stimulate all elements of the
DHEAS synthetic pathway and activate CRH-R1 as well. The result-
ing increased DHEAS levels can be used for placental estrogen syn-
thesis and contribute to the process leading to parturition in humans.
(J Clin Endocrinol Metab 90: 5393-5400, 2005)

HE HIGH CIRCULATING levels of CRH in the human
fetus and its rise in late gestation make this peptide an
attractive candidate for regulation of fetal endocrine systems.
We and others have shown that CRH can stimulate steroid
hormone production by both definitive zone (DZ) and fetal
zone (FZ) cells (1-4). Recently, we have shown that CRH
increases the mRNA of all the steroidogenic enzymes needed
for the production of cortisol in the definitive/transitional
zones (DZ/TZ) of the human fetal adrenal (2). Cortisol se-
creted by the fetus may stimulate placental CRH production,
creating a feed-forward endocrine cascade that would not
end until the separation of the fetus from the placenta at
delivery. CRH levels increased through this mechanism
could also stimulate FZ cells to produce dehydroepiandro-
sterone sulfate (DHEAS). A number of investigators have
shown that the fetal adrenal cortex is the principal source of
placental estrogen precursors, namely DHEAS (5). This is
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Abbreviations: CRH-R, CRH receptor; DHEAS, dehydroepiandros-
terone sulfate; DZ/TZ, definitive/transitional zone; FZ, fetal zone; StAR,
steroidogenic acute regulatory protein; Ucn, urocortin.
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consistent with the fact that women pregnant with an anen-
cephalic fetus, which has atrophic adrenals that produce low
levels of DHEAS, have decreased circulating estrogens (6).
Estrogens produce many of the changes associated with par-
turition, such as the increase in oxytocin receptor and con-
nexin-43 expression in the myometrium (7, 8). The increase
in DHEAS would suggest that CRH is able to induce the
enzymes needed for DHEAS biosynthesis. Jaffe and col-
leagues (1) showed that CRH activates 17a-hydroxylase
(CYP17) and cholesterol side-chain cleavage (CYP11A) ex-
pression, albeit with less potency than ACTH. However, a
detailed and quantitative analysis of the effects of CRH on all
the enzymes needed for DHEAS production as well as the
specific CRH receptor involved in adrenal regulation has not
been performed.

Over the last few years the number of identified members
of the CRH-related family of peptides, has expanded rapidly.
The family includes not only CRH, but also urocortin (Ucn)
Ucen 1I, and Uen III as well as fish urotensin I and frog
sauvagine (9-13). All the CRH family members exert their
effects by binding to specific cell surface, G protein-coupled
receptors. Two major CRH receptor subtypes are recognized,
CRH-R1 and CRH-R2, which belong to the class II G protein-
coupled receptor superfamily (14-16). These receptors share
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70% homology at the amino acid level, but have different
binding properties for the members of the CRH family. CRH
is able to activate both CRH-R1 and CRH-R2; Ucn activates
both type 1 and 2, whereas Ucn II and Ucn III are selective
ligands for CRH-R2. Several splice variants of the mRNA for
CRH-R1 and -R2 have been found and should encode dif-
ferent sized proteins. CRH-R1 and -R2 have, respectively,
eight and three mRNA splice variants. The human fetal adre-
nals have been shown to express both subtypes of the CRH
receptor (17), but a detailed study to demonstrate the recep-
tor isoform(s) expressed and responsible for CRH actions has
not been performed. A number of specific inhibitors for
CRH-R1 and -R2 have been recently developed, and these
inhibitors have been useful tools to determine receptor sub-
type specificity of CRH effects in different cell types. Re-
cently, the CRH-R1 promoter has been studied (18), and
importantly, its activity in transient transfection experiments
is up-regulated by CRH and Ucn. Therefore, in the present
study we conducted experiments to determine quantitatively
the effect of CRH on mRNA levels of all the enzymes needed
for DHEAS production, determine the CRH-R subtype(s)
responsible for CRH actions, and determine the effect of CRH
on its own receptor mRNA expression in human adrenal FZ
cells.

Materials and Methods
Cell culture

Human fetal adrenal glands were obtained with informed consent
from the pathological examination of elective pregnancy terminations
performed between 18 and 24 wk gestation. The DZ/TZ was dissected
from the FZ using sterile technique. The FZ was minced into small pieces
and incubated in DMEM/Ham’s F-12 containing 1 mg/ml collagenase-
dispase and 0.25 mg/ml deoxyribonuclease I. Digestion and mechanical
dispersion were carried out twice for 30 min each time at 37 C, centri-
fuging cells between each digestion and combining them before plating.
Cells were cultured initially for 4-6 d in DMEM/Ham'’s F-12 medium
containing 10% Cosmic Calf Serum (HyClone, Logan, UT), 1% ITS™ (BD
Biosciences, Bedford, MA), and antibiotics/antimycotics consisting of
penicillin/streptomycin, gentamicin, kanamycin, and amphotericin B
(complete medium). Cells were then trypsinized, and aliquots of 3 X 10°
cells were stored at —150 C for future use. FZ cells were then plated onto
12-well culture dishes at a density of 1 X 10°/well. Experimental treat-
ments were applied 4-6 d later. The protocol was approved by the
institutional review boards of University of Texas Southwestern Medical
Center (Dallas, TX) and University of Alabama (Birmingham, AL).

Sirianni et al. ®* CRH and Ucn Stimulation of DHEAS Production

Stimulation of steroid secretion and analysis of steroids

CRH (Sigma-Aldrich Corp., St. Louis, MO), ACTH (Organon, West
Orange, NJ), Ucn, Uen II, and Ucen III (Sigma-Aldrich Corp.) were added
to the cells, and treatment was carried out at 37 C for the indicated times.
The CRH-R antagonists astressin (Sigma-Aldrich Corp.), astressin-2B
(Sigma-Aldrich Corp.), and antalarmin (Sigma-Aldrich Corp.) were
added to the plate 30 min before the addition of CRH.

The DHEAS content of experimental medium was determined using
RIA kits (Diagnostic System Laboratories, Webster, TX).

Microarray analysis

RNA from adrenal FZ cells untreated (basal) or treated for 24 h with
ACTH (10 nm) or CRH (10 nm) were hybridized to an Affymetrix human
HG-U133plus oligonucleotide two-microarray set (Affymetrix, Inc.,
Santa Clara, CA) containing more than 54,000 probe sets representing
over 38,500 independent human genes. The arrays were scanned at high
resolution using an Affymetrix GeneChip Scanner 3000. Results were
analyzed using GeneSpring version 6.1 software (Silicon Genetics, Red-
wood City, CA), and pure signal values were normalized using a list of
100 Normalization Control probe sets published by Affymetrix and used
to identify genotypic differences between untreated and treated cells.
Hierarchical clustering algorithms were used to determine steroidogenic
gene expression patterns in the two treated samples.

Protein assay

Cells were lysed in 100 ul 1X Passive Lysis Buffer (Promega Corp.,
Madison, WI). The protein content of samples was then determined by
the bicinchoninic acid protein assay using the BCA assay kit (Pierce
Chemical Co., Rockford, IL).

RNA extraction, cDNA synthesis, an