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SUMMARY

The adrenal cortex is part of the hypothalamic-pituitary-adrenal axis and has vital roles in the
regulation of intrauterine homeostasis, postnatal glucose and electrolyte balance and in stress
response. Although some of the essential factors during these events have been identified,
regulation of the development and function of the adrenal cortex is still not fully understood.
Little is also known about the molecular events leading to adrenocortical tumorigenesis.

The GATA family of transcription factors consists of six conserved zinc finger proteins
expressed with distinct developmental and tissue-specific profiles. Transcription factors
GATA-4 and GATA-6 are essential during early embryogenesis, and have roles in the
development and function of several organs including the heart, gastrointestinal tract, gonads
and lung. They are both expressed in the adult testis and ovary, where they have been
functionally linked to the regulation of several endocrine genes. GATA-4 and GATA-6 act
e.g. as acute downstream effectors of the trophic hormone signaling cascades. They have also
been related to cell proliferation, apoptosis and cancer.

The aim of this work was to gain insight into the mechanisms regulating adrenal development
and tumorigenesis by studying the roles of GATA-binding proteins in the adrenal gland. We
have studied the expression of transcription factors GATA-4 and GATA-6 during normal
adrenal development from fetal to adult age in mice and humans by reverse-transcriptase
polymerase chain reaction, Northern analysis, mRNA in situ hybridization and
immunohistochemistry. We have also utilized gonadectomized inhibin α/Simian virus 40 T-
antigen transgenic mice to study the roles of GATA factors during gonadotropin-dependent
malignant transformation of the adrenal cortex. The relationship of transcription factor
GATA-4 and luteinizing hormone receptor during tumorigenesis was studied in an established
mouse model and a tumor-derived cell line Cα1 by cell stimulation, transient transfection and
gene silencing. The expression patterns of GATA-4 and GATA-6 were also determined in
benign and malignant human adrenocortical tumors.
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We found that GATA-4 was expressed in the fetal mouse and human adrenal cortex, but it
was not, however, essential for the early adrenocortical differentiation in mice. GATA-6, on
the other hand, was highly expressed throughout adrenal development in both mice and
humans. In striking contrast to the findings in the normal adrenal gland, in adrenocortical
tumors of both the transgenic mouse model and the tumor-derived cell line GATA-4 mRNA
and protein expression was dramatically upregulated, whereas GATA-6 expression was
absent. Human chorionic gonadotropin (hCG) upregulated GATA-4 in the adrenal tumor cells
and GATA-4 regulated the luteinizing hormone receptor promoter. GATA-4 was expressed in
several human adenomas and a few carcinomas, whereas GATA-6 mRNA and protein levels
were significantly diminished in all but virilizing human adrenocortical carcinomas as
compared to adenomas.

Our results indicate GATA-4 in the fetal adrenal cortex, occuring thus in less differentiated
proliferating cells with high steroidogenic capacity. It also has roles in gonadotropin-induced
mouse tumorigenesis and in the regulation of luteinizing hormone receptor in tumor cells.
GATA-6 probably has roles in the development and differentiation of the adrenal cortex,
together with the regulation of steroidogenesis, especially adrenal androgen production. The
failure to express GATA-6 in tumor cells may be an important step for the escape from
normal control mechanisms.
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ABBREVIATIONS

ACC adrenocortical carcinoma
ACTH adrenocorticotropin
ACTHR adrenocorticotropin receptor
ACH adrenal hypoplasia congenita
(Bu)2cAMP dibutyryl cyclic adenocine 3´5´-monophosphate
cAMP cyclic adenocine 3´5´-monophosphate
cDNA complementary deoxyribonucleic acid
CBP CREB-binding protein
CE extreme dilution strain of mice
DAX-1 dosage-sensitive sex reversal-adrenal hypoplasia congenita critical

region on the X chromosome, gene 1
DBA dilute brown strain of mice
DHEA dehydroepiandrosterone
DHEAS dehydroepiandrosterone sulphate
E embryonic day
ES embryonic stem
FCS fetal calf serum
FGF fibroblast growth factor
FOG Friend of GATA
FSH follicle stimulating hormone
hCG human chorionic gonadotropin
IGF insulin-like growth factor
Inhα/SV40Tag inhibin α-subunit promoter/simian virus 40 transforming antigen
LH luteinizing hormone
LHβ luteinizing hormone β subunit
LHR luteinizing hormone receptor
MIS Müllerian inhibiting substance
mRNA messenger ribonucleic acid
P postnatal day
P450c17 cytochrome P450 17α-hydroxylase/17,20-lyase
P450scc cytochrome P450 side-chain cleavage enzyme
PBS phosphate-buffered saline
PFA paraformaldehyde
PKA protein kinase A
RT-PCR reverse-transcriptase polymerase chain reaction
SF-1 steroidogenic factor 1
StAR steroidogenic acute regulatory protein
SULT2A1 dehydroepiandrosterone-sulfotransferase
TGF transforming growth factor
Wnt-4 wingless-related mouse mammary tumor virus integration site
wt wild type
WT-1 Wilm's tumor gene-1
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INTRODUCTION

The adrenal cortex is an essential element of the hypothalamic-pituitary-adrenal axis and has
vital roles in the regulation of glucose and electrolyte balance and in stress response. It
produces high amounts of steroid hormones already in the fetus. Adrenocortical cells fully
differentiate postnatally, and gain their adult steroidogenic capacity. Steroidogenic factor 1
(SF-1), DAX-1 and steroidogenic acute regulatory protein (StAR) have been identified as key
regulators of adrenocortical development and function, but their interplay and targets during
these processes are not yet fully understood.

Adrenocortical diseases include rare inherited conditions like congenital adrenocortical
hyperplasia and alterations in the adrenal endocrine function often caused by pituitary or
adrenal tumors. Benign adrenocortical tumors are fairly common, but adrenocortical
carcinoma is a rare disease with a poor prognosis. While certain genetic changes, such as
abnormalities in the chromosomal 11p15.5 locus, are frequently found in adrenocortical
carcinoma cells, the molecular events leading to adrenocortical tumorigenesis are still mainly
unknown.

Tissue development and the maintenance of a differentiated cell type with specific properties
require activation of a well-balanced subset of genes. This allows tissue diversity and
adaptation to changing conditions. Appropriate timing of gene expression is also critical for
accomplishing crucial steps during development. The expression of genes is regulated
primarily by transcription factors, which bind to the regulatory sequences of DNA upstream
of the transcription initiation site. Transcription factors are numerous and have functions in
conducting and modulating all cellular events. They are under intensive study in order to
understand the multiplicity of living organisms, tissue diversity and development, and
ultimately the etiology of various human diseases.

The transcription factors of the GATA family have roles in the development and function of
several organs. They are essential e.g. for the proper development of hematopoietic cells, the
heart and central nervous system. In these organ systems GATA proteins are thought to have
regulative tasks during differentiation and proliferation. In adult tissues they act during
adaptive reactions to mechanical or hormonal stimuli, together with the maintenance of
homeostasis. Several target genes for GATA proteins have already been identified. The
disrupted function of GATA transcription factors have been linked to a wide spectrum of
human disease, from rare congenital diseases and malignancies to common diseases such as
asthma and obesity.
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The precise expression pattern of a given protein provides invaluable information when trying
to understand its function, targets and co-workers in an organ system. Given that the GATA
transcription factors have been implicated in gene expression and cellular differentiation in a
variety of tissues, including the testis and ovary, in the current study their expression and
function was explored in the developing adrenal gland, as well as in adrenocortical cell lines
and tumors, from mice and humans.
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REVIEW OF THE LITERATURE

Development and function of the adrenal gland

Fetal period

The two adrenal glands are located in the upper poles of the kidneys on both sides. They
consist of two distinct cell populations, namely the adrenal cortex and medulla, both with
specific origins and functions, surrounded by a connective tissue capsule.

Adrenocortical cells are of mesodermal origin and derive from the proliferating coelomic
epithelium, while adrenal medullary cells are of ectodermal origin and derive from the neural
crest (Kaufman, 2001). During development coelomic epithelium forms the urogenital ridge,
which is the origin of gonadal, adrenal and kidney structures (Figure 1). Part of the urogenital
ridge forms a so-called adreno-genital primordium (Keegan and Hammer, 2002). This
polarizes into two separate cell populations, adrenal and gonadal primordia, accompanied by
the migration of primordial germ cells to the gonadal primordium, further differentiating into
testis or ovary. In the retroperitoneal region the adrenal primordium consists mainly of
cortical tissue, locating in two condensations close to the upper poles of the developing
kidneys, one on either side of the abdominal aorta (Kaufman, 2001).

During mouse development the first adrenal blastemas become visible on embryonic day (E)
11 (Rugh, 1990). The consolidation of the adrenal cortex and migration of neural crest cells to
the medullary region occurs by E14. By birth the neural crest cells concentrate at the center of
the gland and transform into medullary cells (Dunn, 1970). The vascularization of the gland is
well developed and a primitive capsule becomes visible at E16-17. At the fetal stage the
murine cortex is uniform in structure and cell proliferation occurs throughout the gland
(Mitani et al., 1999).
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Figure 1. Development of steroidogenic tissues and the kidney from the urogenital ridge. The
adrenal cortex and gonads arise from a common adreno-gonadal primordium. Neural crest-derived
cells migrate to the central region of the adrenal gland and ultimately form the adrenal medulla. The
important regulatory genes during the various developmental steps are shown in boxes. The
involvement of GATA transcription factors and Friends of GATA (FOG) during the same
developmental steps are shown in Figure 8. Abbreviations not explained in the text are as follows:
MC2R, ACTH receptor; SRY, testis-determining factor encoded on the Y chromosome; SOX9, SRY-
box gene; PAX2, paired-box gene 2; GDNF, glial-derived neurotrophic factor; RET, GDNF receptor.
Modified from Morohashi (1997) and Keegan and Hammer (2002).

The adrenal development of the human embryo resembles that of the mouse. The primordium
of the adrenal cortex appears in the dorsal coelomic epithelium at the cranial edge of the
developing mesonephros at 25 days of gestation (Winter, 1992). The undifferentiated cells of
the adrenocortical blastema divide fast, and the gland is growing until term. By eight weeks of
gestation the inner cells form a distinct fetal zone and a thin rim of outer, more immature,
cells form a so-called definitive zone (Figure 2). Cells with intermediate characteristics locate
between the fetal and definitive zones, and this area is sometimes referred to as a transitional
zone (Mesiano and Jaffe, 1997). At nine weeks of gestation specialized mesenchymal cells
migrate to and enclose the adrenal blastema within a capsule. Intense mitotic activity is
prominent in the definitive zone, and the cells migrate via the transitional zone to the
enlarging fetal zone (Winter, 1992). By term the fetal zone occupies over 80% of the gland,
and relative to the body weight it is 10-20 times larger than the adult adrenal gland. There is
no organized medulla in the fetal adrenal, and only small islands of chromaffin cells are
visible.
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Figure 2. Zonal structure
of fetal and adult human
adrenal.

Postnatal period

Postnatally the adrenal cortex undergoes profound morphological changes and is under
continuous renewal throughout adult life. The adult adrenal cortex has essential roles in
maintaining the glucose and electrolyte balance, in stress-induced reactions and in adaptation
to external stimuli.

The postnatal mouse adrenal cortex is composed of two zones, outer zona glomerulosa and
inner zona fasciculata, surrounded by a connective tissue capsule (Dunn, 1970). Zona
reticularis (see human adrenal cortex below and Figure 2) is usually not discernible, and when
present it consists of a few layers of cells. In addition, mice have a cell layer called the X-
zone, which develops into male and female mice within the first two weeks after birth (Dunn,
1970). The X-zone as such is missing from other species, and is thought to be a counterpart
for the human fetal zone. In males the X-zone degenerates at puberty and in females during
the first pregnancy. In virgin females it disappears completely by 12-30 weeks in most inbred
mouse strains.

The structure of the adult human adrenal cortex is different from that of mice. The fetal zone
disappears during the first three postnatal months (Winter, 1992). Within a year the
adrenocortical mass is reduced to less than a quarter of original size as a result of involution.
The medulla gets its adult-like appearance during the first two years of life (Mesiano and
Jaffe, 1997). An establishment of the three adult adrenocortical zones with distinct histology
and functions takes place during 10 to 20 years of age (Figure 2). From capsule to medulla the
zones are as follows: zona glomerulosa, zona fasciculata and zona reticularis surrounding the
medullary cells.
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One of the most acknowledged early theories for cell renewal in the adult adrenal cortex is a
so-called migration theory, which dates back to 1883 (Estivariz et al., 1992). It proposed cell
proliferation in the outermost part of the cortex, thus propelling existing cells centripetally.
Currently, cell proliferation is thought to occur predominantly in the periphery of the adrenal
gland, specifically in the outer part of the zona fasciculata, with some proliferative activity in
the inner cell layers, but also opposite results have been obtained (Dunn, 1970; Wolkersdorfer
et al., 1996). Studies on rat adrenal gland support the findings of the area between the zona
glomerulosa and zona fasciculata, also called an undifferentiated zone, as the proliferating
stem cell zone, from where the cells migrate outwards and inwards (Mitani et al., 2003).

Steroidogenesis 

The adrenal gland has essential roles already during the fetal period, as reflected by the
relatively large size of the organ. The primate placenta and fetal adrenal gland form a unique
functional fetoplacental unit producing e.g. estrogens during pregnancy (Pepe and Albrecht,
1995). Steroid hormones play an important role in pregnancy maintenance, normal prenatal
development and the maturation of several organ systems, such as lungs, liver and gut, for
extrauterine life (Muglia et al., 1995). Adult adrenal cortex regulates a variety of
physiological processes which have an effect on endocrine, metabolic, immune and
behavioral responses.

Fetal mouse adrenal cortex has the ability to produce cortisol and corticosterone, but not
mineralocorticoids (Keeney et al., 1995). The first signs of steroidogenic activity in the
human adrenal glands have been noted at six to eight weeks of gestation (Mesiano and Jaffe,
1997). A marked dehydroepiandrosterone sulphate (DHEAS) production starts at eight to ten
gestational weeks and continues until term in the large fetal zone. Some degree of
glucocorticoid production is also thought to take place during early and late gestation in the
transitional zone. The definitive zone is considered the site of mineralocorticoid production,
which is low until the third trimester. Children have a phase called adrenarche, starting at
around six years of age, during which a continuous zona reticularis fully develops and starts
to produce DHEA and DHEAS (Auchus and Rainey, 2004).
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Figure 3. Steroidogenic pathways of the adult human adrenal cortex. Each functional zone has a
unique histological appearance and steroid hormone production profile. The main biosynthetic
pathways in each zone from a common cholesterol precursor to mineralocorticoids, glucocorticoids
and androgens with the regulatory enzymes required for each step of hormone production, are shown.
Abbreviations: P450scc, cholesterol side-chain cleavage enzyme; 3β-HSD, 3β-hydroxysteroid
dehydrogenase; P450c17, enzyme containing 17α-hydroxylase and 17,20-lyase activities; P450c21,
21-hydroxylase; P450aldo, aldosterone synthase; P450c11, 11-hydroxylase; 17β-HSD, 17β-
hydroxysteroid dehydrogenase, DHEA, dehydroepiandrosterone. Modified from Keegan and Hammer
(2002).

The adult mouse adrenal cortex produces aldosterone and corticosterone, secreted
predominantly by the zona glomerulosa and zona fasciculata, respectively, and does not
produce androgens (Dunn, 1970; Keeney et al., 1995). Human adult adrenal cortex produces
several hormones: mineralocorticoids are produced by the zona glomerulosa and
glucocorticoids and androgens are produced by the zona fasciculata and reticularis with an
overlapping pattern (Figure 3) (Goodman, 2003). The adrenal medulla consists mainly of
chromaffin cells, which are the source of stress hormones norepinephrine and epinephrine
(Cryer, 1992).
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Regulatory factors in the adrenal cortex

Regulation of gene expression

Messenger RNA (mRNA) is synthesized by transcription of DNA in the cell nucleus. The
variety of genes expressed at a given time defines the unique features of a cell and produces
tissue diversity. Precise gene regulation is also required for selective and efficient expression
of genes in response to stress, hormones and other stimuli. First of all, chromatin structure
determines whether a gene is prone to transcription. Thereafter the control of transcription
initiation by transcription factors is paramount, and more than 5% of our genes encode for
these proteins, accentuating their biological importance (Orphanides and Reinberg, 2002).
The level of protein expression is regulated additionally at multiple other levels, and affected
by RNA processing and transportation together with activation, degradation or
compartmentalization of the protein molecule.

Transcription factors each recognize small structural motifs in the promoter or enhancer
regions of the double-helical DNA, bind to them and thereby determine which set of genes
will be transcribed (Alberts et al., 2002). The structures of the DNA-binding domains in the
transcription factors vary, being e.g. helix-turn-helix or zinc finger, dividing these proteins
into several subclasses. Transcription factors bind DNA and form complexes at the promoter
region with other transcription factors and coactivators. This initiates the general transcription
machinery and RNA polymerase II, which leads to the production of the RNA transcript.

Steroidogenic factor 1 and DAX-1

Organ development is a process which always requires cell proliferation and differentiation,
and often cell migration. Transcription factors are crucial regulators in these events,
determining the fate of the cells during development and also producing the unique
characteristics of a specialized mature cell. At least two of the key factors leading a cell to the
steroidogenic "pathway" have been discovered.

Steroidogenic factor 1 (SF-1, also called Ad4BP) is an orphan nuclear receptor with
fundamental roles in steroidogenic tissues as a transcription factor (Table 1) (Parker and
Schimmer, 1997). It was originally identified when searching for cell-selective proteins
regulating steroidogenic enzymes, and its expression is restricted to the adrenal gland, gonads
and hypothalamo-pituitary axis (Lala et al., 1992; Morohashi et al., 1992; Ingraham et al.,
1994; Ikeda et al., 1995). In developing mouse embryos SF-1 is already expressed in the 
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urogenital ridge at E9, and in gonadal and adrenal primordia thereafter (Figure 1) (Ikeda et al.,
1994). Mice with targeted disruption of the Ftz-F1 gene, encoding SF-1, lack adrenal glands
and gonads, emphasizing the importance of SF-1 in formation of the steroidogenic tissues and
sex determination (Luo et al., 1995). The human NR5A1 gene encodes for SF-1, and
heterozygous loss-of-function mutations cause impaired adrenal function and XY sex reversal
(Achermann et al., 1999; Biason-Lauber and Schoenle, 2000). In addition to roles in organ
development, SF-1 regulates several steroidogenic enzymes, the expression of StAR and
adrenocorticotropin (ACTH) receptor in the adult adrenal cortex (Cammas et al., 1997; Caron
et al., 1997; Parker and Schimmer, 1997).

Another relatively well-characterized transcription factor in the adrenal gland is a dosage-
sensitive sex reversal adrenal hypoplasia congenita (ACH) critical region on the X
chromosome, gene 1, known as DAX-1. It belongs to the nuclear hormone receptor
superfamily and its expression pattern resembles that of SF-1 (Table 1). During mouse
embryogenesis it is expressed in the urogenital ridge at E10.5, in the adrenal and gonadal
primordia, and in the adrenal glands and testes of adult mice (Figure 1) (Bae et al., 1996;
Ikeda et al., 1996). During human adrenal development it is also expressed from the very
beginning, i.e. in the adrenal primordium (Zanaria et al., 1994; Hanley et al., 2001), followed
by prominent expression in hypothalamus, pituitary, adrenal cortex and gonads (Table 1)
(Guo et al., 1995). Gene mutations in human DAX-1 cause developmental defects termed X-
linked adrenal hypoplasia congenita and hypogonadotrophic hypogonadism (Muscatelli et al.,
1994; Zanaria et al., 1994). Surprisingly, in Dax1 knockout mice the adrenal cortex develops
normally and produces steroid hormones and only X-zone degeneration is impaired (Yu et al.,
1998). DAX-1 functions as a repressor on multiple levels during steroidogenesis, generally
suppressing the same genes that SF-1 activates e.g. StAR (Figure 10) and several
steroidogenic enzymes (Ito et al., 1997; Zazopoulos et al., 1997; Lalli et al., 1998). DAX-1 is
also a suppressor for SF-1, which is likewise a regulator of DAX-1 (Kawabe et al., 1999).

Other transcription factors

Regulation of transcription is one of the first steps in regulating development and function.
Novel techniques of gene disruption in animal models have made it possible to evaluate the
functions of a specific transcription factor in vivo. As yet, little is known about the
interactions of various factors during the complex developmental processes. The
indispensable roles of SF-1 and DAX-1 in the adrenal cortex are acknowledged, but other
transcription factors regulating adrenocortical function have also been identified.
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Table 1. Major factors involved in the development and function of the adrenal cortex.
Expression patterns, phenotypes of transgenic knockout mice and involvement in human disease for
SF-1, DAX-1, WT-1 and StAR.

Expression Homozygous null
mutation (mouse)

Mutation
(human)

Function References

SF-1 adrenal cortex,
gonads,
hypothalamus,
pituitary gland

adrenal and gonadal
agenesis

adrenal
failure, XY
sex reversal

adrenal, gonadal,
hypothalamic and
pituitary
development,
regulation of
steroidogenesis

Lala et al.
1992,
Morohashi et
al. 1992, 
Luo et al.
1994,
Achermann
et al. 1999

DAX-1 adrenal cortex, 
gonads,
hypothalamus,
pituitary gland

impaired adrenal X-
zone degeneration

X-linked
ACH, HH

inhibition of
steroidogenesis

Muscatelli et
al. 1994, 
Ikeda et al.
1996, Ito et
al. 1997,
Zazopoulos
et al. 1997,
Yu et al.
1998

WT-1 adrenal gland,
gonads, 
kidney,
heart, 
spleen

death (E13.5),
urogenital and heart
defects

Wilms'
tumor,
WAGR,
Denys-
Drash sndr,
Frasier sndr

developmental
control, tumor
suppressor

Kreidberg et
al. 1993,
Nachtigal et
al. 1998,
Herzer et al.
1999

StAR adrenal cortex,
gonads

female external
genitalia, adrenal
insufficiency

lipoid CAH cholesterol
delivery to the
outer
mitochondrial
membrane

Clark et al.
1995, Bose et
al. 1996,
Caron et al.
1997

Abbreviations: SF-1, steroidogenic factor 1; DAX-1, dosage-sensitive sex reversal-ACH critical region on the X
chromosome, gene 1; WT-1, Wilm's tumor gene 1; StAR, steroidogenic acute regulatory protein; ACH, adrenal
hypoplasia congenita; HH, hypogonadotropic hypogonadism; WAGR, aniridia, genitourinary anomalies, and
mental retardation; sndr, syndrome; CAH, congenital adrenal hyperplasia.

The Wilms' tumor suppressor gene 1 (WT-1) is an important developmental factor with a
major contribution to kidney, heart and spleen development (Table 1) (Kreidberg et al., 1993;
Herzer et al., 1999). Although WT-1 is not expressed in the adult adrenal gland, it seems to be
essential for the first steps of adrenal development (Figure 1) (Nachtigal et al., 1998; Moore et
al., 1999). Several other regulatory proteins involved in adrenocortical development have also
been detected. Wnt-4 (wingless-related mouse mammary tumor virus integration site)
regulates the development of kidney and ovary, but also has a role in the development of the
adrenal zona glomerulosa (Figure 1) (Stark et al., 1994; Vainio et al., 1999; Heikkilä et al.,
2002). Wnt-11, a member of the same family, is expressed in the human adrenal cortex, but
its tasks remain to be elucidated (Lako et al., 1998).
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Mice homozygous for a Cited2 (EBP/p300-interacting transactivator with ED-rich tail 2) null
mutation have severe developmental defects, one of which is adrenal agenesis (Bamforth et
al., 2001). A murine DNA-binding protein Desrt belongs to the ARID (A-T rich interaction
domain) family of transcription factors (Lahoud et al., 2001). It is widely expressed in adult
mouse tissues including lung, heart, kidney and adrenal gland. Homozygous mice with a
targeted Desrt mutation have abnormalities in reproductive organs and diminished size of the
inner adrenocortical zone. Adrenocortical development is also incomplete in mice
homozygous for a spontaneous recessive mutation in the adrenocortical dysplasia (acd) gene
and they lack the X-zone (Beamer et al., 1994). In wild-type mice, there is evidence for the
expression of transcription factor GATA-3 in the adrenal medulla (George et al., 1994). The
other GATA factors, GATA-4 and GATA-6, involved in adrenocortical development and
function will be discussed later. All in all, there are numerous factors contributing to the
development of the well-organized adult adrenocortical structure and function.

Hormones

The adrenal cortex works as a part of the hypothalamic-pituitary-adrenal axis (Figure 4).
Pituitary trophic hormone ACTH is the main regulator of fetal adrenocortical steroidogenic
activity and secretion of cortisol and androgens in the adult (Mesiano and Jaffe, 1997). It is
secreted by pituitary cells under the regulation of hypothalamic corticotropin-releasing
hormone (CRH) and the feedback mechanism of adrenocortical corticosteroids (Figure 4)
(Goodman, 2003). The predominant mineralocorticoid secreted from zona glomerulosa is
aldosterone, and its secretion is regulated by angiotensin II.

The first step in steroidogenesis is the delivery of cholesterol from the outer to the inner
mitochondrial membrane, where cholesterol is converted to pregnenolone by cytochrome
P450 side-chain cleavage enzyme (P450scc) (Figure 3) (Stocco, 2001). This transportation is
mediated by StAR (Clark et al., 1994). Compelling evidence for the importance of StAR in
steroidogenesis is given by a disease called congenital lipoid adrenal hyperplasia, which
without hormone replacement is lethal due to the almost complete lack of steroidogenesis
(Table 1) (Bose et al., 1996). Similar roles for StAR have been shown in the mouse model of
targeted disruption of the StAR gene (Table 1) (Caron et al., 1998).
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Figure 4. Schematic drawing of hormone secretion and regulatory pathways in the
hypothalamo-pituitary-adrenal/gonadal axis. + is used for positive and – for negative regulation.
Abbreviations used are as follows: CRH, corticotropin releasing hormone; GnRH, gonadotropin
releasing hormone; ACTH, adrenocorticotropin; LH, luteinizing hormone; FSH, follicle stimulating
hormone.

Activins and inhibins were originally found as activators and inhibitors of pituitary follicle
stimulating hormone (FSH) secretion (Figure 4) (Chen et al., 2002). They also act in various
other cellular events in an autocrine and paracrine fashion. Activins and inhibins are
structurally related glycoproteins which belong to the transforming growth factor β (TGFβ)
superfamily of growth factors (Chen et al., 2002). These dimeric proteins comprise three
subunits (α, βA and βB) forming five different combinations termed activin A, activin AB,
activin B, inhibin A and inhibin B. In the human fetal adrenal cortex all three subunits are
expressed (Spencer et al., 1992). Activin A inhibits mitosis and enhances ACTH-stimulated
cortisol synthesis in the fetal adrenal gland (Spencer et al., 1992), but in adult adrenocortical
cells it inhibits steroidogenic enzyme gene expression and steroid secretion, and increases
apoptosis (Vänttinen et al., 2003). In mice, activin induces apoptosis in the X-zone and
inhibits tumor growth (Beuschlein et al., 2003). Inhibin α is expressed in the fetal zone in
baboons and in the zona reticularis and inner zona fasciculata in the human adult adrenal
cortex, but its function in the primate adrenal cortex remains unknown (Billiar et al., 1999;
Munro et al., 1999).
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Growth factors

The adrenocortical cells are also under the influence of other than hormonal regulators. The
gland has a nerve supply and well-developed vasculature, and cell function is influenced by
autocrine and paracrine interactions between cortical and medullary cells.

Intra-adrenal regulation is partly mediated via locally produced growth factors. Members of
the fibroblast growth factor (FGF), insulin like growth factor (IGF) and TGF families have
been identified in the adrenal gland (Ehrhart-Bornstein et al., 1998). Basic FGF is a potent
mitogen in human fetal adrenal cells and may have a role in fetal adrenal development
(Mesiano and Jaffe, 1997). Both IGF-I and IGF-II are also mitogenic in cultured fetal adrenal
cells, but their expression pattern suggests roles for IGF-II in fetal and IGF-I in adult adrenal
growth regulation and steroidogenesis (Mesiano and Jaffe, 1997; Ehrhart-Bornstein et al.,
1998). TGFβ is expressed in adrenocortical cells of various species, and usually has inhibitory
effects on proliferation and steroidogenesis. In the human adrenal cortex, TGFβ reduces the
production of DHEAS.

Tumors of the mouse adrenal cortex

Inbred mouse strains

Spontaneous carcinomas of the adrenal cortex are rare in mice, whereas many mouse strains
respond to gonadectomy with a variable degree of adrenocortical changes. These changes are
greatly strain dependent and vary from nodular hyperplasia to carcinoma. Adrenal nodular
hyperplasia after ovariectomy was first reported in 1939 in a dilute brown strain of mice
(DBA) (Woolley et al., 1939) and similar changes were soon described in castrated male
DBA mice (Woolley et al., 1941). Resistant strains like C57 black have no visible
adrenocortical alterations after gonadectomy, whereas DBA/2J, C3H and BALB/c mice
eventually develop adrenal adenomas (Feteke et al., 1941; Woolley and Little, 1945). The
most susceptible strain, extreme dilution (CE), develops carcinomas in the adrenal cortex with
100% penetration when gonadectomized.

The tumorigenic process in the adrenal cortex is thought to be induced by upregulated
gonadotropin levels after castration (Tullos et al., 1961). Under a light microscope the process
is very similar in different mouse strains with tendencies to develop adrenocortical changes,
but differences exist in the rate of their appearance. First, groups of small, densely arranged
cells appear immediately below the capsule (Feteke et al., 1941). Then the cells, called type A
cells, become spindle-shaped with little cytoplasm and extend in between the zona fasciculata 
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cell columns, and can later invade all three adrenal cortex zona (Figure 11) (Murthy et al.,
1968). Later, nests of large round cells, termed B cells, are formed, arising presumably from
type A cells. It is noteworthy that in DBA and CE mice some type A cells also appear in the
subcapsular area of old non-gonadectomized females, and this is thought to be a part of the
aging process (Dunn, 1970).

Most of the post-castrational tumors in mice are hormonally active (Dunn, 1970). The tumors
in DBA and CE mice secrete estrogen (Murthy et al., 1970), while the tumors in C3H mice
predominantly produce androgens (Rosner et al., 1966). The hormones are presumably
secreted by B cells, since they have several steroidogenic enzymes not found in A cells
(Murthy et al., 1968; Murthy et al., 1970).

Transgenic mouse models

Transgenic mice have artificially introduced DNA in their cells, which can be e.g. a mutant
gene with altered function, or lead to overexpression or deletion (knockout) of a specific gene.
By using these approaches the significance and roles of single molecules and proteins in vivo
can be discovered. In the search for mechanisms of gonadal and adrenal function and
tumorigenesis several transgenic mouse models have been established, using e.g. viral
oncogenes, permanently altered gonadotropin levels and disrupted proteins.

To understand the physiological roles of inhibin α in mammalian development and
reproduction mice with targeted disruption of the inhibin α gene were generated (Matzuk et
al., 1992). Both male and female mice, homozygous for the inhibin α null allele, initially
appear healthy. During the first two months of life, however, these mice develop gonadal
stromal tumors, which supports a role for inhibin α as a tumor-suppressor in gonads. When
gonedectomized at an early age, these mice develop adrenocortical tumors, suggesting
antiproliferative functions for inhibin α in the adrenal cortex (Matzuk et al., 1994).

Transgenic mice bearing the mouse inhibin α-subunit promoter/simian virus 40 Tag
(Inhα/SV40Tag) fusion gene were originally produced to establish in vivo gonadal tumor
models and permanent gonadal somatic cell lines (Kananen et al., 1995). A viral oncogene,
Simian virus 40 early gene, encoding two Tags, was driven into gonadal cells with a 6-
kilobase fragment of the inhibin α promoter. In these mice, the expression of SV40 Tag viral
oncogene is predominant in the gonads, adrenal glands, lung and pituitary. These mice
develop testicular and ovarian tumors by the age of five to eight months. When one-month-
old mice are gonadectomized, adrenocortical tumors are observed five to seven months later,
analogously to the inhibin α null mouse model (Kananen et al., 1996).
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Adrenal tumors in Inhα/SV40Tag mice probably originate from the innermost layers of the
adrenal cortex, namely the X-zone, and produce estradiol and progesterone. A missing
gonadal factor was first thought to be the sole reason for the adrenal tumors, but later
tumorigenesis was shown to be primarily triggered by elevated luteinizing hormone (LH)
levels and ectopic LH receptor (LHR) expression (Rilianawati et al., 1998; Mikola et al.,
2003).

The effect of LH on the adrenal gland has been further studied with mouse models of
chronically elevated LH levels. In one of these models, the pituitary gonadotropes of
transgenic mice express a chimeric LH β subunit (LHβ)  with a longer half life resulting in
elevated serum LH levels (Risma et al., 1995). This does not lead to adrenocortical tumors,
but in these mice the adrenal sizes are increased by 80% with histological signs of cortical
stimulation and markedly elevated serum corticosterone levels (Kero et al., 2000). A few
other genetically altered mice, like the fetal globin/Tag transgenic mice and cyclin dependent
kinase inhibitor p57Kip2 knockout mice, have an adrenocortical phenotype (Perez-Stable et al.,
1996; Zhang et al., 1997; Nagahama et al., 2001).

Human adrenocortical tumors

Incidence

An adrenal mass is one of the most common tumors in humans, but it causes endocrine
disease relatively rarely. These masses are often discovered incidentally with high-resolution
imaging techniques performed for unrelated reasons (Barzon et al., 2003). Most of the
incidentally found tumors, "incidentalomas", are benign, histologically adenomas, and do not
display hormonal hyperfunction (Thompson and Young, 2003). In an autopsy series, the
prevalence of adrenocortical tumors is dependent on the patients' age, 0.2% in younger
subjects rising to 6.9 % in the oldest age groups. Adrenocortical carcinoma (ACC), on the
other hand, is a rare disease. Recent statistics from Scotland and the Netherlands report
incidence rates of on average 0.3 per million per year (Scottish Health Statistics 1999, 2000;
Visser et al., 2002) and in children the incidence is even lower (Bernstein and Gurney, 1999).
The peak incidence of ACC seems to be bimodal, with the first peak in the age under five
years and the second peak during the fourth and fifth decades of life (Sandrini et al., 1997;
Wajchenberg et al., 2000). The adrenal gland is also a common site for metastasis, especially
from lung, breast and stomach cancers and melanomas (Bertherat et al., 2002).
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Clinical and histological features

The first symptom of an adrenal tumor is usually Cushing's syndrome or a palpable mass
and/or abdominal pain in adults, but in children the first sign is most often virilization
(Sabbaga et al., 1993; Libertino and Libertino, 2003). In a review, that summarized previous
studies on 602 ACCs, 62% of the carcinomas were functional and 38% nonfunctional
(Libertino and Libertino, 2003). The functional tumors presented with Cushing's syndrome
(40%) and only rarely with pure virilization in adults. Silent cortisol hypersecretion, without
signs of Cushing’s syndrome, is also frequently seen in incidentally found adrenal masses
(Terzolo et al., 1995). A survey of 78 Brazilian pediatric ACC patients revealed some degree
of virilization in 95% and Cushing's syndrome in 73% (Sabbaga et al., 1993). In another study
of 54 children with ACC 76% had symptoms of virilization (Teinturier et al., 1999), and 94%
of the tumors secreted androgens, when studied in more detail. Glucocorticoid production was
associated with androgen secretion in 36% of the tumors, but only 15% of the patients had
Cushing's syndrome.

The present imaging methods are adequate for the detection of adrenal tumors, but
distinguishing between benign and malignant tumors is still often difficult. Diagnosis of an
adrenocortical tumor is usually made with computed tomography or magnetic resonance
imaging, and the plasma and urinary levels of adrenal hormones are usually measured to
exclude the hyperfunction of the pathological tissue. Unfortunately, the prognosis of ACCs is
generally poor with a mean survival of approximately 18 months (Libertino and Libertino,
2003). In a series of 139 patients from the last two decades the 5-year survival rate was 60%,
which is slightly better than in older reports (Vassilopoulou-Sellin and Schultz, 2001). In
children a 5-year survival rate of only 36% was reported in 1988 (McWhirter et al., 1989), but
with current therapies it is approximately 50% (Mayer et al., 1997; Teinturier et al., 1999).
The treatment of all primary tumors is surgical, which can be curative for localized tumors
(Libertino and Libertino, 2003). Chemotherapeutic agents have also been employed, but with
reasonably little success, and more precisely targeted treatments for these malignancies are
needed.
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Molecular mechanisms

Genetic syndromes predisposing to adrenocortical tumors, among others, include the
Beckwith-Wiedemann, Li-Fraumeni, multiple endocrine neoplasia type 1 (MEN-1) and
McCune-Albright syndromes (Engström et al., 1988; Garber et al., 1991; Pannett and
Thakker, 1999; Lumbroso et al., 2002). These syndromes are all uncommon, but have given
valuable new insights into the factors involved in adrenal tumorigenesis. In Beckwith-
Wiedemann syndrome the dysregulation of an imprinted growth regulatory gene p57KIP2

within the 11p15 region leads to symptoms of macrosomia, visceromegaly and various tumors
(Ping et al., 1989; Hatada et al., 1996; Hatada and Mukai, 2000). Li-Fraumeni syndrome leads
to familial susceptibility to cancer caused by a germline mutation in the TP53 tumor
suppressor gene (Malkin et al., 1990; Malkin, 1993). Although the genetic defects involved in
these hereditary diseases have been identified, the altered activities and interactions of the
disrupted proteins leading to tumorigenesis are less understood (Koch et al., 2002).

Tumors have been genotyped in the search for the molecular mechanisms leading to sporadic
adrenocortical tumors, and some common features have been characterized. While
adrenocortical hyperplasia is a polyclonal process, ACCs are generally monoclonal
(Beuschlein et al., 1994; Gicquel et al., 1994). Genetic aberrations are frequent in ACCs, with
losses preferentially seen in chromosomes or chromosomal regions 2, 4, 9p, 11q, 17p and 18,
and gains in 5, 9q, 12q and 20q (Kjellman et al., 1996; Figueiredo et al., 1999; Kjellman et al.,
1999; Zhao et al., 1999). The genetic alterations in childhood adrenocortical tumors differ
markedly from those of adults. Gains in most of 11 pediatric samples were seen in 1p, 9q and
19 and frequent losses in areas 18q and 4q (James et al., 1999). Alterations in 18q and
chromosome 19 are common in both children and adults. Some of these chromosomal regions
have been studied in more detail, leading to identification of candidate genes for
adrenocortical tumor formation.

Relatively frequent findings in ACCs are abnormalities in the imprinted 11p15.5 locus,
including loss of the maternal and duplication of the paternal allele (Gicquel et al., 1994;
Gicquel and Le Bouc, 1997; Wilkin et al., 2000). This leads to IGF-II gene overexpression in
combination with decreased expression of the H19 and p57KIP2 genes (Liu et al., 1995; Liu et
al., 1997; Gao et al., 2002). Additionally, increased IGF-II protein levels associate with
malignancy in adrenocortical tumors (Boulle et al., 1998). Given these changes in
pathological adrenal tissue and the roles of IGF-II in the normal adrenal gland, the altered
IGF-II expression pattern has been suggested to play a role in ACC formation (Stewart and
Rotwein, 1996).



REVIEW OF THE LITERATURE

27

p53 protein is a cell cycle regulator, which mediates cell cycle arrest and apoptosis and
functions as a tumor suppressor (Levine et al., 1991). Mutations in the TP53 gene, coding for
p53, are frequently found in malignant human tumors, but its impaired function is considered
as a late event during tumorigenesis. The first studies of TP53 in ACCs gave mutation
frequencies of 20-27% (Ohgaki et al., 1993; Reincke et al., 1994), but in recent reports a
mutation has been found in a majority of malignant adrenocortical tumors (Barzon et al.,
2001; Ribeiro et al., 2001). Detection of the intracellularly accumulating mutant p53 by
immunohistochemistry has been suggested to relate to the adverse clinical behavior and poor
prognosis of adrenocortical tumors (Reincke et al., 1994; Sredni et al., 2003).

A variety of other factors have also been under evaluation while trying to understand the
process of malignant transformation in the adrenal cortex. ACTH is a key regulator of adrenal
function and its involvement during tumorigenesis has been assessed. Activating oncogenic
mutations in the ACTH receptor (ACTHR) gene have not been found, despite extensive
studies (Latronico, 2000). On the other hand, the receptor was discovered to be involved in a
less expected way, since loss of heterozygosity in the ACTHR gene and reduced ACTHR
mRNA levels associate with undifferentiated, advanced ACC (Beuschlein et al., 2001). Based
on these results, the possibility of ACTHR acting as a tumor suppressor gene has been raised.
Despite the already described alterations, the mechanisms leading to adrenocortical
tumorigenesis are still unclear. The events are also likely to vary from case to case, which
could explain the pathological and clinical heterogeneity of adrenocortical tumors.

GATA family of transcription factors

Common features of the GATA proteins

GATA proteins are one family of transcription factors. They are characterized by one or two
highly conserved zinc finger domains, which bind DNA (Lowry and Atchley, 2000). The
GATA family members are thought to have evolved from a common ancestral protein, and
they have been identified in organisms like plants, fungi and insects such as Drosophila
melanogaster, a fly (Winick et al., 1993). The DNA-binding zinc finger is the only part of the
GATA proteins which is highly conserved across all species (Lowry and Atchley, 2000). All
vertebrate GATA factors have two zinc fingers, and for example the GATA proteins of
chicken and mouse are closely related to the human proteins (Figure 5) (Orkin, 1992). In
vertebrates, the first family member was found to bind a consensus sequence (T/A)-GATA-
(A/G) in the promoter area of chicken β-globin gene (Evans et al., 1988). The same consensus
sequence was soon discovered to be conserved across species, and the protein was given the
name GATA-1 after the target DNA sequence (Plumb et al., 1989; Hannon et al., 1991).
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Five other proteins closely related to GATA-1 have been identified in mice and humans
(Lowry and Atchley, 2000), and despite their similarities, the GATA proteins have distinct
tissue distributions and specific target genes. According to their molecular evolution and
expression status, the GATA transcription factors are divided into two subfamilies, GATA-
1/2/3 and GATA-4/5/6.

Figure 5. Molecular evolution of the GATA family of
transcription factors. Family members have been
identified in organisms ranging from plants (not shown) and
insects to vertebrates. The subfamilies GATA-1/2/3 and
GATA-4/5/6 arose from a common ancestral sequence. The
branch lengths in a neighbor-joining tree were estimated
with the number of amino acid substitutions in the aligned
sequences and show the degree of relatedness between the
proteins. Modified from Lowry and Atchley (2000).

The GATA proteins, all about 50 kD in size, consist of one or two activation domains and two
zinc fingers of the motif Cys-X2-Cys-X17-Cys-X2-Cys (Figure 6) (Molkentin, 2000). The C-
terminal zinc finger and basic domain have functions in DNA binding, activation and nuclear
localization, while the N-terminal zinc finger has important functions in binding stabilization
and protein-protein interactions with cofactors. GATA transcription factors can also self-
associate or bind other GATA family members via protein-protein interactions mediated by
the C-terminal zinc finger (Crossley et al., 1995). The GATA proteins can also recognize
other DNA binding sites than the consensus GATA–site, such as those of the form
(A/T/C)GAT(A/T)(A) (Sakai et al., 1998). The expression of GATA factors is regulated by
several elements both upstream and downstream of the locus coding for a single GATA gene
(Lakshmanan et al., 1999), but the regulation of precise temporal and spatial expression of the
GATA transcription factors is still largely unresolved.

Figure 6. Schematic presentation of the mouse GATA-4 protein structure. The amino- (N) and
carboxy-terminal (C) ends of the protein are indicated. The GATA-4 protein has two zinc fingers (Zn)
characteristic of the GATA transcription factors. Two activation domains (Act I and II) in the N-
terminus and a basic domain (B) are shown. B has functions in modulating DNA-binding and nuclear
localization. Modified from Morrisey et al. (1997b).
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Some mechanisms for the activation of GATA proteins have emerged. GATA proteins have
been shown to associate with CREB-binding protein (CBP), which stimulates their
transcriptional activity (Blobel et al., 1998). Furthermore, enhanced DNA binding activity and
transcription of the target gene can be mediated through acetylation of the GATA protein, as
has been shown to occur for GATA-1 and GATA-2 at multiple sites (Hung et al., 1999;
Hayakawa et al., 2004). Activation of the GATA factors can also be mediated through
mitogen-activated protein kinase (MAPK) cascades or the protein kinase A (PKA) pathway,
leading to the phosphorylation of serine residues in the GATA-4 activation domain (Charron
et al., 2001; Kerkelä et al., 2002; Tremblay and Viger, 2003a).

The mode of action of GATA proteins on the target genes is diverse and mostly unresolved.
There is some evidence that GATA transcription factors can bind their site in compacted
chromatin, which initiates the chromatin opening, or bind to the nucleosome, break the
histone/DNA contact and create a hypersensitive site in the DNA (Boyes et al., 1998; Cirillo
et al., 2002). GATA transcription factors can also bind to CBP, which leads to the acetylation
of histones H3 and H4 and facilitates tissue-specific gene expression (Letting et al., 2003). All
in all, there are several ways for interaction, activation and repression in these regulative
pathways, which adds to the multiplicity of the biological functions of these seemingly
identical GATA transcription factors.

GATA-1, GATA-2 and GATA-3 are expressed in hematopoietic cells

The hematopoietic GATA factors, GATA-1/2/3, exhibit overlapping, but unique expression
patterns (Table 2). Among hematopoietic cells the expression of GATA-1 is abundant in
multipotential progenitor cells, erythroid, megakaryocytic and mast cell lineages (Orkin,
1992). GATA-2 is expressed in multipotential progenitor cells, mast cells and
megakaryocytes, whereas GATA-3 is found in T-lymphoid cells. Outside these lineages
GATA-1 is expressed in testis, and GATA-2 and GATA-3 have roles in the central nervous
system (Ito et al., 1993; Nardelli et al., 1999).
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The roles of GATA-1 in the red blood lineage have been under extensive study. Embryonic
stem (ES) cells with a targeted Gata1 mutation fail to differentiate into mature erythroid cells
in chimeric mice (Pevny et al., 1995). Gata1-/- ES cells are incapable of forming terminally
differentiated erythroid cells and undergo apoptosis in vitro, but can be rescued with
transfected GATA-1 (Weiss and Orkin, 1995; Weiss et al., 1997). In addition, mouse embryos
lacking Gata1 die between E10.5-11.5 due to severe anemia (Fujiwara et al., 1996). Mouse α
and β globin genes and erythropoietin receptor are examples of the many known target genes
for GATA-1 (Zon et al., 1991). Interestingly, GATA1 mutations have been recognized in
some human hematologic disorders, such as familial dyserythropoietic anemia and
thrombocytopenia, X-linked macrothrombocytopenia and megakaryoblastic leukemia of
Down syndrome (Nichols et al., 2000; Freson et al., 2001; Wechsler et al., 2002).

Transcription factors GATA-2 and GATA-3 are the closest relatives within the GATA family,
which is reflected by their expression pattern and functions (Table 2) (Lowry and Atchley,
2000). Outside the hematopoietic cells, GATA-2 has roles in the central nervous and
urogenital systems (Zhou et al., 1998; Nardelli et al., 1999) while GATA-3 is expressed in
kidney, adrenal medulla and central nervous system (George et al., 1994). Mouse embryos
with homozygous Gata2 null alleles have anemia and die by E11.5 (Tsai et al., 1994). Gata3
null mutants die at the same age due to disruption of definitive hematopoiesis and massive
internal bleeding (Pandolfi et al., 1995). Gata3-/- mice also have morphological abnormalities
of the central nervous system, kidneys and heart (Lim et al., 2000). These GATA proteins
have already been implicated in human disease. GATA-2 levels are decreased in
hematopoietic stem cells in patients with aplastic anemia, while GATA-3 has been linked to
the pathogenesis of asthma and human mutations cause developmental malformations to the
parathyroid glands, auditory system and kidneys known as HDR syndrome (Zhang et al.,
1999; Van Esch et al., 2000; Fujimaki et al., 2001).

Important roles for GATA-4 in heart and gonads

The first member of the GATA family discovered outside hematopoietic lineages was GATA-
4, which is already expressed during the embryonic period in several tissues (Table 2). Heart,
visceral and parietal endoderm, intestinal epithelium, liver and gonads express GATA-4
during mouse development (Arceci et al., 1993; Heikinheimo et al., 1994). The phenotype of
homozygous Gata4 deficient mice is compatible with the early expression pattern. These
mice die in utero by E9.5, representing a general loss in lateral to ventral folding throughout
the embryo which leads to abnormal cardiac morphogenesis and inability to survive (Kuo et
al., 1997; Molkentin et al., 1997).
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Table 2. Chromosomal location and expression of mouse and human GATA transcription
factors. Source for chromosomal location: National Center for Biotechnology Information, LocusLink
(http://www.ncbi.nlm.nih.gov/).

Species Chromosomal
Location

Expression References

GATA-1 m X

h 16q24.2

multipotential progenitor
cells, erythroid, mast and
megakaryocytic lineages,
testis

Orkin 1992, Ito et al.
1993

GATA-2 m 6

h 3q21.3

multipotential progenitor
cells, mast and
megakaryocytic lineages,
CNS

Orkin 1992, Nardelli et
al. 1999

GATA-3 m 2
h 10p15

T lymphocytes, CNS,
kidney, adrenal medulla

Orkin 1992, 
George et al. 1994,

GATA-4 m 14

h 8p23.1-p22

heart, gonads, stomach,
intestine, pancreas

Arceci et al. 1993,
Heikinheimo et al. 1997,
Ketola et al. 1999 and
2004

GATA-5 m 2
h 20q13.33

heart, stomach, intestine,
lung, bladder

Laverierre et al. 1994,
Morrisey et al. 1997

GATA-6 m 18

h 18q11.1-q11.2

heart, gonads, lung ,
intestine, liver, kidney,
pancreas, vascular smooth
muscle

Morrisey et al. 1996,
Narita et al. 1996, Suzuki
et al. 1996

Abbreviations: m, mouse; h, human; CNS, central nervous system.

The development and function of a beating heart requires a series of complex events and co-
operation of several proteins, one of which is GATA-4. Studies on pluripotent ES cells show
that in the absence of GATA-4 heart differentiation is blocked at the precardiac stage, and the
cells undergo apoptotic death (Grepin et al., 1997). GATA-4 downregulation induces
apoptosis also in mature cardiac myocytes, while sustained GATA-4 expression protects them
(Kim et al., 2003; Kitta et al., 2003). GATA-4 and its cofactor, Nkx2.5 homeodomain protein,
have several target genes in cardiomyocytes, such as atrial natriuretic factor and myosin
heavy chains α and β (Durocher et al., 1997; Charron et al., 1999). Hypertrophy of cardiac
cells is an adaptation mechanism in an overloaded heart, and GATA-4 is a crucial mediator of
the hypertrophic process (Liang et al., 2001). Accordingly, blocked GATA-4 function inhibits
hypertrophy and forced GATA-4 expression leads to hypertrophic cardiomyocytes both in
vitro and in vivo in mice.
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GATA-4 is also implicated in sexual differentiation and gonadal function. In mice it is
expressed in the genital ridge, the sexually indifferent gonad of both XY and XX embryos,
and in the fetal testis and ovary thereafter (Figure 9) (Viger et al., 1998; Ketola et al., 1999;
Anttonen et al., 2003). Postnatally, GATA-4 mRNA and protein can be detected in mouse
testicular Sertoli and Leydig cells (Ketola et al., 1999). In adult mouse ovaries GATA-4 is
expressed in granulosa, theca and interstitial cells together with germinal epithelium
(Heikinheimo et al., 1997). Likewise, GATA-4 is expressed in the human ovary and testis
(Ketola et al., 2000; Laitinen et al., 2000). In gonadal cell lines GATA-4 expression is
regulated by gonadotropins (Heikinheimo et al., 1997; Ketola et al., 1999). Moreover, in
promoter transactivation studies in vitro GATA-4 activates several important gonadal genes,
including those codong for Müllerian inhibiting substance, inhibin α, aromatase, SF-1 and
StAR (Viger et al., 1998; Ketola et al., 1999; Tremblay and Viger, 2001). It has also been
shown that a direct protein-protein interaction between GATA-4 and SF-1 enhances MIS gene
transcription (Tremblay and Viger, 1999).

In addition to the heart and gonads, GATA-4 has been detected in a limited number of other
tissues. These include liver, pancreas, stomach and intestine (Gao et al., 1998; Dame et al.,
2004; Ketola et al., 2004). Given this wide distribution and suggested roles for GATA-4 in
several regulative pathways, impaired GATA-4 function can cause variable, unrelated
conditions. In humans, GATA-4 has been to date linked e.g. to congenital heart defects and
carcinomas of ovary and esophagus (Pehlivan et al., 1999; Lin et al., 2000; Lassus et al.,
2001).

GATA-5, a less essential family member

The amino acid sequence of transcription factor GATA-5 is highly similar to its closest
"relatives" GATA-4 and GATA-6. However, the expression pattern of GATA-5 is
significantly distinct and more restricted, but converges with GATA-4 and GATA-6 in heart
and gut (Table 2). GATA-5 was first identified as a new GATA protein in chicken (Laverriere
et al., 1994). During mouse embryogenesis it appears in the atrial endocardium, pulmonary
mesenchyme, gut epithelium and bladder (Morrisey et al., 1997a). Postnatally, gene
expression continues in the lung, bladder, stomach and small intestine. The highest GATA-5
mRNA expression levels in the intestine are detected towards the distal end of villi, where the
epithelial cells are well differentiated (Gao et al., 1998). Similarly, induction of terminal
differentiation in several adenocarcinoma cell lines increases GATA-5 mRNA levels. Several
gastrointestinal genes, such as mucin, have been identified as direct downstream targets for
GATA-5 (van Wering et al., 2002; Ren et al., 2004). Quite surprisingly, Gata5 knockout mice
are viable and fertile and only females exhibit genitourinary abnormalities (Molkentin, 2000).
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Another quite unique feature of GATA-5 is that it can be differentially expressed from two
alternative first exons (MacNeill et al., 1997). The smaller isoform has only one zinc finger,
but is still capable of binding and activating the target genes.

Several tissues express GATA-6

Transcription factor GATA-6 was first recognized as a separate GATA family member from a
chicken cDNA library (Laverriere et al., 1994). Its expression pattern resembles those of
GATA-4 and GATA-5, but is still clearly distinct (Table 2). Like most GATA proteins,
GATA-6 is required during embryogenesis, and inactivation in mice leads to early lethality
(by E7.5) due to a defect in the development of visceral endoderm (Morrisey et al., 1998).
Later GATA-6 is expressed in the heart, stomach, intestine, large blood vessels and lung buds
(Morrisey et al., 1996; Narita et al., 1996). Several downstream targets for GATA-6 during
development have been identified, including hepatocyte nuclear factor 4 (HNF4) and bone
morphogenetic protein 4 (BMP-4), both critical for normal embryogenesis (Morrisey et al.,
1998; Morrisey et al., 2000; Nemer and Nemer, 2003). In adult mice, there is marked GATA-
6 expression for example in the heart, lung, stomach, intestine, liver, kidney and gonads
(Morrisey et al., 1996; Narita et al., 1996). The expression pattern in humans does not differ
considerably from that of mouse, but some GATA-6 mRNA has been discovered also in the
human pancreas and spleen (Suzuki et al., 1996).

One of the proposed roles for GATA-6 is as a regulator for proliferative signals. First, GATA-
6 expression was shown to be downregulated in vascular smooth muscle cells in response to
mitogen activation (Suzuki et al., 1996). Similar results were soon obtained in glomerular
mesangial cells, and furthermore overexpression of GATA-6 induced cell cycle arrest in these
cells (Nagata et al., 2000). Conversely, intestinal epithelial cells express GATA-6 primarily in
the proliferating progenitor population (Gao et al., 1998). Important roles for GATA-6 have
been also suggested in the lung, where it is essential for normal bronchial development,
maturation before birth, and can activate e.g. the transcription of the surfactant protein A
(Morrisey et al., 1998; Bruno et al., 2000; Liu et al., 2002). The importance of normal
temporo-spatial expression of GATA-6 is further emphasized in experiments where increased
GATA-6 expression is induced in the mouse lung during a time when it is normally
decreased. This leads to impaired lung alveolarization and permanently altered lung function
(Liu et al., 2003).
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Friends of GATA; important cofactors for GATA proteins

The search for a direct link between GATA factors and other transcription components led to
the discovery of a specific cofactor for the GATA proteins. This complex protein, Friend of
GATA-1 (FOG-1), has several zinc fingers (Tsang et al., 1997). It binds to the N-terminal
zinc finger of GATA-1 and synergistically activate their target genes. FOG-1 is coexpressed
with GATA-1 during embryogenesis in the major hematopoietic tissues, and they have
cooperative effects on the differentiation of hematologic progenitor cells. Interestingly,
FOG1-/- mice die during midgestation as a consequence of severe anemia, thus resembling the
phenotype of Gata1 deficient mice (Tsang et al., 1998; Svensson et al., 1999). The first
GATA1 mutations leading to inability to bind FOG have been preported for patients with X-
linked thrombocytopenia and dyserythropoiesis (Freson et al., 2003).

A FOG-1 related factor, FOG-2, is expressed in adult mouse heart, nervous system and
gonads (Figure 9) (Tevosian et al., 1999) and is required for heart morphogenesis and
coronary vessel development according to knockout studies (Tevosian et al., 2000). Similar
features develop if the interaction between FOG-2 and GATA-4 is prohibited with a mutation
in the N-terminal zinc finger of GATA-4 (Crispino et al., 2001). This demonstrates the
importance of the interactions between GATA and FOG proteins for normal function. FOG-2
most often acts as a repressor, both for the expression of GATA transcription factors and for
several target genes in cooperation with the GATA proteins (Svensson et al., 1999; Robert et
al., 2002; Anttonen et al., 2003). FOG can either enhance or repress GATA mediated
transcription depending on the promoter and cell type (Tsang et al., 1997; Lu et al., 1999),
therefore adding to the variability and cell specificity of the multiple targets of GATA
transcription factors.
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AIMS OF THE STUDY

The adrenal cortex has high steroidogenic activity during the fetal period and undergoes
profound morphological changes postnatally. The regulation of the development and function of
the adrenal cortex is still not fully understood. Little is also known about the molecular basis of
adrenocortical disease. The aim of this work was to get insight into the mechanisms regulating
adrenal development and tumorigenesis by studying the roles of the GATA-binding proteins in
the adrenal gland.

The specific aims of this work were to study:

1. The expression of transcription factors GATA-4 and GATA-6 during normal adrenal
gland development from fetal to adult age in mice and humans.

2. The roles of GATA-factors during malignant transformation of the adrenal cortex in a
transgenic mouse model.

3. The relationship of GATA-4 and luteinizing hormone receptor in a transgenic mouse
model.

4. The expression patterns of GATA-4 and GATA-6 in benign and malignant tumors of the
human adrenal cortex.
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Normal and transgenic mouse tissues (I-III)

Normal adrenal glands from mouse embryos, young neonatal and adult mice were obtained by
mating male and female CBA, NMRI, B6DJLF1/J or C57BL/6J mice. The day of the
appearance of the vaginal plug was designated as E0. Fetal mouse adrenal glands were
dissected during E14, 15, 17 and 18 and postnatal (P) samples were collected at 1, 2, 7, 14, 42
and 60 days after birth. Tissues were washed briefly in PBS and then snap frozen plain or in
O.C.T. cryopreservation solution (Tissue tek, Miles, Inc., Elkhart, IN). Precise staging of the
dissected embryos was performed using The Atlas of Mouse Development (Kaufman, 1992).

The transgenic mice used in these studies harbor a fusion gene of a murine inhibin-α
promoter sequence fused with DNA encoding the SV40 Tag, as described earlier (Kananen et
al., 1995). The experiments were carried out on transgenic (line IT6-F) male and female mice,
and as controls, on non-transgenic littermate mice of the C57Bl/6J strain. Genotyping of the
mice was performed from tail DNA by PCR as earlier described (Kananen et al., 1995).
Castrations were performed between days 21-24 post partum and adrenal tissues were
collected 1, 3, 5 and 6 months later. The adrenal glands were weighed and snap-frozen in
liquid nitrogen, or fixed in 4% paraformaldehyde (PFA). Chimeric mice were prepared and
analyzed as described previously (Narita et al., 1997). In brief, Gata4-/- ES cells were injected
into 8-cell-stage embryos or blastocysts derived from ROSA26 mice, a transgenic line that
expresses ß-galactosidase in all cell types. The resultant Gata4-/- ↔ ROSA26 chimeric
embryos (E15-E18) were stained with X-gal to discriminate ES cell- and host-derived tissue.
Animal studies were conducted in accordance with the NIH Guide for the Care and Use of
Laboratory Animals.

Human tissues: clinical and histological data (I, II, IV)

Formalin- or Bouin-fixed and paraffin-embedded as well as frozen tissue samples originally
collected for diagnostic purposes in the Helsinki University Central Hospital or in the Oulu
University Hospital were analyzed. Human fetal adrenal glands and other tissues were
obtained from fetal autopsy specimens at 15 and 19 weeks of gestation. Normal adrenal tissue
was also obtained from eight adult patients who underwent surgery for kidney tumors. A total
of 27 adenomas, 20 carcinomas and 4 pheochromocytomas were analyzed from both pediatric
and adult patients. The tumor samples were classified as nonfunctional or functional tumors
consistent with the leading clinical and biochemical characteristics of a given patient,
accordingly nonfunctional, Conn's, Cushing's and virilizing adenomas or carcinomas. When 
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available, non-affected adrenal tissue adjacent to the tumor was analyzed for comparison. An
ovarian stromal tumor from a pediatric patient was used as positive control tissue for GATA-
4.

The ACC samples were assessed according to the criteria of Weiss, which are nuclear grade,
mitotic rate, atypical mitoses, character of cytoplasm, architecture of tumor cells, necrosis,
invasion of venous structures, invasion of sinusoidal structures and invasion of capsule of
tumor (Weiss, 1984; Weiss et al., 1989). A score from 0 to 9 was given to each tumor as a
consensus by two pathologists. The Weiss score is used as a reference for prognosis and for
analysis we divided the tumors into two groups, Weiss score 1-3 and 4-9 (Wajchenberg et al.,
2000; Lucon et al., 2002).

Cell lines and stimulations (I, III, IV)

An immortalized cell line, termed Cα1, was derived from an adrenocortical tumor in an
Inhα/SV40Tag transgenic mouse and has been described elsewhere (Kananen et al., 1996).
Cα1, Y1 mouse adrenal cells and human embryonic kidney cells (HEK 293) were cultured on
plastic dishes in HEPES (20 mmol/l)-buffered DMEM/Ham’s F-12 1:1 medium (Sigma
Chemical Co., St Louis, MO) supplemented with 10% heat-inactivated fetal calf serum
(iFCS), glucose (4.5 g/l) and gentamicin (100 mg/l). Murine Leydig tumor cells, mLTC-1
(Rebois, 1982), were cultured in HEPES (20 mmol/l)-buffered Waymouth’s medium (Sigma),
supplemented with 9% heat-inactivated horse serum (Life Technologies, Paisley, Scotland)
and 4.5% iFCS containing 100 mg/l gentamycin (Gibco BRL, Gaithersburg, MD). The human
ACC cell lines NCI-H295R (ATCC, Rockville, MD) and ACT-1 (Saitama Medical School,
Japan) were cultured on plastic dishes in a 1:1 mixture of DMEM and Ham’s F-12 media
(Sigma Chemical Co., St. Louis, MO) supplemented with ITS+1 liquid media supplement
(Sigma), 2% Ultroser SF (Biosepra, Malborough, MA), L-glutamine (2 mM; Gibco BRL,
Paisley, Strathclyde, UK) and antibiotics (125 µg/ml streptomycin and 125 IU/ml penicillin;
Orion Pharmaceutical Co., Espoo, Finland) at 37ºC in a 5% CO2 atmosphere. Untreated Cα1
cells or cells treated with ACTH (50 ng/ml) or 1, 10, 50 and 100 µg/L of human chorionic
gonadotropin (hCG) (NIH CR-121, Bethesda, MD) for 48 h were collected for RNA isolation
using the single step guanidium thiocyanate-phenol-chloroform extraction method
(Chomczynski and Sacchi, 1987). Nuclear extracts from the cells were collected with
previously described methods (Hurst et al., 1990).
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Reverse-transcriptase polymerase chain reaction (II, III, IV)

1 µg of total RNA was reverse-transcribed (RT) using 20 IU of avian myeloma virus or 200
IU moloney murine leukemia virus reverse-transcriptase (Promega, Madison, WI), random
primers (Roche, cat#1034731, Basel, Switzerland or Promega), 24 or 50 IU of RNase
Inhibitor (Promega) and 10 mmol of each dNTP in a 25 µl or 35.5 µl final volume. The RT
reaction and polymerase chain reaction (PCR) were carried out sequentially in the same assay
tube. First the RT reaction was incubated at 50°C for 10 min, followed by 3 min at 97° C or
42°C for 1 h, followed by 5 min at 100°C. Thereafter, PCR was performed in a 25 or 45 µl
final volume including 2 or 4 µl of the RT product. The sequences of the primers are listed in
Table 2. The PCR products were electrophoresed on a 2% agarose gel stained with 0.5 µg/ml
ethidium bromide and visualized under UV light, followed by scanning of the gel (Quantity
One 4.2, Bio-Rad Laboratories Inc., Hercules, CA). A 50bp DNA marker (MBI, Fermentas,
cat#SMO373S, Amherst, NY) was used for comparison of fragment sizes. Southern
hybridization, according to standard techniques, confirmed the specificity of the mGATA-4
and mLHR products. The oligonucleotides used for hybridizations are shown in Table 3.

Northern blot analysis (I-IV)

Total RNA was isolated from the frozen tissues by ultracentrifugation through a cesium
chloride gradient (Chomczynski and Sacchi, 1987). The concentration of RNA was
determined by spectrophotometric analysis at 260 nm (Ultrospec 2000, Pharmacia Biotech
Ltd, Cambridge, England). 10-20 µg of denatured RNA was subjected to electrophoresis in a
1% or 1.2% denaturing agarose gel and then transferred onto nylon membranes (Hybond N,
Amersham, Arlington Heights, IL). The membranes were hybridized with 32P-labelled (>
6000 Ci/mmol, Amersham) synthetic oligonucleotide probes for human GATA-4 (one probe)
and GATA-6 (two probes) (Table 3) or mouse GATA-4 (Arceci et al., 1993), GATA-6
(Narita et al., 1996) or rat LHR (LaPolt et al., 1990) RNA probes. Hybridizations were
performed at 42, 60 or 65°C over night depending on the probe, and the hybridization signals
were detected by autoradiography. The intensities of the lanes were analyzed with Scion
Image for Windows (Scion Corporation, Frederick, MD) or Tina software (Raytest,
Straubenhardt, Germany). All samples were normalized with 28S or 18S (Ambion, cat# 7328,
Austin, TX) ribosomal RNA.
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Table 3. Sequences for oligos used as probes in Northern blot analysis (NB), Southern blot
analysis (SB) and electrophoretic mobility shift assay (EMSA) and as PCR primers (RT-PCR).

Target gene Sequence Method
hGATA-4 5’-CTCCTTCAGGCAGTGAGAGC RT-PCR

5’-GAGATGCAGTGTGCTCGTGC
hGATA-4 5’-GGCTGTTCCAAGAGTCCTGCTTGG

AGCTGG
NB

hGATA-6 5’-ATGACTCCAACTTCACCTCT RT-PCR
5’- CAGCCTCCAGAGATGTGTAC

hGATA-6 5’- CGTCTGGATGGAGCCGCAGTTCACGCACTC NB
5’- AAGCCGCCGTGATGAAGGCACGCGCTTCTG

mGata4 5'- CTCTGGAGGCGAGATGGGAC RT-PCR
5'- CGTCGTCACTTCTCTACGCG

mGata4 5´-AAACGGAAGCCCAAGAACCTGAAT RT-PCR
5´-GGCCCCCACGTCCCAAGTC

mGata4 5´-AGTGGCACGTAGACGGGCGAGGAC SB
mGata4 5'-CGGGACAAACCAGATAAAGCTGAG EMSA
mGata4 5'-CTGTTTGGTCTATTTCGACTCGCG EMSA
mGata4 mut 5'-CGGGACAAATATGAAGCTGAG EMSA
mGata4 mut 5'-CTGTTTGGTATACTTCGACTCGCG EMSA
mLHR 5'-CTCTCACCTATCTCCCTGTC RT-PCR

5'-TCTTTCTTCGGCAAATTCCTG
mLHR 5'-TGGAGAAGATGCACAGTGGA SB
rL19 5'-GAAATCGCCAATGCCAACTC RT-PCR

5'-TCTTAGACCTGCGAGCCTCA
hβ-actin 5'- CGGGAAATCGTGCGTGACATTAAG RT-PCR

5'- TTCGTGGATGCCACAGGACTCC
Abbreviations: h, human; m, mouse; mut, mutated; rL19, ribosomal protein L19.

RNAse protection assay (I)

RNA from mouse adrenal and ovarian tissue was used for RNase protection assays performed
with a commercially available kit (Ambion, Austin, TX) using 10 µg of total RNA. The
antisense riboprobes for mGATA-4 and mGATA-6, prepared from plasmids previously
described (Arceci et al., 1993; Narita et al., 1996), and a control probe for β-actin were
labeled with 32P.
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RNA in situ hybridization (I-III)

Paraffin-embedded and frozen tissue samples were cut into 8 or 10 µm sections. Frozen
sections were fixed in 4% paraformaldehyde (PFA) in PBS. Paraffin sections were
deparaffinized and all sections were subjected to in situ hybridization. Tissue sections were
permeabilized, dehydrated and incubated with 1.2 X 106 cpm 33P-labeled (1000-
3000Ci/mmol; Amersham, Arlington Heights, IL) antisense or sense probes in a total volume
of 80 µl overnight at 60ºC. Hybridization signals were detected after one- or two-week
exposure to autoradiography emulsion (Kodak, Rochester, NY) at 4ºC. The riboprobes for
mouse GATA-4 (Arceci et al., 1993), GATA-6 (Narita et al., 1996), LHR (LaPolt et al., 1990)
and the preparation of human GATA-4 and GATA-6 cDNAs (II) have been described
elsewhere.

Immunohistochemistry and immunocytochemistry (I-IV)

Paraffin-embedded and frozen tissue samples were cut into 5 µm sections. Frozen samples
and cells were fixed in 4% PFA and others were deparaffinized. The sections were
rehydrated, and antigen retrieval was performed in 10 mM citric acid (pH 6.0) in a microwave
oven for 20 min (paraffin sections) or in 0.1% Tween-20 for 10 min at room temperature
(frozen sections). Thereafter the sections were incubated in 0.5% H2O2 in methanol or 3%
H2O2 in aqua to inactivate endogenous peroxidase. The avidin-biotin immunoperoxidase
system (Vectastain Elite ABC Kit, Vector laboratories, Inc., Burlingame, CA) was used
following the manufacturer's instructions with some modifications. The primary antibodies
and dilutions are shown in Table 4. The primary antibody was incubated in the presence of
1% normal serum in 0.1% Tween-PBS at 4ºC overnight or at 37ºC for 1 h. 3-Amino-9-
ethylcarbazole (Sigma Chemicals, St. Louis, MO) or 3,3’-diaminobenzedine (DAP) (Sigma)
visualized the chromogen-bound antibody and the development reaction occurred in the
presence of H2O2. The tissues were counterstained with hematoxylin.

In double immunohistochemistry the sections were washed in PBS after the first chromogen
reaction (LHR) and the other primary antibody (GATA-4) was added. The avidin-biotin
immunoperoxidase system and a Vector SG substrate kit (Vector laboratories) visualized the
second antibody.
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Table 4. Antibodies for immunohistochemistry.

Antigen (cat #) Antibody Dilution Source

GATA-4 (sc-1237) goat-antimouse 1:200 Santa Cruz Biotechnology, Santa Cruz, CA
GATA-6 (sc-9055) rabbit-antihuman 1:50, 1:100,

1:200
Santa Cruz Biotechnology, Santa Cruz, CA

LHR rabbit-antihuman 1:1000 A. T. Fazleabas, University of Illinois at
Chicago, Chicago, IL

T-antigen rabbit 1:5000 D. Hanahan, University of California, San
Fransisco, CA (Efrat and Hanahan, 1987)

SF-1 (06-431) rabbit-antimouse 1:100, 1:200 Upstate Biotechnology, Lake Placid, NY
Ki67 (MIB-1) mouse-antihuman 1:75 DAKO A/S, Glostrup, Denmark
p21 (OP64) mouse-antihuman 1:100 Oncogene Research Products, San Diego, CA
Abbreviations: LHR, luteinizing hormone receptor; SF-1, steroidogenic factor 1; cat #, catalogue number.

Electrophoretic mobility shift assay, EMSA (III)

Oligonucleotides (Table 3) were labeled with 32P and purified in NICK Columns (Amersham
Biosciences AB, Uppsala, Sweden). mLTC-1 and HEK293 nuclear extracts (10 µg) were
incubated with 6 fmol (around 40 000 cpm) radiolabeled double stranded oligonucleotides for
1 h at 4°C in a reaction buffer containing 12 mM Hepes, pH 7.9, 4 mM Tris-HCl, 12%
glycerol, 1 mM EDTA, 60 mM KCl, 1 mM DTT and 300 mg/L BSA in the presence of 2 µg
poly (dI:dC). For competition experiments, the protein extract was first incubated on ice for
30 min, either with a 50X or 200X molar excess of competitor DNA or goat polyclonal anti-
mouse GATA-4 antibody (1:10 and 1:100) (cat # sc-1237X, Santa Cruz Biotechnology) prior
to addition of [α-P32]-dCTP radiolabeled  DNA. After the binding reaction, the protein-DNA
complexes were resolved in 5% nondenaturing polyacrylamide gels, and the gels dried and
exposed to Kodak X-ray film at -50° C for 1 to 3 days.
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Transient transfection assay and siRNA experiments (III)

The expression vectors, mutated constructs and siRNA vector are described in detail
elsewhere (III). For transient transfection, separate methods were used for the different cell
lines due to dissimilar transfectability. LipofectAMINE (Invitrogen®, Carlsbad, CA)
transfection reagents were used for HEK 293 cells, FuGene (Roche Diagnostics, Basel,
Switzerland) for the mLTC-1 cells and GenePORTERTM (Gene Therapy Systems Inc., San
Diego, CA) for Cα1 cells all according to the instructions of the manufacturer. Luciferase
activity was measured from 10 µl of the cell lysate in a Victor multilabel counter by adding
100 µl luciferase assay buffer. Luciferase activity was normalized to the activity of
β−galactosidase. The siRNA experiments were carried out with mU6pro using the recently
published methodology (Yu et al., 2002).

Statistical analysis (I, III, IV)

The ACC material was analyzed with a non-parametric Mann-Whitney U-test as the values
were not normally distributed. Correlations between the levels of different markers were
analyzed with a bivariate Spearman's test. The analyses were performed using SPSS 10.0
software (SPSS Inc., Chicago, IL). Cell stimulation and transfection data were analyzed on
the basis of three independent experiments by one-way ANOVA, using a MacIntosh version
of the SuperANOVA program (Abacus Concepts, Inc., Berkeley, CA), followed by Duncan`s
new multiple range and Fisher’s protected last significant differences post-hoc tests. A p-
value of <0.05 was considered statistically significant. The results shown in the figures
represent the mean±SEM.

Ethical considerations (I-IV)

The procedures of the animal experiments were approved by the appropriate institutions: The
University of Turku Ethics Committee on Use and Care of Animals and Washington University,
St Louis, USA. The study protocols were approved by the Ethics Committees of the appropriate
hospitals: Helsinki City Maternity Hospital, Hospital for Children and Adolescents and the
Department of Internal Medicine, Helsinki University Central Hospital.
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RESULTS AND DISCUSSION

The six transcription factors of the GATA family have roles in the development and function
of several organs. They are especially important in the hematopoietic cells, heart, gastro-
intestinal tract and central nervous system. In these organ systems the GATA proteins are
thought to have regulative tasks during differentiation and proliferation, in adaptive reactions
to mechanical or hormonal stimuli, together with the maintenance of homeostasis. Related to
these functions, quite a few of their target genes have also been identified.

The adrenal gland is an essential organ, but is seldom encountered when defining the
expression patterns of new proteins, probably due to its small size. Transcription factors
GATA-4 and GATA-6 have a part in sex determination and gonadal development and
function. They also regulate the expression of StAR and co-operate with SF-1 and DAX-1.
Since the latter three are fundamental for normal adrenocortical function and the adrenal
cortex, such as the gonads, arises from the urogenital ridge, it was of interest to study whether
GATA-4 and GATA-6 would be expressed in the normal and disrupted adrenal cortex.

GATA-4 is predominantly expressed in the fetal adrenal gland (I-II)

GATA-4 is abundantly expressed in the mouse E10.5 urogenital ridge and in both the
developing testis and ovary thereafter (Heikinheimo et al., 1997; Ketola et al., 1999; Anttonen
et al., 2003). For this study the expression of GATA-4 mRNA was first surveyed in E15 and
E17 mouse adrenal glands by RT-PCR and Northern blot analysis. No significant GATA-4
mRNA expression could be detected by Northern analysis (data not shown), but RT-PCR
revealed GATA-4 transcripts in fetal adrenal tissue (Table 5) (II). We used in situ
hybridization to localize the GATA-4 mRNA, and found it scattered in small patches over the
mouse E15 and E17 fetal adrenal cortex (II). Adrenal medulla did not express GATA-4.
Using immunohistochemistry we could show GATA-4 protein in the nuclei of separate cells
in the mid-cortical area of E14-17 adrenal glands, and with higher intensity in a proportion of
the subcapsular cells (II). This subcapsular region retained some GATA-4 mRNA and protein
in P1, but thereafter GATA-4 expression ceased and could be detected only by sensitive RT-
PCR in adult mouse adrenal glands (Table 5) (I-III). The discrepancy in the results
demonstrating no GATA-4 mRNA in E18 by in situ hybridization (I) and some expression on
P1 (II), can be due to differences between inbred mouse strains (B6DJLF1/J in I, CBA or
NMRI in II). The interpretation of some low signal in the subcapsular area is difficult,
because the borders of a tissue section can also retain unspecific signal. Our results showing
GATA-4 expression in the early murine adrenal gland, and restricted expression later (I, II),
have since been confirmed by others (Nemer and Nemer, 2003).
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We could not detect GATA-4 mRNA in the human fetal adrenals by Northern analysis
(Figure 7, Table 5), but GATA-4 mRNA with a patchy appearance similar to that of fetal
mice was detected by in situ hybridization in a 19-week old human fetal adrenal gland (II).
The signal was localized mainly to the fetal zone. We were, however, unable to demonstrate
GATA-4 protein by immunohistochemistry on the human fetal adrenal glands (data not
shown). After birth the adrenal cortex undergoes profound changes and the three adult cortical
zona are formed. Unfortunately, we did not have access to normal adrenal tissue from
children. We were able to examine normal adult human adrenals, however, and found no
GATA-4 mRNA or protein by using Northern blot analysis (Figure 6, Table 5), in situ
hybridization (II) and immunohistochemistry (II). The fact that GATA-4 was demonstrated by
only one method at one age in the human adrenal gland, can reflect a very low GATA-4
expression level or a narrow temporal time window for its expression. Establishing the exact
GATA-4 expression pattern during human adrenocortical development will be difficult, due
to a lack of extensive tissue material of good quality.

Table 5. Expression of transcription factors GATA-4 and GATA-6 in the mouse and human
adrenal cortex. mRNA and protein expression during normal development, in tumors of
gonadectomized transgenic mice (Tumor) and mouse (Cα1) and human (NCI) adrenocortical
carcinoma cells lines are shown.

GATA-4 GATA-6

Age mRNA Protein mRNA Protein

PCR NB ISH IHC NB ISH IHC

Mouse E15 + - + + + + +
E17 + - + + + + +
P1 + - -/+ -/+ + + +
P14 + - - - + + +
P60 + - - - + + +
Tumor + + + + - - -
Cα1 + + ND + - ND ND

Human Fetal ND - + - + + +
Adult - - - - + + +
NCI + - ND -/+ + ND +

Abbreviations: E, embryonic; P, postnatal; PCR, polymerase chain reaction; NB, northern blot analysis; ISH, in
situ hybridization; IHC, immunohistochemistry; ND, not defined.
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The fact that GATA-4 is expressed in the fetal, but not postnatal, adrenal cortex suggest a
possible role for GATA-4 during fetal adrenal development. We were able to test that
hypothesis by analyzing genetically mosaic Gata4-/- ↔ ROSA26 chimeric mice (Zambrowicz
et al., 1997). Gata4-/- ES cells contributed to adrenocortical cells with apparently normal
morphology (II). GATA-6 mRNA was evenly distributed throughout the cortex in both wild
type (Gata4+/+) and Gata4 deficient areas (II). From these experiments we can conclude that
GATA-4 is not essential for the formation of adrenal cortex in fetal mice. Nonetheless,
seemingly normal morphology and expression of some adrenocortical markers does not
assure normal function in the Gata4-/- derived areas. It was neither possible to analyze if
certain cell populations were missing from the GATA-4 deficient areas, or if they would
develop normal adrenocortical layers postnatally. Further studies should be performed to
specify the expression of steroidogenic enzymes in the adrenal cortex of chimeric mice.
Interestingly, one of the GATA transcription factors, either GATA-4 or GATA-6, is needed
for proper adrenocortical development as indicated by a case report. A patient with a SF-1
mutation, which impairs the SF-1 synergism to GATA-4 protein, had a primary adrenal
failure in addition to sex reversal (Achermann et al., 1999; Tremblay and Viger, 2003b).

Althoug the results of GATA-4 transcription factor in the adrenal gland presented here are
predominantly expression data, they provide on interesting basis for evaluating the possible
roles of GATA-4 in the adrenal cortex. Considering the far from uniform and continuous
GATA-4 expression pattern and GATA-4 function in other tissues, some suggestions can be
made. Proliferation is one of the features strikingly different between fetal and adult adrenal
cortex, and the proportion of proliferating cells diminishes dramatically after birth. In mice,
proliferating cells are scattered over the adrenal gland with a pattern resembling that of
GATA-4 (Mitani et al., 1999). Of note, GATA-4 expression has been linked to cell
proliferation and survival in the somatic cells of mouse gonad and cardiac myocytes
(Heikinheimo et al., 1997; Viger et al., 1998; Ketola et al., 1999; Kim et al., 2003). The
proliferating cells predominate in the definitive zone of the human fetal adrenal cortex,
however, which is not comparable to the expression pattern we found for GATA-4 (Spencer
et al., 1999). All in all, our results suggest roles for GATA-4 in the proliferating, less
differentiated cell population in the fetal adrenal cortex.

There is evidence for the involvement of GATA-4 in regulating steroidogenesis in the adrenal
cortex. The expression pattern of GATA-4 is strikingly convergent with that of 17α-
hydroxylase cytochrome P450 (P450c17) (Figure 3), which is detected in fetal mouse adrenal
gland in small patches starting from the adrenal primordium at E12.5 (Keeney et al., 1995).
Additionally, P450c17 it is not expressed in the normal adult mouse adrenal cortex, but can be
found in the hyperplastic adrenocortical changes in gonadectomized DBA mice, in 
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conjunction with GATA-4 (Bielinska et al., 2003). Importantly, GATA-4 has been shown to
transactivate P450c17 promoter by binding a coactivatory factor Sp1 in the NCI-H295A,
human ACC, cell line (Flück and Miller, 2004). Human fetal adrenal cortex produces
enormous quantities of DHEAS and expresses P450c17 (Mesiano and Jaffe, 1997; Hanley et
al., 2001). Since transactivation studies show that GATA factors are essential for the cell-
specific expression of P450c17, and GATA-4 is a stronger activator for P450c17 than is
GATA-6, it is tempting to speculate that GATA-4 facilitates the high production of P450c17
and DHEAS in the human fetal adrenal.

GATA-6 is expressed in the fetal and adult adrenal gland (I-II)

We surveyed the expression of GATA-6 mRNA initially by Northern blot analysis in the
mouse adrenal samples. High GATA-6 expression was detected at all ages starting from E15
fetal adrenal tissue (Table 5) (II). With in situ hybridization we localized the intense GATA-6
mRNA signal to fetal and adult adrenal cortex, with uniform distribution over the adult
cortical zona (I-II). Similar results were obtained at the protein level by
immunohistochemistry, which showed nuclear staining in most of the adrenocortical cells
from the fetal period onwards (I-II). The capsule and medullary cells did not express GATA-
6. Nemer and Nemer (2003), using another antibody, have shown GATA-6 protein in the fetal
neural crest-derived medullary cells, but not in the adrenal cortex. The E15 murine adrenal
has, however, very few medullary cells, but the GATA-6 mRNA levels in our studies were
high (II). Additionally, we found similar expression patterns in comparable sections for both
GATA-6 mRNA and protein, thus indicating the localization of GATA-6 to the adrenocortical
cells.

Figure 7.Expression of transcription factor GATA-4 and GATA-6 mRNAs in the fetal and adult
human adrenal gland. GATA-6, but not GATA-4, is highly expressed in both fetal and adult adrenal.
28S is shown as a control for loading. Modified from Kiiveri et al. (2002).
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We also studied human fetal and adult adrenal gland GATA-6 mRNA expression first by
Northern analysis. Abundant GATA-6 mRNA expression was detected both in the fetal week
22-23 adrenals and adult adrenal (Figure 7, Table 5). Using mRNA in situ hybridization the
expression was localized to both fetal and definitive zones of the fetal adrenal, but the signal
in the definitive zone was more prominent (II). In the adult adrenal, GATA-6 mRNA was
abundantly expressed in cortical zones fasciculata and reticularis, with predominating
expression in zona reticularis (II). These results were confirmed with immunohistochemistry,
which showed GATA-6 protein present in a vast majority of human adult adrenocortical cells
(II).

SF-1 and GATA-4 are expressed in the early urogenital ridge, and adrenal and gonadal
primordia thereafter (Ikeda et al., 1994; Nemer and Nemer, 2003). GATA-6 has been detected
in the early gonad at E14.5, but its initial appearance and accurate expression pattern during
the first steps of adrenal development have not been studied. Since Gata6-/- mice die in an
early embryonic stage, several days before the formation of adrenal cortex, they can't be used
for analyzing the importance of GATA-6 to the formation of the adrenal gland. Interesting
approaches would be to rescue the embryonic lethal Gata6-/- mouse and analyze the possible
adrenal phenotype, to see whether the Gata6-/- ES cells in chimeric mice contribute to
adrenocortical cells, or to produce a steroidogenic tissue-specific knockout for Gata6 by
driving the transgene, e.g. with SF-1 or inhibin α promoter, into the adrenal cortex.

GATA-6 is the only GATA family member detected in the cells of both fetal and adult
adrenal cortex (George et al., 1994; Nemer and Nemer, 2003; Flück and Miller, 2004) (II).
The established roles for GATA transcription factors in the other steroidogenic tissues suggest
roles for GATA-6 in the adrenal cortex. The expression of GATA-6 is prominent in the
human adrenocortical layers producing corticosteroids and sex steroids (II), and GATA-6 has
recently been linked to human adrenal androgen synthesis. Specifically, GATA-6 acts in
synergy with SF-1 in in vitro experiments enhancing the transactivation of StAR, P450scc,
P450c17 and dehydroepiandrosterone-sulfotransferase (SULT2A1), all necessary for adrenal
androgen biosynthesis (Jimenez et al., 2003). Although mouse adrenals do not produce
androgens, StAR is expressed with a pattern similar to that of GATA-6 in the mouse adrenal
cortex (Clark et al., 1995) (II). Indeed, GATA-6 is able to transactivate the mouse StAR
promoter in several steroidogenic cell lines, including adrenal cells (Tremblay and Viger,
2001). GATA-4 and/or GATA-6 are required for P450c17 expression (Flück and Miller,
2004). Since human adult adrenals do not express GATA-4, it is probable that GATA-6 is
involved in postnatal adrenocortical P450c17 regulation. Taken together, GATA-6 likely has
important roles in the regulation of steroidogenesis in the adrenal cortex.
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Other candidate target genes for GATA-6 in the adrenal are ACTHR and inhibin α. Mouse
and human ACTHR genes harbor conserved GATA sites in their promoters, although the
functionality of these sites has not been evaluated (Cammas et al., 1997; Naville et al., 1997).
Inhibin α is expressed in a pattern resembling that of GATA-6, which, such as GATA-4, can
activate the inhibin α promoter in vitro in synergy with SF-1  (Meunier et al., 1988; Munro et
al., 1999; Tremblay and Viger, 2001). Even though evidence for the involvement of GATA
factors in the steroidogenic pathways is accumulating, it remains to be established whether
GATA-6 is ultimately required for normal adrenocortical function.

Regulation of GATA-4 and GATA-6 expression (I, III)

The expression of GATA-6 was further studied in vivo by treating mice with ACTH (10
µg/kg, 2 h) or dexamethasone (0.03 mg/kg/day, 2 or 5 days), which causes adrenocortical
stimulation or suppression, respectively. The steady state levels of GATA-6 mRNA in the
adrenal gland did not markedly change during the treatments, as measured by RNase
protection assay (I). In addition, adrenal glands harvested in the evening were studied, but no
diurnal variation was noted in GATA-6 expression (data not shown). GATA-4 mRNA levels
in the adrenal glands were undetectable in control animals and in all experimental groups (I).
Since GATA-6 expression did not markedly change during these functional manipulations,
GATA-6 appears not to be hormonally regulated in mice. Rapid changes in expression,
however, could have been missed in the experimental design used. Additionally, GATA-4
was recently shown to be activated by phosphorylation of a serine residue via the cAMP/PKA
pathway when regulating the StAR and inhibin α promoters (Tremblay and Viger, 2003a).
Therefore, it would be important to study whether GATA-6 is activated through cAMP/PKA
or other upstream pathways under hormonal and other stimulation to allow more acute
changes in its action on the target genes.

Figure 8. GATA-6 mRNA levels are
upregulated in NCI-H295R cells with
cAMP stimulation. 28S is shown as a
control for loading. Modified from
Kiiveri et al. (2002).

To gain further insight into the regulation of GATA-6 in the adrenal cortex, a human
adrenocortical cell line, NCI-H295R was used. These cells abundantly expressed GATA-6
mRNA and protein, but no significant amount of GATA-4 (I, IV), when studied by Northern 
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analysis (Table 5, Figure 8), Western blot analysis (data not shown) and
immunohistochemistry (Table 5) (IV). A low level of GATA-4 mRNA could be detected with
RT-PCR in the NCI-H295R cells. For hormonal stimulations the cells were treated either with
(Bu)2cAMP or ACTH. Administration of (Bu)2cAMP resulted in a 3-fold (range 1.9-3.5)
increase in GATA-6 mRNA levels within 2 h (Figure 8) as compared to unstimulated control
cells, whereas GATA-6 mRNA levels were not markedly changed after ACTH stimulation
(Kiiveri et al., 2002). The NCI-H295R cells have, however, lost most of their ACTHR
expression (Jianqi Liu, personal communication) and therefore lacking an ACTH response
does not definitely exclude a regulatory role for ACTH on GATA-6 expression. Upregulated
GATA-6 levels after cAMP exposure in NCI-H295R cells suggest hormonal regulation of
GATA-6 in the human adrenal cortex, but the physiological relevance of this finding in vivo
remains to be established.

GATA transcription factors in NCI cells have also been studied by others. According to these
reports GATA-6 expression was invariably detected in NCI-H295R cells by RT-PCR,
whereas GATA-4 expression was not (Jimenez et al., 2003). Others have been able to detect
GATA-4 in another variant of the cell line, NCI-H295A, also by RT-PCR (Flück and Miller,
2004). This discrepancy probably reflects the very low level of GATA-4 expression, and can
also be due to alterations in the cell lines during the course of time. In conclusion, the
expression pattern of GATA transcription factors in these cells resembles that of normal adult
adrenal cortex, and enables their use for functional studies of these factors.

It has been shown that GATA-6 is downregulated under mitogenic signals in certain cell types
(Suzuki et al., 1996; Nagata et al., 2000). To test if similar phenomena are related to GATA-6
in the adrenal gland, we used an in vivo mouse adrenal regeneration model. Mouse adrenal
cortex has a capacity for complete functional regeneration after enucleation, in which the
remaining subcapsular cortical cells start to divide (Bland et al., 2003). GATA-6 expression
levels did not markedly change during such an experiment (unpublished results). In in vitro
studies we starved NCI-H295R cells using a medium with low (0.1%) serum for three days.
Thereafter normal serum with or without (Bu)2cAMP was added to promote mitosis. GATA-6
levels were downregulated already under starvation, and control GATA-6 levels were not
achieved after the readministration of normal serum as measured by Northern analysis
(unpublished results). (Bu)2cAMP was able to upregulate GATA-6 also in the low serum
atmosphere (unpublished results). These results do not support roles for GATA-6 during
proliferation in the adrenal cortex, and its function in dividing adrenocortical cells remains
unresolved.
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GATA transcription factors in the endocrine organs (I-IV)

GATA transcription factors are involved in several cell types in endocrine organs. They
regulate tissue development, but also act as downstream effectors of hormonal signaling in
steroidogenic tissues. Interestingly, GATA transcription factors have been detected at all
levels of the hypothalamus-pituitary-gonadal/adrenal axis. Specifically, GATA-4 is expressed
in gonadotropin-releasing neurons of the developing mouse (Lawson and Mellon, 1998).
GATA-2 and GATA-3 are expressed in pituitary gonadotrophes and can transactivate the
human gonadotropin α -subunit gene (Steger et al., 1994). In addition, GATA-2 is implicated
in pituitary thyrotropes (Gordon et al., 1997). Outside this axis GATA-6 is expressed in the
differentiated β-cells of the endocrine pancreatic islets (Ketola et al., 2004).

Figure 9. Expression of GATA transcription factors and FOG during adreno-gonadal and
kidney development. For comparison, other factors involved in these developmental steps are shown
in Figure 1. Modified from Morohashi (1997).

During adreno-gonadal development GATA transcription factors are expressed during all
steps starting from the urogenital ridge, often together with their co-factors FOG-1 and FOG-
2 (Figure 9). At some stage of the developmental process GATA-2 is expressed in the ovary
(Siggers et al., 2002), GATA-1 in the testis (Ito et al., 1993) and GATA-3 in the adrenal
cortex (unpublished results), but the family members involved in all these steroidogenic
tissues are GATA-4 and GATA-6. GATA-4 is required for the normal tissue-specific
expression of MIS, which is a key element in male sexual differentiation (Viger et al., 1998;
Watanabe et al., 2000; Anttonen et al., 2003). GATA-4 and GATA-6 are both capable of in
vitro transactivating several steroidogenic promoters, including aromatase and StAR, as well 
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as inhibin α and, to some degree, SF-1 (Tremblay and Viger, 2001). There is accumulating
evidence concerning the synergistic interaction of GATA factors with SF-1 on several
steroidogenic targets, proposing functions for GATA proteins in the cell-specific expression
of steroidogenic enzyme genes in SF-1 expressing tissues. Indeed, a direct interaction
between SF-1 and GATA proteins has also been shown to take place in the context of MIS
gene expression (Tremblay and Viger, 1999).

Figure 10. Proposed mechanism for the acute regulation of StAR gene expression. The binding of
pituitary trophic hormone LH, FSH or ACTH to its respective receptor triggers the activation of the
cAMP/PKA signaling pathway. An activated adenylate cyclase (curve with an arrowhead) increases
the intracellular cAMP production (black circle with a white star). Binding of cAMP to the regulatory
subunit (R) of PKA allows dissociation of the catalytic subunit (C) and its translocation to the nucleus,
where it phosphorylates target transcription factors, such as GATA-4/6. SF-1 is essential for basal
StAR expression and binds Sp1. C/EBPβ (CCAAT-enhancer binding protein) acts in synergy with
GATA-4/6. DAX-1 functions as a repressor for StAR transcription and FOG-2 for GATA activation.
Modified from Manna et.al. (2003) and Tremblay and Viger (2003c).

Novel roles for GATA-4 have emerged in the acute regulation of steroid hormone production.
Earlier experiments focused on expression levels during hormonal exposures, but lately
GATA-4 was discovered to be phosphorylated via the cAMP/PKA pathway leading to the
activation of target genes. A schematic drawing of GATA transcription factors in the
regulatory pathway of the StAR gene is shown in Figure 10. The acute regulation of GATA-6
action may also be regulated by phosphorylation, which has not, however, been studied to
date. Whether the activatory pathways for GATA-4 and GATA-6 in testis, ovary and adrenal 
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cortex are similar is not currently known, but analogous results have been obtained. For
example, StAR and P450c17 are established target genes for GATA-4 and GATA-6, and they
coincide in the androgen producing cells of steoidogenic tissues, supporting conserved
functions in the gonads and adrenal cortex (Ketola et al., 2000; Laitinen et al., 2000; Stocco,
2001; Tremblay and Viger, 2001; Jimenez et al., 2003; Dharia et al., 2004; Flück and Miller,
2004). Additionally, the co-operation of a GATA transcription factor and SF-1 is probably
involved in all these organs.

Reciprocal changes in GATA-4 and GATA-6 expression in hormonally
induced mouse adrenocortical tumors (I, III)

Previous studies have shown that Inhα/SV40Tag transgenic mice subjected to gonadectomy
develop adrenocortical carcinomas in a gonadotropin-dependent fashion (Kananen et al.,
1996; Rilianawati et al., 1998). Adrenal tumors do not develop in non-gonadectomized
transgenic animals or gonadectomized wild-type controls. For this study, Inhα/SV40Tag
transgenic mice were gonadectomized at 21-24 days of age. The first hyperplastic changes in
the adrenal cortex were visible three months after gonadectomy, whereas a significant
increase in adrenal gland weights and carcinomas were first observed at the age of 6 months
(I, III). We analyzed the expression of GATA-4 and GATA-6 at three and five months after
gonadectomy, to assess their possible roles during adrenocortical tumorigenesis.

Tumor RNA extracts were first studied by Northern analysis and surprising results were
obtained. Mouse ACCs in this tumor model expressed high levels of GATA-4, but no GATA-
6 (Table 5) (I). GATA-4 expression was first visible in small hyperplastic patches in the
adrenal cortex, and thereafter abundantly in the whole tumor area as studied by in situ
hybridization and immunohistochemistry (Figure 11) (I, III). Interestingly, in the same ACC
areas there was no significant GATA-6 expression (I, III). A tumor-derived cell line Cα1 also
expressed high levels of GATA-4 mRNA and protein, but no GATA-6 (Table 5) (I, III).
Taken together, these results implicate GATA-4 in adrenocortical tumorigenesis.

Adrenocortical carcinomas in the mouse model examined have opposite expression of
GATA-4 and GATA-6 as compared to normal adrenals, which can be hypothesized to reflect
several mechanisms promoting tumorigenesis. GATA-6 downregulation during tumor
formation may be important, as will be discussed later, in the section "GATA-6 expression is
diminished in human adrenocortical carcinomas". Persistent GATA-4 expression has already
been connected to proliferation and tumorigenesis. In the gonads, GATA-4 is abundantly
expressed in an active proliferative phase in ovarian granulosa and testicular Sertoli cells
(Heikinheimo et al., 1997; Ketola et al., 1999). Both ovarian and testicular sex cord-derived 
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tumors also express GATA-4 (Ketola et al., 2000; Laitinen et al., 2000). Moreover, GATA-4
expression in the ovary is lost during terminal differentiation and apoptosis (Heikinheimo et
al., 1997). Analogously, the transient expression in the fetal adrenal cortex could indicate a
role for GATA-4 in less differentiated cells with mitogenic potential, in which case its
reappearance during tumorigenesis could give the cells a growth advantage. For example,
IGF-II shows a comparable expression pattern with high expression in the fetal, but not adult,
adrenal cortex and frequent expression in ACCs (Boulle et al., 1998; Rainey et al., 2001).
Enhanced GATA-4 expression can also indicate an escape from the normal control
mechanisms of the well-differentiated adult adrenocortical cells.

High gonadotropin levels play a critical role in facilitating the appearance of tumors in the
mouse model we have used. Several other animal models of post-castrational adrenocortical
tumors already exist, and in some the involvement of GATA transcription factors have also
been studied. The inbred strain of DBA/2J mice forms hyperplastic patches and adenomas
(Feteke et al., 1941; Woolley et al., 1941) which also express GATA-4 (Bielinska et al.,
2003). Additionally, most adrenocortical tumors in castrated domestic ferrets express GATA-
4, which was shown to work as a marker of anaplastic cells in these tumors (Peterson et al.,
2004b). During regeneration following enucleation of the mouse adrenal gland the remaining
subcapsular cells start to divide and form a functional adrenal cortex (Bland et al., 2003).
Although this process starts from the subcapsular region, such as the gonadotropin-dependent
hyperplastic changes, these regenerating adrenal glands do not express GATA-4 (unpublished
results). This indicates a different growth regulatory pathway under ACTH stimulation
(regeneration) as compared to LH-dependent cell proliferation (I, II) (Bielinska et al., 2003),
and suggests roles for GATA-4 in the latter.

We have been able to test whether GATA-4 is sufficient for driving tumorigenesis in the
mouse adrenal cortex. FVB/N mice, which are not normally prone to developing
adrenocortical tumors after gonadectomy, were forced to ectopically express GATA-4 in the
adrenal cortex under the steroid 21-hydroxylase promoter. Preliminary results demonstrate
that these mice develop small subcapsular hyperplastic patches resembling those of DBA
mice, but not ACCs (Parviainen et al., unpublished results). These results indicate that
GATA-4 alone is sufficient in driving benign, but not malignant, changes to the adrenal
cortex. Some other factor/factors, such as the viral oncogene SV40Tag (Inhα/SV40Tag mice),
missing tumor suppressor action of inhibin α (inhibin α knockout mice) or some genetic
alteration and predisposition (CE strain of mice), is/are likely needed for overt carcinogenesis
(Figure 11). In conclusion, there are several models for adrenocortical tumors driven by high
circulating gonadotropin levels, and GATA-4 appears to be one of the regulatory factors in
this process.
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Figure 11. Adrenocortical
tumorigenesis in
gonadectomized mice.
A-C. Adrenocortical tumor tissue in
an Inhα/SV40Tag transgenic mouse
has high GATA-4 (A, B) and low
GATA-6 (C, D) mRNA level as
analyzed by in situ hybridization.
Hyperplastic process with type A
cells grows centripetally from the
subcortical region (arrows). Tumor
formation starts in the adjacent X-
zonal area (circle). Bright (A, C) and
dark (B, D) field views are shown.
m, medulla.

E-F. Double immunohistochemistry
shows the partly overlapping
expression of GATA-4 (gray nuclear
color) and LHR (brown cytoplasmic
color) in a female Inhα/SV40Tag
transgenic mouse three months after
gonadectomy. Framed area in E
indicates the tumor tissue shown with
higher magnification in F. bar = 50
µm.

G. Schematic drawing of the cell types and their localization in gonadectomized mice during tumor formation.
The expression of GATA transcription factors and some of their suggested target genes are also shown (I, III,
Bielinska et al., 2003).

H     PROMOTION I N

H. Known factors affecting tumor formation in gonadectomized m
enhancing or inhibiting tumor progression (I, III, Dunn, 1970; Ma
Rilianawati et al., 1998; Bielinska et al., 2003).

Female sex
Genetic background (e.g. CE)
Pituitary gonadotropes
Prolactin
NHIBITIO
Male sex
Androgen
Estrogen
Inhibin α
ice according to their function in either
tzuk et al., 1992; Matzuk et al., 1994;

Activin



RESULTS AND DISCUSSION

55

Relationship between GATA-4 and luteinizing hormone receptor in mice (I,
III)

The adrenal tumors in Inhα/SV40Tag mice and the tumor-derived cell line Cα1 both express
functional LHR (Rilianawati et al., 1998). Cα1 cells are stimulated to proliferate by treatment
with hCG, as well as progesterone, testosterone and estradiol. GATA-4 is also upregulated by
hCG in Leydig cells (Ketola et al., 1999). Given that GATA-4 and LHR are both expressed in
the ACCs of the Inhα/SV40Tag mice and Cα1 cell line, we wanted to explore the possible
interactions of these factors in the mouse model of adrenocortical tumorigenesis.

hCG stimulation in the Cα1 cells resulted in a dose-dependent increase in the expression of
GATA-4 and LHR mRNA (III, Fig. 5). To assess the temporal and spatial relationship of
GATA-4 and LHR during adrenocortical tumorigenesis several methods were used. GATA-4
and LHR mRNA were first visible at six months of age with Northern hybridization (III, Fig.
1). In situ hybridization showed GATA-4 and LHR mRNA signal in a small hyperplastic area
already at the age of four months (III, Fig. 2). In the tumor tissue, GATA-4 and LHR mRNAs
localized to the same regions in serial sections. The temporal expression pattern at the age of
four months (three months after gonadectomy) was further characterized with RT-
PCR/Southern hybridization, which detected messages simultaneously for both GATA-4 and
LHR (III, Fig. 3). Double immunohistochemistry was performed to detect the possible
expression of these two factors in the very same cells,. Most, but not all, GATA-4 positive
cells also stained for LHR protein during tumorigenesis (Figure 11) (III, Fig. 4). Additionally,
LHR positive but GATA-4 negative cells were seen. Most of the cells in the carcinomas
expressed both GATA-4 and LHR (III, Fig. 4).

The mouse LHR promoter region harbors one putative GATA consensus recognition site,
which is located between nucleotides -1557 to -1560 (Huhtaniemi et al., 1992). We tested the
functionality of this site first by transfecting two different cell lines with increasing doses of a
GATA-4 expression plasmid (III, Fig. 5). Clear upregulation of the LHR message was seen in
murine Leydig tumor cells, mLTC-1, but not in the Cα1 cells. In transactivation studies
GATA-4, but not GATA-6, was able to transactivate the LHR-promoter in all other cell lines,
but not in Cα1 (III, Fig. 6). Mutation of the GATA site totally abolished this activation (III,
Fig. 8). Additionally, GATA-4 was able to bind to the GATA consensus sequence in the LHR
promoter in an EMSA experiment (III, Fig. 10). The poor response of LHR expression to
GATA-4 stimulation in the Cα1 cells was thought to be due to either the poor transfection
efficiency of the Cα1 cells, and/or their high endogenous GATA-4 mRNA expression. To
overcome the latter, endogenous GATA-4 was downregulated with a siRNA experiment, and
improvement in the LHR promoter activation was observed thereafter (III, data not shown). 
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Additionally, hCG stimulation transactivated the intact LHR promoter, but not the promoter
with a mutated GATA site, suggesting roles for GATA-4 specifically in stimulated, but not
basal, LHR expression (III, Fig. 9).

Our results implicate GATA-4 as one of the regulators of LHR, and this interaction is likely
downstream from LH/hCG stimulation. This regulatory pathway may be important in the
gonads, where GATA-4 and LHR are coexpressed in testicular Leydig cells and ovarian theca
cells (Heikinheimo et al., 1997; Hämäläinen et al., 1999; Ketola et al., 1999; Hämäläinen et
al., 2001). There are also studies indicating LHR expression in the fetal adrenal glands
(Abdallah et al., 2004), which is the period of adrenocortical GATA-4 expression.
Interestingly, the hyperplastic adrenocortical cells under gonadotropin stimulation in mice are
thought to represent metaplasia, in which the cells transform into tissue resembling gonadal
stroma (Feteke et al., 1941; Woolley et al., 1941). These cells express GATA-4 (Bielinska et
al., 2003), which may have a role in the process of gonadotropin-induced adrenal metaplasia.

In several adrenal tumor models, other than the Inhα/SV40Tag mice described above, GATA-
4 and LHR have been shown to co-appear. The adrenal glands of six-month-old bLHβ-CTP
female mice with chronically elevated LH levels express both GATA-4 and LHR (III, Fig. 3).
These factors are also expressed in sex steroid-producing B-cells in the hyperplastic patches
of the gonadectomized DBA/2J mice (Bielinska et al., 2003). LH and LHR have a role in the
pathogenesis of adrenocortical hyperfunction in neutered ferrets (Schoemaker et al., 2002),
and adrenocortical tumors in these animals frequently express both GATA-4 and LHR
(Peterson et al., 2004). These results suggest that GATA-4 is one of the regulators of LHR,
but it is probably not required for basal LHR expression. To summarize, hCG/LH, GATA-4
and LHR are expected to operate in common pathways in normal endocrine cells. In addition,
evidence for their inter-relationship during adrenocortical tumorigenesis is accumulating.

Adrenocortical changes can be induced with elevated LH levels in various mice, as previously
discussed. It is still, however, controversial whether some gonadal factors are also necessary
for tumor formation (Figure 11). For example, activin and inhibin secretion have been shown
to influence adrenocortical tumorigenesis (Matzuk et al., 1994; Beuschlein et al., 2003).
Inhibin α-deficient mice develop adrenal tumors starting from the X-zone after gonadectomy,
but only hyperplastic changes appear when these mice are crossed with the bLHβ-CTP (high
LH) mice. Additionally, only female bLHβ-CTP mice exhibit signs of cortical stimulation,
and LHR expression in these mice is further dependent on elevated prolactin secretion (Kero
et al., 2000). In Inhα/SV40Tag mice LH is sufficient for driving tumorigenesis, as shown by
crossing these mice with bLHβ-CTP mice (Mikola et al., 2003). In the tumors from these
double transgenic mice, the high GATA-4 expression, detectable LHR and downregulated 
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GATA-6 pattern is comparable to that in gonadectomized Inhα/SV40Tag mice (unpublished
results). All in all, tumor formation in these models is a complex process, in which the strain
and sex of the mice adds to the actions of hormonal regulators. GATA-4 and LHR are likely
mediators in some of these pathways leading to tumor formation.

GATA-4 is also expressed in a proportion of human adrenocortical tumors
(I)

We have analyzed the expression of GATA-4 also in human adrenocortical tumors. A small
proportion of adrenocortical adenomas and carcinomas expressed GATA-4 mRNA or protein
as detected with RT-PCR (Table 6), Northern analysis and/or immunohistochemistry
(unpublished results) (I). GATA-4 expression in the tumors did not associate with malignancy
or a specific hormonal profile. Since GATA-4 is expressed in the human fetal adrenal gland
(II), it might well be functional in adrenal tumors. Whether it is involved in proliferation or
steroidogenesis needs further investigation, and its role may not be constant in the
heterogeneous group of adrenocortical tumors. We have also examined the connections of
GATA-4 and LHR in human tumor samples. With RT-PCR, 50% of benign and 18% of
malignant adrenocortical tumors were positive for LHR (Table 6) (Kero, Kiiveri et al.,
unpublished results). Interestingly, most of the Conn's adenomas were LHR positive. After
all, the expression of LHR did not coincide with GATA-4, indicating different regulatory
pathways for LHR expression in human tumors than in the animal models. This notion is
further supported by one report of LHR expression in the zona reticularis and inner part of
zona fasciculata of normal human adrenal cortex, overlapping with GATA-6 rather than
GATA-4 expression (Pabon et al., 1996). Cases of LH-regulated human adrenocortical tumors
expressing LHR have also been reported. These tumors are steroidogenically active and
secrete cortisol and/or sex steroids (Leinonen et al., 1991; Feelders et al., 2003; Goodarzi et
al., 2003). The high proportion of LHR-expressing benign tumors in our preliminary data is
intriguing. Adrenal incidentalomas appear along with advancing age, and upregulated LH
levels, especially in postmenopausal women, may play a role in this process similarly to that
in animal models. The association of LHR expression to benign adrenocortical tumors was
recently published by a Brazilian group, and they found no correlation with GATA-4
expression (Barbosa et al., 2004). To summarize, in mice and ferrets the expression of
GATA-4 and LHR indicate altered regulatory pathways of growth and function in the adrenal
cortex. Whether these factors have similar roles in human adrenal tumors, remains to be
established.
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Table 6. Clinical and histological data of the human adrenocortical tumors. The number of
samples is shown as the total number of female (F) and male (M) patients. Mean age, Weiss score and
results of Northern blot analysis (NB) and immunohistochemistry with several markers are shown.
PCR results are shown as the number of positive samples per total number of analyzed specimens.
Abbreviations G6, GATA-6; G4, GATA-4 (IV and unpublished data).

Histology Patient Weiss NB Immunohistochemistry PCR

Sex Age G6 G6 SF-1 p21 Ki67 G4 LHR

F/M % % % % +/total +/total
Adenoma

Nonfunctional 4/1 65 0.6 1.6 60 20 11 1 1/4 0/4
Conn's 4/4 49 0.6 0.9 54 39 5 1 1/6 5/6

Cushing's 5/1 53 0.6 0.9 44 32 11 1 3/5 2/5
Virilizing 3/0 32 2.3 0.6 50 67 38 2 1/3 2/3

Carcinoma
Nonfunctional 1/5 59 6.7 0.6 14 21 23 29 1/3 0/3

Conn's 2/1 66 5.7 0.7 27 0 12 20 0/1 0/1
Cushing's 3/2 41 5.5 0.8 23 8 29 15 1/4 1/4
Virilizing 2/1 29 5.7 1.0 77 55 42 23 1/3 1/3

GATA-6 expression is diminished in nonvirilizing human adrenocortical
carcinomas (IV)

The expression of GATA-6 transcription factor is high in the fetal and adult adrenal cortex
and is markedly downregulated in mouse ACCs. Therefore it was of interest to study its
expression pattern in human adrenocortical tumors. GATA-6 has been suggested to have roles
in adrenal androgen synthesis (Jimenez et al., 2003), and we classified the tumors according
to their hormone production. GATA-6 protein expression was first analyzed by
immunohistochemistry, and the mean expression levels of each tumor group are shown in
Table 6. The number of GATA-6 positive cells was remarkably lower in carcinomas than in
adenomas in all but androgen-producing tumors, and the difference between adenomas and
carcinomas was statistically significant (p<0.05) (IV). Similar results were obtained for
GATA-6 mRNA levels as analyzed by Northern blots, although the difference between
adenomas and carcinomas were not statistically significant. This was probably due to the
smaller number of available mRNA samples than tissue sections, since the results obtained
with these two methods from a given tumor were comparable. We also wanted to see whether
the downregulation of GATA-6 expression in carcinomas relates to the malignant behavior of
these tumors. The Weiss's histologic criteria (scores 0-9) are an acknowledged tool for
grading malignancy and prognosis in human adrenocortical tumors (Wajchenberg et al., 2000;
Lucon et al., 2002). Reflecting the difference between adenomas and carcinomas, GATA-6
levels were significantly higher in the tumors having a Weiss score 1-3 than in those with a
Weiss score 4-9 (p<0.05) (Table 6) (IV).
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Several GATA factors have been connected to malignant transformation in recent studies.
Specifically, GATA-4 expression is lost in most serous, but retained in mucinous, ovarian
carcinomas (Lassus et al., 2001), whereas amplification of the GATA-4 coding region is seen
in some esophageal and gastric adenocarcinomas (Lin et al., 2000). The loss of wildtype
GATA1 constitutes one step in the pathogenesis of acute megakaryoblastic leukemia in Down
syndrome (Wechsler et al., 2002), and acquired mutations in GATA1 have been detected in
the vast majority of patients with a transient myeloproliferative disorder, a premalignant
condition (Gurbuxani et al., 2004). In vitro mouse erythroleukemia cells can be triggered to
differentiate and lose their tumorigenicity by addition of an active form of GATA-1 (Choe et
al., 2003). Additionally, GATA-3 downregulation has been indicated in cervical
carcinogenesis (Steenbergen et al., 2002), and GATA-6 function is lost in 82% of ovarian
epithelial tumors in correlation with the degree of dedifferentiation (Capo-Chichi et al., 2003).
Since an active role for GATA proteins during carcinogenesis is supported by these studies,
the altered GATA-6 expression in human ACCs may reflect a role for this transcription factor
during adrenocortical tumorigenesis. GATA-6 can not currently be considered as a real tumor
suppressor, but we suggest that GATA-6 is involved in the maintenance of the benign well-
differentiated phenotype of the adrenal cortex.

GATA-6 has been linked to cell proliferation and cyclin-dependent kinase inhibitor p21 in
some non-steroidogenic cell lines (Perlman et al., 1998; Nagata et al., 2000). Accordingly,
GATA-6 was shown to be downregulated under mitogen activation, and overexpression of
GATA-6 induced cell cycle arrest in association with upregulation of p21. We wanted to see
if similar phenomena are related to diminished GATA-6 expression in our ACC samples, and
therefore detected expression of p21 and the Ki67 proliferation marker in the tumor samples.
p21 and Ki67 were both significantly upregulated in ACCs as compared to adenomas
(p<0.05) (Table 6) (IV), a result analogous to those of previous reports (Stojadinovic et al.,
2002). No inverse correlation between p21 or Ki67 and GATA-6 was observed, but possible
relations can be masked by high GATA-6 expression in virilizing carcinomas. The association
of diminished GATA-6 expression with proliferation in the adrenal cortex is further opposed
by the fact that GATA-6 is highly expressed in the human fetal adrenal cortex, which has high
mitotic activity (II). Also, we could not observe changes in GATA-6 expression upon
stimulation to proliferate in the NCI-H295R adrenal cells (unpublished results). Additionally,
GATA-6 had no link to proliferation or apoptosis in the human testis (Ketola et al., 2003). In
conclusion, our findings show a clear downregulation of GATA-6 in ACCs when compared to
normal adrenal and benign adrenocortical tumors, but whether the altered expression is related
to proliferation, dedifferentiation or apoptosis awaits further studies.
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One of the most intriguing findings in the tumor analysis was high GATA-6 expression in
virilizing ACCs (Table 6) (IV). Possible functions for GATA-6 in adrenal androgen
production were already suggested by prominent expression in the zona reticularis (II).
Moreover, GATA-6 in synergy with SF-1 actually transactivates the promoters of several
steroidogenic enzymes including, StAR, P450scc, P450c17 and SULT2A1, in the DHEA and
DHEAS production pathways (Jimenez et al., 2003). GATA factors have previously been
linked to SF-1 in the regulation of several other gonadal target genes (Tremblay and Viger,
1999; 2001), and therefore we examined SF-1 protein expression in our tumor series. The
expression levels of GATA-6 and SF-1 correlated significantly (p<0.05) (IV), supporting a
functional link between these two factors also in human adrenal tumors. Since virilizing and
nonvirilizing tumors differed from each other as to their GATA-6 expression, we explored
GATA-6 expression in one sex steroid-producing, NCI-H295R (Rainey et al., 1993), and one
non-producing, ACT-1 (Ueno et al., 2001), cell line. Both of these cell lines expressed
GATA-6 protein (IV), which suggests that GATA-6 alone does not promote adrenal androgen
synthesis. All in all, GATA-6 transcription factor has important roles in the adrenal cortex,
presumably acting in concert with SF-1 to promote steroid hormone production and thus
creating the phenotype of an adrenocortical cell.
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CONCLUSIONS AND FUTURE PESPECTIVES

The present study explored the expression of GATA transcription factors in the normal and
neoplastic adrenal cortex of mice and humans. Based on the results presented in this thesis,
the main conclusions are:

1. GATA-4 is expressed in the fetal, but not adult, mouse and human adrenal cortex. It is,
however, not essential for early adrenocortical differentiation in mice. Its expression pattern
indicates roles related to fetal adrenal gene regulation and proliferation. GATA-6, on the other
hand, is highly expressed throughout adrenal development in both mice and humans. In the
human adult adrenal cortex GATA-6 is expressed predominantly in zona fasciculata and
reticularis. These and earlier results suggest functions for GATA-6 during development and
as one of the regulators of adrenocortical steroidogenesis.

2. In the gonadotropin-dependent adrenocortical tumors of the Inhα/SV40Tag transgenic mice
the expression of GATA-4 and GATA-6 is strikingly divergent from normal adrenal glands.
In these tumors and in a tumor-derived cell line GATA-4 mRNA and protein expression is
dramatically upregulated, whereas GATA-6 expression is absent. GATA-4 is implicated
during tumor formation, thus in the less differentiated proliferating cells, possibly giving the
malignant cells a growth advantage.

3. GATA-4 and LHR are both expressed in adrenocortical tumors of transgenic mice. hCG
upregulates GATA-4 and LHR expression in a dose-dependent manner. GATA-4 has roles in
the induced, but not basal, regulation of the LHR promoter in adrenocortical tumor cells.

4. GATA-4 mRNA is expressed in a small proportion of human adenomas and carcinomas,
whereas most express GATA-6 mRNA. Notably, GATA-6 protein immunoreactivity is
significantly diminished in all but virilizing human adrenocortical carcinomas but not
adenomas. Additionally, GATA-6 expression correlates with SF-1, but has no association
with cell proliferation. These results indicate that GATA-6 may be involved in the
maintenance of the benign, well-differentiated phenotype of human adrenocortical cells. The
failure to express GATA-6 may be an important stage for the escape of tumor cells from
normal control mechanisms.
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Unraveling the above mentioned molecular mechanisms of normal and abnormal
adrenocortical development may enable the development of new diagnostic and therapeutic
tools also in the human adrenal disease. In the future, mouse studies should be continued to
assess the importance of GATA-6 for normal establishment of the adrenal cortex during
embryogenesis. Additionally, the possible roles of GATA-6 in the maturation of the three
zones of the human adrenal cortex during the first years of life and in normal and
dysfunctional adrenarche would be of interest to evaluate. Given the fundamental roles for
GATA transcription factors in other tissues, it is expected that impaired GATA-4 and/or
GATA-6 function will be found in some human diseases with defective adrenocortical
function.
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