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1 ORIGINAL PUBLICATIONS

Thisthesisisbased on thefollowing original publications, which arereferred toin thetext by their
Roman numerals:

1) Ketolal, Rahman N, Toppari J, Bielinska M, Porter-Tinge SB, Tapanainen JS, Huhtaniemi IT,
Wilson DB and Heikinheimo M. Expression and regulation of transcription factors GATA-4 and
GATA-6in developing mousetestis. Endocrinology 1999 140:1470-1480.

I1) Ketolal, PentikéinenV, Vaskivuo T, llvesméki V, HervaR, Dunkel L, Tapanainen JS, Toppari J
and Heikinheimo M. Expression of transcription factor GATA-4 during human testicular
development and disease. Journal of Clinical Endocrinology and M etabolism 2000 85:3925-3931.

I11) Ketolal, Anttonen M, Vaskivuo T, Tapanainen JS, Toppari Jand Heikinheimo M. Developmental
expression and spermatogenic stage specificity of transcription factors GATA-1 and GATA-4 and
their cofactors FOG-1 and FOG-2 in the mouse testis. European Journal of Endocrinology 2002
147:397-406.

IV) Ketolal, Toppari J, Vaskivuo T, Herva R, Tapanainen JS and Heikinheimo M. Transcription
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fetal testis. Journal of Clinical Endocrinology and Metabolism, in press.

In addition, some unpublished data are presented.
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ABSTRACT

3 ABSTRACT

Members of the GATA family of zinc-finger transcription factors are expressed in a variety of
tissues. They are well conserved through evolution and are considered to play critical rolesin
regulating the development and function of several organisms from flies to mammals. The six
members of the GATA family are called GATA-1to GATA-6. They share high structural homology
among their zinc-finger regionsthat are functionally indispensable. Friends of GATA, FOG-1 and
FOG-2, aremultitype zinc-finger proteinsthat modulate the transcriptional activity of GATA factors.

GATA factors are essential for hematopoiesis, ventral morphogenesis, heart development, and
endoderm formation. GATA-1, GATA-4, GATA-6 and their cofactors FOG-1 and FOG-2 are expressed
inthe gonads. In humansand in experimental animal studiesthey have been linked to hematological
diseases and tumor formation. Given the devel opmentally non-redundant role of GATA-1, GATA-
4, and GATA-6 and their cofactors FOG-1 and FOG-2, and their abundant expression in gonads,
this study aimed to further evaluate their role in testicular development and function.

GATA and FOG mRNAs and proteins were detected by Northern and Western blotting, and
temporospatial expression was studied by use of mMRNA in situ hybridization and
immunohistochemistry. Cell cultureswere employed in order to study in vitro hormonal regulation.
Testicular samplesfrom genetically hypogonadal mice, after GnRH receptor antagoni st-treatment
and after chemical abolition of Leydig cells, served for the study of hormonal regulationinvivo.
The gene activation studies utilized in vitro co-transfections.

Transcription factor GATA-4 and FOG-2 were expressed in the undifferentiated mouse urogenital
ridge, implying arolefor them even during the earliest stages of testicular development. Expression
of GATA-4 persisted in Sertoli and Leydig cells throughout the fetal and postnatal devel opment.
Gonadotropins and androgens regulated GATA-4, but their action was not required for basal
expression of GATA-4 at any time of development. GATA-4 regulated theinhibin o genethatisa
crucial hormone subunit for proper spermatogenesis. Human Sertoli and Leydig cell tumors
exhibited robust GATA-4 expression, suggesting arolefor GATA-4in tumorigenesisor in associated
processes such as enhanced cell proliferation. FOG-2 expression ceased infetal testis, but became
upregulated in the somatic cells of the newborn testis. L ater, along with advancing spermatogenesis,
FOG-2 was downregulated in somatic cells, but its expression reappeared stage-specificaly in
germcells.

In human fetal testis, the expression pattern of GATA-6 partially overlapped with that of GATA-4.
Differencesin the expression of these related factors may reflect distinct functionsin the human
testis. The early expression of GATA-6 suggeststhat it may play arolein testicular differentiation.



ABSTRACT

GATA-1wasnot expressed in mousefetal testis. In contrast, FOG-1 was expressed in fetal Sertoli
cells, indicating that it may act asacofactor for GATA-4 during latefetal testicular development.
Postnatally, GATA-1 and FOG-1 were co-expressed in Sertoli cells. Inadult testis, their expression
was stage-specific, whereas the expression of GATA-4 was constant regardl ess of the stage of the
spermatogenetic wave. Thus, in mouse postnatal testis, FOG-1 most likely modulates the
transcriptional activity of GATA-1.

In conclusion, testicular GATA factorsare expressed in adistinct, but partially overlapping manner
during testicular development from thefetal period to adulthood. GATA-4 ishormonally regul ated
and regulates the inhibin o gene. The expression pattern of testicular GATA factors suggests that
they areimportant regulators of testicular devel opment and function. FOG-1 and FOG-2 arelikely
to modulate their actions.
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4 INTRODUCTION

Precise gene expression isthe basic requirement for development and growth of living organisms.
Our genetic information is stored in DNA, which is replicated in order to perpetuate genetic
material from one generation to the next. Gene expressionisthetransformation of DNA information
into functional molecules. Transcription, synthesisof RNA from aDNA template, isthefirst stage
of gene expression and the principal stage at which it is controlled. Transcription factors are
proteins that regulate transcription through complex mechanisms.

The membersof the GATA family of transcription factorsare regulatory proteinsthat control gene
expression and developmental processes in various tissues. They are well conserved through
evolution from yeast to mammals. Vertebrates possess six known GATA factors, GATA-1 to
GATA-6. These are essential for normal hematopoiesis, heart development, and lung and gut
morphogenesis. They are expressed in adistinct but partially overlapping manner in anumber of
tissues, including the gonads. Function of the GATA factors is modulated by their interaction
with other transcription factors, transcriptional co-activators, and co-repressors. The FOG proteins
FOG-1 and FOG-2, as the best characterized group of cofactors, either enhance or repress the
activity of GATA factors depending on cellular context. Besides evolutionarily conserved
expression patterns, GATA and FOG proteinsregul ate gene expression in afunctional ly conserved
manner.

Inall vertebrates gonadal development isremarkably similar. Development of thetestis or ovary
from abipotential gonadal primordium is a process common to mammals, birds, and reptiles. In
mammals, several genes are known to be important for sex determination. Among these, the Y -
linked testis-determining gene SRY determinesthe sexual fate. The presence of SRY inthegenital
ridge triggers a differentiation cascade that eventually results in testis development. Mutations
that adversely affect the function of SRY protein are responsible for disorders associated with
mal e-to-femal e sex reversal. Genetic analyses of human gonadal dysgenesis and animal studies
haverevesl ed that sex determination resultsfrom acomplex interplay between anumber of different
genes.

Following sex determination, fetal testis produces hormonesthat ensure devel opment of the male-
type ductal system and external genitalia. At puberty, major morphological changes occur within
the testis. Supportive cells, namely Sertoli cells, proliferate, testes grow in size, and steroid-
producing Leydig cells mature, reactivating the production of testosterone. These changes are
aimed at facilitating germ cell proliferation and subsequent sperm production. Under theinfluence
of gonadotropin-releasing hormone (GnRH), the pituitary gonadotropins FHS and L H regul ate the
postnatal function of testes. Inhibin, secreted from Sertoli cells, and testosterone, aswell, inhibit
by feedback mechanism gonadotropin secretion.

11
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Geneexpression data provide an important resource for defining gene function and for identifying
hierarchies and networks of genes that regulate specific developmental programs. Testicular
development isatightly regulated process, requiring temporally and spatially controlled expression
of anumber of genes. Those genes act in concert in a manner that subsequently results in the
adult-type, functionally mature testis. GATA factors are involved in various developmental
processes. The study assessed the expression of gonadal GATA proteins and their cofactors
during testicul ar devel opment and studied their expression during normal development aswell in
developmental testicular diseases and in tumors.

12



REVIEW OF THE LITERATURE

5 REVIEW OF THE LITERATURE
5.1 Testicular Development and Function

The gonad arises as an identical primordium in all embryos and has the capacity to develop into
either testisor ovary. The sex chromosomes control differentiation of the gonads. In mammals, the
genetic sex of theembryoisestablished at fertilization with theinheritance of an X or Y chromosome
from the father. Gonads of an XY individual develop as testes and those of XX as ovaries. The
development of the internal genitalia duct system and external genitalia is determined by the
hormones and hormone-like substances produced by the developing gonads. Testosterone and
M{llerianinhibiting substance (M1S, also known as anti-M iillerian hormone, AMH), both secreted
by thefetal testis, are needed for devel opment of the male phenotype. Absence of these hormones
leadsto female-type sexual differentiation (Figure 1).

The testis is comprised of four cell lineages: the germ cells, connective tissue cells, steroid-
producing cells, and supporting cells such as Sertoli and myoid cells. Sertoli and germ cells
surrounded by myoid cells form seminiferous tubules in which the spermatogenesis takes place.
Before puberty, they are called testicular cords. In the interstitium, between the tubules, Leydig
cellsarethe steroid-producing cells (Figure 2).

5.1.1 Fetal period

The gonads appear as a paired structure within the intermediate mesoderm. Thisregion is called
the urogenital ridge and gives rise to the adrenals, kidneys, and gonads. The sub-region of the
urogenital ridge wherethe gonad arisesis called the genital ridge (Capel 2000). The epithelium of
the coelomic cavity lines the urogenital ridges and serves as the source of multiple gonadal cell
lineages (Karl and Capel 1998, Schmahl et al. 2000). The ductal system arises from a structure
adjacent to the genital ridge called mesonephros that regresses during embryonal development, in
the mouse by the embryonal day (E) 12.5.1nthe mouse, primordia germ cells (PGCs) arefirst seen
intheyolk sec at E7 (Ginsburg et a. 1990). The exact cellular origin of PGCsisunknown. Their
ancestors are thought to arise from apool of epiblast cellsat E5-6.5. PGCs migrate to the gonadal
part of the urogenital ridge and enter that area between E9.5 and E11, and they may contribute to
Sertoli cell differentiation (Adamsand McL aren 2002). Primordial germ cellsproliferate mitotically,
yielding a total of about 20 000 cells from the initial pool of 50 cells (McLaren 2000). PGCs
differentiate to gonocytes (prespermatogonia) that undergo mitotic arrest until birth when they
resume proliferation (Sutton 2000, de Rooij 2001).

13
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Figure 1. Development of the internal genitalia of the male and female from indifferent gonadal
primordia. Fetal testes produce MIS and testosterone. MIS causes the regression of Mdllerian ducts, and
testosterone and its derivative dihydrotestosterone are required for the development of male-type external
genitalia(Rey and Picard 1998).

Male and female mouse genital ridgesare morphologically identical at E11. During that time, cells
of the coelomic epithelium proliferate intensively and migrate into the undifferentiated gonad.
Those cellsdifferentiateto Sertoli cellsthat surround germ cellsto form testicular cords (Karl and
Capel 1998). After theinitial cord formation at E12.5, it is possible to distinguish the sex of an
embryo by morphology (Kaufman and Bard 1999). Sertoli cellsare believed to act asthe organizing
center of the male gonad, and are essential for normal fetal testicular development (Magre and Jost
1984, Magreand Jost 1991, Buehr et al. 1993, Martineau et al. 1997, Merchant-L ariosand Moreno-
Mendoza 1998, Schmahl et al. 2000, Yao and Capel 2002). Leydig cell precursorsoriginate from the
adjacent mesonephros and migrate into the genital ridge by E11.5 (Buehr et al. 1993, Merchant-
Lariosand Moreno-Mendoza 1998), or they are derived from the cells of the coelomic epithelium
(Karl and Capel 1998, Yao and Capel 2002).
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Table 1. Timeline for mouse and human testis differ entiation. (Data from Carlson 1999, Kaufman and
Bard 1999).

Mouse, Day =~ Human, Week Stage of testicular development
E9.5-11 4-6 Primordial germ cells migrate from yolk sac to posterior
body wall, where they induce formation of genital ridges.

Ell 6 Cells from coelomic epithelium and mesonephros
proliferate and form the sex cords surrounding germ cells.
Genital ridges sexually indifferent.

El12.5 7-8 Sertoli and germ cells form testis cords (seminiferous
tubules in adult). Leydig cells differentiate. Testicular
morphology recognizable.

E13.5 7 Descent of testes and differentiation of external genitalia
begin, completed during the 7™ to 9™ months.
Testicular descent of mice completed postnatally.

The mesonephros regresses during embryonal development. In males, however, it gives rise to
retetestis, epididymis, and mesonephric (Wolffian) ducts. Theretetestisformsacollecting drainage
system continuous with the testicular cords (seminiferous tubulesin the adult). The mesonephric
(Wolffian) ducts give rise to the epididymis and other ducts which are needed for maturation,
nutrients, fluid, and delivery of sperm (Sainio et al. 1997). Testosterone produced by Leydig cells
promotesthe differentiation of Wolffian-duct derivatives (Rey and Picard 1998). The Sertoli-cell
product MIS induces the regression of paramesonephric (Mllerian) ducts, which are the
progenitors of female oviducts, uterus, and the upper portion of the vagina (Figure 1) (Behringer
etal.1994).

Thetestisisdifferentiated, and testicular morphology isclearly recognizable by E13.5. Thetestes,
still situated in the upper lumbar region, begin to descend, guided by gubernaculum testisinto the
pelvis and eventually into the scrotum (Hutson 1985, Hutson et al. 1997, Kubota et al. 2002).
Around E14.5, testisis encapsul ated by the fibrous tunicaalbuginea, and the external genitaliaare
differentiating. By E17.5, the testes and internal genital duct system are similar to those in the
newborn (Kaufman and Bard 1999, Kaufman 2001) (Table 1).

5.1.2 Postnatal period

Thetestis of anewborn or an infant is afunctionally immature organ. Postnatal development of
the testisaims at a functionally/sexually mature organ capable of producing spermazoa (sperm)
and testosterone.

During the postnatal period, the number of Sertoli cells increases significantly. Sertoli cell
proliferation is most active at puberty, and by adulthood, fully differentiated Sertoli cellsfinally
cease proliferation (Orth 1982, Corteset al. 1987, Vergouwen et al. 1991, Vergouwen et al. 1993,

15
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Sharpe et al. 2000). They are essential for spermatogenesis, and their proliferationis required to
providethestructural and functional framework over which germ cellswill subsequently proliferate
and differentiate (Griswold 1998, Chemes 2001). Immediately after birth, gonocytes differentiate
into spermatogonia. At puberty, spermatogenesis begins, and spermatogonia differentiate into
mature spermatozoa(Figure 2) (de Kretser et al. 1998, de Rooij 2001). The number of Leydig cells
remainsfairly constant from thelate fetal period throughout infancy. In early puberty, Leydig cells
initiate their proliferation and differentiate into mature adult-type testosterone-producing cells
(Nistal etal. 1986, Habert et al. 2001).

Themain regulators of testicular function are gonadotropins, follicle stimulating hormone (FSH)
and luteinizing hormone (LH) (Figure 3). These are secreted from the pituitary gland under the
control of hypothal amic gonadotropin-rel easing hormone (GnRH) (Griffin and Wilson 1998). Sertoli
cellsarethemaintargetsof FSH, and LH actson Leydig cells. Thefetal devel opment of Sertoli and
Leydig cells is independent of gonadotropins. Postnatally, gonadotropins stimulate Sertoli
proliferation and are essential for normal differentiation and proliferation of adult-type Leydig
cells(Orth 1984, Baker and O’ Shaughnessy 2001, Heckert and Griswold 2002).

LH stimulates Leydig cells to produce testosterone that is needed for normal spermatogenesis
(O'Donnell etal. 1996, McLachlan et al. 2002). Theeffect of testosterone and some other regulatory
factors on spermatogenesis occurs through Sertoli cells; disruption of Sertoli cell-germ cell
interactions leads to spermatogenic defects (Griswold 1998, Syed and Hecht 2002). The role of
FSH in male reproductive function is controversial. While testosterone alone is sufficient to
maintain spermatogenesis, FSH may not be an absol ute requirement for malefertility (Singh et al.
1995, Tapanainen et al. 1997, Plant and Marshall 2001).

The most important negative feedback regulators of gonadotropin secretion are testosterone and
inhibin. Testosterone acts mainly on the hypothalamus to suppress GnRH secretion (Griffin and
Wilson 1998). Sertoli cell-specific inhibin B, aheterodimer of the o and 3-B chains, inhibits FSH
secretion from the pituitary gland (Plant and Marshall 2001). Inhibin B also serves as a efficient
positive marker for spermatogenesis and Sertoli cell function (Anderson and Sharpe 2000).
Testosterone and its metabolite estradiol have a suppressive feed-back effect on FSH secretion
(Griffinand Wilson 1998).

Whereas inhibin and testosterone act as endocrine regulators of gonadotropin secretion, activin
serves asaparacrine or autocrine regulator within the testisand pituitary (de Kretser et a. 2001).
Activin and inhibin share common 3-subunits (A or B), and activin isahetero- or homodimer of 3-
chains. In the testis, activin modulates androgen production locally and has an influence on the
proliferation of Sertoli and germ cells. In the pituitary, activin enhances FSH secretion.

16
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Figure 2. Schematic view of testis structure and the differentiation program of male germ cells.
Above: Genera structure of the human testis. Lobules are filled with seminiferous tubules (only one
shown). Center: Cross-section of seminiferous tubules in which spermatogenesis takes place. Germ cells
are at different phases of differentiation in a given tubule. Sertoli cells are supportive cells facilitating
maturation of germ cells. Basement membrane and myoid cells separate seminiferous tubules from the
interstitial space. Below: Differentiation program of male germ cells. During the fetal period, primordial
germ cells differentiate into gonocytes, which differentiate into spermatogonia right after birth. At the
beginning of puberty, spermatogoniaproliferate, to generate undifferentiated stem cellsand to proceed along
the germ cell differentiation pathway into spermatozoa. Final panel modified from (Sassone-Corsi 1997).
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GnRH l

Hypothalamus | EECTTEREE :

Figure 3. Schematic view of the function of the hypothalamic-pituitary-gonadal axis. Solid lines
mark stimulatory, and dotted linesinhibitory effect. Le = Leydig cell; Se = Sertoli cell.

5.2 Genes Essential for Gonadal Development

Sex determination results from acomplex interplay between different genesthat are conservedin
many species. In mammals, several genesare known to beimportant for sex determination (Figure
4). They orchestrate the expression of genes that further mediate gonadal development. The
development of testis or ovary from a bipotential gonad throughout vertebrates is remarkably
smilar.

5.2.1 Establishment of the urogenital ridge

The Wilms' tumor suppressor gene WT-1 is required to establish the bipotential gonads and
kidneys (Kreidberg et al. 1993, Mooreet a. 1999). Thisgeneisexpressed in gonads of both sexes
throughout fetal development (Pelletier et al. 1991b, Armstrong et al. 1993). Mutationsinthe WT-
1 generesultincomplete XY sex-reversal, possibly through reduced SRY activity (Pelletier et al.
19914, Barbaux et al. 1997, Hammeset al. 2001, Hossain and Saunders 2001).

18
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Another gene expressed early is steroidogenic factor-1 (SF-1, also known as Ad4BP) (Lalaet a.
1992, Morohashi et al. 1992), required for the formation of gonads and adrenals (Luo et al. 1994,
Achermann et al. 1999, Bakkeet al. 2001). SF-1isalready expressed in the gonadal primordium of
both sexes, and in the Sertoli and Leydig cells of the testis (Ikeda et al. 1994, Shen et al. 1994,
Schmahl et al. 2000). Itisnot necessary for theinitial formation of genital ridges; rather, it seemsto
be required for the differentiation or the maintenance and growth, or both, of the somatic cells
aready present there. Later, inthefetal testis, SF-1 regulatesM1Sin concert with WT-1 and SOX-
9(Shenetal. 1994, De SantaBarbaraet al. 1998, Nachtigal et al. 1998, Arango et al. 1999, Watanabe
et a. 2000, Shen and Ingraham 2002) and with a number of genesinvolved in steroidogenesis
(Parker and Schimmer 1997).

5.2.2 Testis differentiation

While WT-1 and SF-1 are required for the establishment of the urogenital ridges of both sexes,
SRY (Sex determining Region onY chromosome) isa -linked gene that acts dominantly to trigger
testisdevel opment from indifferent urogenital ridge. Deletions or mutations of the SRY genelead
to XY femaledevelopment (Gubbay et al. 1990, L ovell-Badge and Robertson 1990, Sinclair et al.
1990, Gubbay et al. 1992, Hawkins et al. 1992). Even reduced SRY expression causes XY sex-
reversal or ovotestis(Laval et a. 1995, Nagamineet a. 1999, Hammeset a. 2001, Washburn et al.
2001). A female mouse carrying an SRY transgene develops a male (Koopman et al. 1991). No
target genesfor SRY areknown. SRY isfirst expressed in the male mouse urogenital ridge around
E10. Itsexpression peaksin Sertoli cellsat E11.5 and declines sharply thereafter, indicating that
SRY initiates the differentiation of gonadal supporting cell precursors to develop as testicular
Sertoli cellsrather than as ovarian granulosacells (Hacker et al. 1995, Albrecht and Eicher 2001).
Sertoli cell signaling, in turn, is thought to be essential for further testis development (section
511).

A closerelative of SRY isSOX-9. Itishighly conserved at theamino acid level andisexpressedin
testes of all vertebrates (Kent et al. 1996, Morais da Silvaet al. 1996, Bowles et al. 2000, Nagai
2001). Mutations in SOX-9 result in XY sex-reversal, whereas ovarian development is normal,
demonstrating that SOX-9 is necessary for testis determination (Foster et al. 1994, Wagner et al.
1994, Koopman 1999). Furthermore, SOX-9 expression in ovariesresultsin femal e-to-mal e sex-
reversal (Huang et a. 1999, Bishop et a. 2000, Vida et a. 2001). SOX-9 may represent an ancestral
sex-determining gene, and mammalshave evolved SRY asa -linked switching mechanism (Nagai
2001). Based on expression pattern, SOX-9 serves as a putative target gene for SRY, although
definitive proof for thisis still lacking. After Sertoli cell differentiation, SOX-9 regulates the
expression of MISand SF-1 (De SantaBarbaraet al. 1998, Shen and Ingraham 2002).

The Sertoli cell product MISisnot essential for testis formation but isrequired for the formation
of the male-type ductal system that eventually effects fertility (Behringer et al. 1994). MIS is
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expressed in Sertoli cellsthrough fetal devel opment (M unsterberg and Lovell-Badge 1991, Hacker
etal. 1995), and very low levelsof AMH permit itsfunction, which favors mal e-type devel opment
(Arango et al. 1999). SOX-9 regulates M| S expression with co-ordinated i nteracti ons between SF-
1, WT-1, and GATA-4 (Foster et d. 1994, De SantaBarbaraet a. 1998, Nachtigal et al. 1998, Arango
et al. 1999, Tremblay and Viger 1999). DA X-1 down-regulates M S transcription, repressing the
synergistic action of SF-1and WT-1 (Nachtigal et al. 1998).

5.2.3 Anti-testis genes

Thenuclear receptor DAX-1, considered an anti-testisgene, isproposed to act asan SRY antagonist
(Swainetal. 1998, Yuet a. 1998). DAX-1 geneduplication resultsin male-to-femal e sex-reversal
(Bardoni et al. 1994, Zanaria et a. 1994), and mutations in DAX-1 lead to hypogonadotropic
hypogonadism (Muscatelli et al. 1994, Tabarin et al. 2000). DAX-1 isexpressed in the gonads of
both sexes (Ikedaet al. 1996, Swain et . 1996, Tamai et al. 1996). It is coexpressed with SF-1 along
the devel oping hypothal amic-pituitary-gonadal axis (Guo et al. 1995, Ikedaet al. 1996, Swainet a.
1996, Zazopouloset al. 1997), and DAX-1 may repress SF-1-mediated activity in those organs (Ito
etal. 1997, Zazopouloset al. 1997, Wang et al. 2001).

A member of the WNT family of secreted proteins, WNT-4 has been suggested to suppress male
development, because it down-regulates steroid production (Vainio et al. 1999). In human males,
duplication of theregion of chromosome 1 that includesWNT-4 |eadsto sex-reversal (Jordan et al.
2001).

5.2.4 Other genesimportant for gonadal development

Fibroblast growth factor-9 (FGF-9) iswidely expressed in mouse embryos, and male micelacking
FGF-9 exhibit sex-reversal and phenotypes range from testicular hypoplasia to complete sex-
reversal (Colvinetal. 1999, Colvin et al. 2001). FGF-9 regulates SRY -dependent processes such as
cell proliferation and migration into the gonad, and Sertoli cell differentiation. Mouse knockout
studies have revealed several transcription factors that may play important roles in gonadal
development; theseinclude Lim1, Lhx9, Emx2, and M 33 (Shawlot and Behringer 1995, Miyamoto et
al. 1997, Katoh-Fukui et al. 1998, Birk et a. 2000). Their gonadal phenotype variesfrom complete
gonadal agenesisto sex reversal. More profound studies are needed to evaluate their function in
gonadal development.

For normal spermatogenesis, the correct gonadal position is essential. Disruption of the INSL-3
gene (also known asrelaxin-likefactor) causesbilateral cryptorchidism, i.e., failure of thetestisto
descend from its embryonal retroperitoneal position into the scrotum (Zimmermann et al. 1999,
Adham et al. 2000).
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The genes described herein represent some of the most important genes known to beinvolved in
sex-determination and gonadal development. Many genes have sexually dimorphic expression
patterns in the gonad, and some of these undoubtedly contribute to testis formation and function
(Wertz and Herrmann 2000). Human gonadal dysgeneses serve as invaluable in vivo models for
study of gonadal development, since murine models may not accurately reflect the physiological
situation (Swain and Lovell-Badge 1999, Morrish and Sinclair 2002, Parker and Schimmer 2002).
Despite sex differences, gonadal development also provides an excellent model for study of
organogenesis and its genetic control.

WT1
SF-1 Wnt-4
Intermediate mesoderm ——» Bipotential gonad —» Ovary
SRY
SOX9
/

T DAX-1
/ \ Wnt-4

Sertoli cells Leydig cells

SOX9 - SF-1
WTI Insl3
SF-1
v v
MIS Testosterone
Testes descent
v v
Miillerian duct regression Male internal and

external genitalia

Figure 4. Molecular events in mammalian sex determination and testicular differentiation
involving genes. Solid lines indicate activating effects, and dotted line, inhibition.
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5.3 Diseases of the Human Testis

Abnormalities of testicular function comprise a heterologous group of disordersthat cause different
consequences depending on the phase of sexual development in which they are manifested.
Defectsrange from rare syndromes with underandrogeni zation to normal virilization with reduced
fertility. Tumors of the testis are the second most common malignancy, after leukemia, in men
between age 20 and 35. The epidemiological evidence suggeststhat testicular cancer, undescendent
testis, and impaired spermatogenesisare biologically closely associated (Skakkebaek et al. 1998).

5.3.1 Hypogonadism

Male hypogonadism refersto afailurein testicular function that eventually may lead to infertility
(Table 2). The most common developmental defect of thetestisisKlinefelter’ssyndrome, 47X XY
(Berkovitz and Seeherunvong 1998). Klinefelter males havetypically divergent testicular histology
and small testes, and as a result, reduced testosterone production. In hypogonadotropic
hypogonadism such as Kallman's syndrome (Hardelin 2001), testosterone production is reduced
dueto alack of stimulatory hormones. In patientswith androgen resistance, theimpact of androgens
isreduced. Complete androgen resistanceresultsin XY male-to-female sex-reversal, whereasthe
mildest forms of androgen resistance may result in infertility with otherwise normal genitalia
(Sultan et al. 2002). In cryptorchidism, one or both testes havefailed to descend. Spermatogenesis
reguires the lower temperature that is present in the scrotum, but the temperature-dependent
mechanism isunknown. Varicocele, cryptorchidism, and Klinefelter’s syndrome account for 45%
of known conditionsin menwithinfertility (Greenberg et al. 1978, Griffin and Wilson 1998)

Table 2. Abnor malities of testicular function. (Modified from Griffin and Wilson 1998, Huhtaniemi and
Dunkel 2000).

Hypothalamic-pituitary Tumor
Trauma
Anabolic steroids
Kallman’s syndrome
Idiopathic hypogonadal hypogonadism (IHH)

Testicular Developmental and structural defects
Germinal cell aplasia:
cryptorchidism, varicocele
Klinefelter’s syndrome
Acquired:
viral orchitis, radiation, environmental toxins
Systemic diseases:
liver and renal diseases, AIDS

Others Androgen resistance
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5.3.2Tumors

Germ cell tumors, the most common type of testicular tumors (Table 3), are presumed to be derived
from primordial germ cells. Besides testis, germ cell tumors can originate in extragonadal sites
such asthe mediastinum and brain. Stromal tumors, e.g., Sertoli and Leydig cell tumors, account
for the minority of testicular tumors (Kaplan et a. 1986). Germ cell and stromal tumors may be
hormonally active and cause endocrinological symptomsincluding gynecomastiaand azoospermia.

Table 3. Classification of testicular tumors. (Table modified from Griffin and Wilson 1998; data from
Mostofi 1980).

I) Germ cell tumors (95%)
A) Single-cell-type tumors
Seminomas
Yolk sac tumors
Teratomas
B) Combination tumors
IT) Tumors of gonadal stroma (1-2%)
Leydig cell
Sertoli cell
Primitive gonadal structures
[1I) Gonadoblastomas
Germ and stroma cells

5.4 The Gata Family of Transcription Factors

Transcription factors are trans-acting molecules that bind to specific cis-acting DNA sequences
on promoters and/or enhancers of genes (Lewin 1997, Berg et a. 2002). The members of the GATA
family of transcription factors form a group of these regulatory proteins which control gene
expression in multipletissues. GATA transcription factors are rel ated by their homologous DNA-
binding domains. GATA factors are well conserved through evolution; they are found in various
organisms ranging from cellular slime mold to humans. Even some plants are proposed to have
GATA homologs (Lowry and Atchley 2000). Vertebrate GATA factors descend from a common
ancestral sequence, whereas the evolutionary pathway among nonvertebrate GATA factors is
much different from that within vertebrates (Lowry and Atchley 2000).

All GATA factors contain one or two DNA-binding zinc finger domains of the distinctive form
Cys-X,-Cys-X ,,-Cys-X -Cys (X represents any amino acid, and the subscript denotes their
number). These recognize aconsensus DNA sequence, (A/T)GATA(A/G), known as GATA motif
(Ko and Engel 1993, Merika and Orkin 1993), which is an essential cis-element present in the
promoters and enhancers of avariety of genes (Orkin 1992).
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The function of GATA factorsis modulated by their interaction with other transcription factors,
transcriptional co-activators, and co-repressors, the best-characterized group of cofactors being
the FOG proteins FOG-1 and FOG-2 that exist in species from flies to human. GATA and FOG
proteins not only share evolutionary conserved expression and structural homology but also
fulfill functionally conserved functions (Cantor and Orkin 2001, Fossett and Schulz 2001, Fossett
etal. 2001).

5.4.1 Mode of action

All GATA proteinsare approximately 50 kDain size. Vertebrate GATA proteins contain two highly
conserved zinc fingers and the N-terminal transcriptional activation domain. The zinc fingersin
particular are shown to play essential rolesin GATA-mediated gene activation. The C-terminal
zinc finger is needed for DNA binding, and the N-terminal finger stabilizes this interaction and
mediates i nteractions with other factors such as FOG proteins (Martin and Orkin 1990, Trainor et
al. 1996, Tsang et al. 1997, Svensson et al. 1999, Tevosian et al. 1999). Within the zinc finger
regions, the amino acid sequence is amost identical between the divergent GATA factors. The
DNA binding region of mouse GATA-4is 70% identical with that of mouse GATA-1, and mouse
and human GATA-4 zinc fingersare 100% identical (Huang et al. 1995).

All the GATA factorsbind to GATA or GATA-like sequences. However, subtle differencesexistin
their individual binding affinitiesfor various promoters. Those differences and interactionswith
other factors such as FOGs may alow precise programming of GATA function despite their
overlapping expression pattern in multiple tissues (Ko and Engel 1993, Merika and Orkin 1993,
Yamagataet al. 1995, Mackay et al. 1998, Sakai et al. 1998, Charron et al. 1999, Morrisey et a. 2000,
Kowalski et a. 2002).

GATA-1isthefounding member of GATA family and has received the most extensive study (Tsai
etal. 1989). Giventhat all GATA factors share structural homology, predictionsasto the properties
and function of any GATA factor can be made to some extent based on the studies performed on
GATA-1. Indeed, resultsfrom studiesin diverse developmental contextswith GATA factors other
than GATA-1 suggest that all GATA factors function in aquite similar manner.

In vitro studies suggest that many properties of the GATA family of proteins are shared and
interchangeable. In mouse GATA-1-deficient embryonic stem (ES) cells, GATA-3, GATA-4, and
even chicken GATA-1 are able to compensate for the hematol ogical GATA-1 defect (Blobel et al.
1995). Inthese cells, even chimeric molecules, in which both zinc fingers of mouse GATA-1 were
replaced with the zinc fingers of human GATA-3 or with the single finger of the fungal GATA
factor, display rescue activity. However, in vivo experiments have failed to demonstrate that
GATA factorsarefunctionally equivalent. In mice deficient in GATA-1, transgenic expression of
GATA-2 or GATA-3 has rescued the embryonic lethal phenotype of the GATA-1 mutation, but
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adult transgenic mice devel oped anemia(Takahashi et al. 2000). Furthermore, theembryonal lethality
of most GATA knockout mice indicates that GATA factors do not share complete functional
redundancy invivo (Table 4).

Table 4. Homozygous null mutations of GATA factors.

Homozygous null mutation Consequence

GATA-1 Lethal at E10.5-11.5; hematopoietic failure

GATA-2 Lethal at E9.5-11.5; hematopoietic failure

GATA-3 Lethal at E11-12.0; neurogenic defect

GATA-4 Lethal at E7-10.5; defective ventral morphogenesis and
heart tube formation

GATA-5 Viable, genitourinary malformations in females

GATA-6 Lethal at E5.5-7.5; block in endoderm differentiation

5.4.2 \ertebrate GATA factors

Vertebrates have six GATA transcription factors, designated GATA-1to GATA-6 according to the
order inwhich they wereidentified (Evansand Felsenfeld 1989, Tsai et al. 1989, Yamamoto et al.
1990, Arceci et a. 1993, Laverriereet al. 1994, Morrisey et a. 1996, Morrisey et a. 1997).

The GATA proteins are divided into two subgroups based on their expression pattern. GATA-1,
GATA-2, and GATA-3 are expressed mainly in blood-forming cells and are essential for normal
hemopoiesis(Pevny etal. 1991, Tsal et al. 1994, Pandolfi et al. 1995, Fujiwaraet al. 1996, Ting et al.
1996, Shivdasani et al. 1997, Vyaset al. 1999).

GATA-4, GATA-5, and GATA-6 are expressed in visceral and parietal endoderm, heart, lung, liver,
pancreas, adrenals, gonads, gut epithelium, smooth muscle cells, and some other tissues. Gene
disruption studies on mice have revealed that these proteins are important for ventral
morphogenesis, heart, genitourinary tract and endoderm formation, and lung maturation (Kuo et
a. 1997, Molkentinet al. 1997, Morrisey et a. 1998, Koutsourakiset al. 1999, Molkentin et a. 2000,
Liuetal. 2002b).

GATA-1

GATA-1wasoriginaly identified in hematopoietic cell lineages (Martin et a. 1990, Romeo et al.
1990, Orkin1992, Zon et a. 1993) and was found to be essential for erythroid and megakaryocytic
cell differentiation (Pevny et al. 1991, Fujiwaraet al. 1996, Shivdasani et al. 1997, Vyaset al. 1999).
In additionto hematopoietic cells, GATA-1isexpressedin Sertoli cellsof thetestis(Ito et al. 1993,
Yomogidaet a. 1994) (Table5). GATA-1 genetranscription in Sertoli cellsisdirected by thetestis-
specific promoter 8 kb upstream to that in erythroid cells. The five exons that encode GATA-1
protein are commonly used by testisand erythroid transcripts (Ito et al. 1993, Onoderaet al. 19973,
Onoderaet a. 1997b).
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GATA-1 isexpressed in postnatal Sertoli cellsin a stage-dependent manner, and maturing germ
cellsmay negatively control its expression (Yomogidaet al. 1994). Furthermore, FSH viacAMP
reduces GATA-1 expression in testicular cells (rat Sertoli cells and mouse Leydig tumor cell line
MA-10) (Zhang et al. 2002). In cell culture studies, GATA-1 transactivates anumber of testicul ar
genes, including inhibin a- and B-B-subunits, MIS, StAR, and aromatase (Feng et al. 1998, Feng et
al. 2000, Robert et al. 2002). The physiological relevance of these findings remains unclear, since
GATA-1 knockout animalsdiein utero before proper testis development (Fujiwaraet al. 1996).

GATA-2

GATA-2ispreferentially expressed in the hematopoietic cell lineages (Tsai et al. 1989, Orkin 1992).
It isindispensable for normal hematopoiesis, neurogenesis, and genitourinary development (Tsai
etal. 1994, Zhou et al. 1998, Nardelli et al. 1999). In mice, impaired GATA-2 expression disturbs
Wolffian and Mllerian duct devel opment, but testes devel op normally. Inthefetal ovary, GATA-
2 is expressed in the germ cells between E11.5 and 15.5, as judged by digoxygenin in situ
hybridization (Siggers et al. 2002). No GATA-2 expression has been detected in the testis.

GATA-3

Disruption of the GATA-3 gene leads to embryonic lethality due to noradrenaline deficiency. It
also resultsin abnormalities of the nervous system and of kidney development, in aberrationsin
feta liver hematopoiesisand in block of T-cell differentiation (Pandolfi et al. 1995, Ting et al. 1996,
Limet a. 2000). In humans, GATA-3 haplo-insufficiency causesthe HDR syndromethat resultsin
hypoparathyroidism, deafness, and renal anomaly (Van Esch et al. 2000). GATA-3isexpressedin
the Wolffian duct and mesonephros, but no reports exist on gonadal expression (Labastie et al.
1995, Debacker et al. 1999). Interestingly, GATA-3 servesarole also in adipocyte differentiation
(Tong et al. 2000).

GATA-4

GATA-4isfound in anumber of different tissues. During embryonal development, itisexpressed
inthe primitive (yolk sac) endoderm, heart, gut, liver, and gonads, and in adult heart, intestine, and
gonads (Arceci et al. 1993, Kelley et al. 1993, Heikinheimo et al. 1994, Laverriereet al. 1994, Huang
etal. 1995, Whiteet al. 1995, Morrisey et al. 1996).

The role of GATA-4 in the heart is the most extensively studied. GATA-4-deficient mice die
embryonally between E7.0 and E10.5 because of severe folding abnormalities (Kuo et al. 1997,
Molkentin et al. 1997). GATA-4 is essential for heart development through combinatorial
interactions with other transcription factors (Nemer and Nemer 2001). It is also linked to
hypertrophy-associated gene expression (Molkentin 2000, Hautalaet al. 2001, Marttilaet al. 2001,
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Kerkelaet a. 2002, Yanazume et al. 2002). GATA-4 isalso required for proper differentiation of
gastric epithelium (Jacobsen et a. 2002).

Besides the heart, GATA-4 is essential for testicular development, possibly by regulating SRY
expression (Tevosian et al. 2002). GATA-4 activates several gonads-expressed genesthat encode
steroidogenic enzymes (StAR, aromatase), hormones (M1S, inhibin a pha, inhibin/activin beta-B),
and transcription factor SF-1 (Viger et a. 1998, Ketolaet al. 1999, Silverman et a. 1999, Tremblay
and Viger 1999, Feng et al. 2000, Watanabe et al. 2000, Tremblay et al. 2001, Tremblay and Viger
20014, Tremblay et al. 2002). DAX-1 represses MIS transcription in Sertoli cells by disrupting
transcriptiona synergism between GATA-4 and SF-1 (Tremblay and Viger 2001b). Thissynergism
may represent a mechanism for the regulation of SF-1-dependent genes in other target tissues
such asthe pituitary and adrenals. SF-1, FOG-1, and FOG-2 modul ate transcriptional activity of
GATA-4 through distinct mechanisms depending on the cellular context (Tremblay et al. 2001,
Robert et al. 2002, Anttonen et a. 2003).

GATA-5

GATA-5isexpressed in the devel oping heart, lung, gut, and gonadal ridge (Laverriereet al. 1994,
Morrisey et al. 1997). It shares high amino acid-level sequenceidentity with murine GATA-4 and
GATA-6, but not with other GATA factors. GATA-5 regulates specific cardiac and gastric genes
(Gaoetd. 1998, Charron and Nemer 1999, Nemer and Nemer 2002). Female micewith homozygous
deletions for GATA-5 exhibit pronounced genitourinary abnormalities that include vaginal and
uterine defects and hypospadias. Ma e mice are unaffected (Molkentin et al. 2000).

GATA-6

During theembryonal period, GATA-6 hasbeen detected in the primitive streak, visceral endoderm,
heart, stomach, liver, gut, atrial smooth muscle cells, devel oping bronchi, and urogenital ridge. It
isexpressed in adult heart, stomach, gut, lung, pancreas, and ovary (Laverriere et a. 1994, Jiang
and Evans 1996, Morrisey et al. 1996, Naritaet al. 1996, Suzuki et al. 1996, Huggon et al. 1997).
Human GATA-6isa499-amino-acid protein almost identical in thetwo zinc finger-binding domains
with other human GATA proteins (Suzuki et al. 1996, Huggon et a. 1997).

GATA-6 is essential for visceral endoderm formation (Morrisey et al. 1998, Koutsourakis et al.
1999) and for proper lung development (Keijzer et al. 2001, Liu et al. 2002b, Yang et al. 2002). Based
oninvitro studies, GATA-6 regul ates genes expressed in the heart, lung, and gut (Gao et al. 1998,
Charronetal. 1999, Liu et a. 2002a, Robert et al. 2002). In the gonads, GATA-6 has been proposed
to upregulate MIS, StAR, inhibin o, and aromatase genes, and its activity is down-regulated by
FOG-1and FOG-2 (Robert et a. 2002). Dueto early embryonic lethality before gonadal development,
thein vivo relevance of these findings remains unclear (Morrisey et al. 1998, Koutsourakis et al.
1999).
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Table 5. Expression of GATA factorsin mouse gonads. ND = not defined.

Fetal Adult
Urogenital ridge Testis Ovary Testis Ovary
GATA-1 - - - + -
GATA-2 + - + - -
GATA-3 - - - - -
GATA-4 + + + + +
GATA-5 + ND ND - -
GATA-6 + + + + +

5.4.3 Friends of GATA, FOG-1, and FOG-2

The transcriptional activities of GATA factors are modulated by their interactions with other
transcription factors and with transcriptional coactivators and repressors (Krause and Perkins
1997). FOG-1isthemultitypezinc finger protein first demonstrated to interact with GATA-1, and it
servesasacofactor for GATA-1-mediated transcription (Tsang et al. 1997). It is coexpressed with
GATA-1inthe hematopoietic tissuesand in adult liver and testis. FOG-1 itself and itsinteraction
with GATA-1 are essential for normal hematopoiesis (Tsang et al. 1998, Crispino et al. 1999,
Deconinck et al. 2000, Chang et al. 2002).

FOG-2 was originally described as a cofactor for GATA-4 (Holmes et al. 1999, Lu et al. 1999,
Svensson et al. 1999, Tevosian et a. 1999). It is al151-amino acid nuclear protein that contains
eight zinc fingers structurally related to those of FOG-1. FOG-2 is predominantly expressed in
embryonal mouse heart, urogenital ridge, and neuroepithelium. In the adult, it isexpressed in the
heart, brain, and testis. FOG-2 interactswith all known GATA factors, either activating or repressing
their transcriptional activity, depending on the promoter and cell type in which they are tested.
FOG-2 and its interaction with GATA-4 are essential for heart morphogenesis and testicular
development (Svensson et al. 2000, Tevosian et al. 2000, Crispino et al. 2001, Tevosian et al. 2002).
FOG-1 and FOG-2 function in hematopoiesisand during cardiogenesisare conserved in Drosophila,
Xenopus, and mammal's (Cantor and Orkin 2001, Fossett and Schulz 2001, Fossett et al. 2001).

5.4.4 Clinical implications of GATA and FOG families

Human studies aid in evaluation of therelevance of in vivo and in vitro animal studies. When the
findings of these studies are combined, new therapeutic approaches may become possible. GATA
factors have been linked to the pathogenesis of various human diseases. A mutation in the
GATA-1 DNA-binding sitein the platel et glycoprotein Ibp gene promoter resultsin arare bleeding
disorder, Bernard-Soulier syndrome (Ludlow et al. 1996). Mutationsin GATA-1 zinc fingersthat
disturb DNA binding or interaction with FOG-1 may lead to anemia, trombocytopenia, and to
thalassemia(Nicholset al. 2000, Freson et al. 2001, Mehaffey et al. 2001, Yu et a. 2002). Mutations
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in GATA-1 may also constitute one step in the pathogenesis of the megakaryoblastic leukemiain
Down syndrome (Wechsler et al. 2002). GATA-3 has been proposed to play arole in asthmatic
airway inflammation (Nakamuraet al. 1999, Ray and Cohn 1999, Christodoulopoulos et al. 2001).
GATA-4 may be involved in the pathogenesis of some yolk sac, adrenal, gastrointestinal, and
ovariantumors (Kiiveri et al. 1999, Pehlivan et al. 1999, Siltanen et al. 1999, Laitinen et al. 2000, Lin
et a. 2000, Lassuset a. 2001). Furthermore, GATA -4 hapl oinsufficiency may contributeto congenital
heart diseasein patients with monosomy of 8p23.1 (Pehlivan et al. 1999).

5.5 Role of Apoptosisin Testis

Apoptosis, also known as programmed cell death, is an evolutionarily conserved process that
plays an essential role in the regulation of tissue development and homeostasis. It isinvolved in
normal development and in the pathogenesis of diverse diseases (Jacobson et al. 1997, Raff 1998).
Apoptotic cellscommit controlled suicide in order to remove structures or cellsthat are no longer
needed. In the testis, apoptosis serves arole in regulating the growth and survival of germ cells
which eventually resultsin normal spermatogenesis (Dunkel et al. 1997, Matsui 1998, SinhaHikim
and Swerdloff 1999, Kierszenbaum and Tres 2001). Furthermore, regression of Mllerian ducts
occursthrough apoptosis (Robertset al. 1999). The Bcl-2 family of proteinsisamajor regulator of
germ cell apoptosis, either by supporting cell survival or promoting cell death (Figure 5). The
balance between germ cell survival and death is a prerequisite for spermatogenesis and testis
development. Bcl-2 and bax have well-established rolesin those processes (Rodriguez et al. 1997,
Russell et a. 2002). Additionally, the balance and dimerization of pro- and anti-apoptotic factors
controls cell death and survival (Yang et al. 1995, Rucker et al. 2000, Yan et al. 2000b, Yan et al.
2000c).

Homeostasis
Bcel-xS
BelxL | Bak

(B2 /) Bebw | 2% (ax /
| B
Bim

Survival Boo Death

Figureb5. Regulation of apoptosisby Bcl-2 family of proteins. Modified from (SinhaHikim and Swerdl off
1999). Bcl-2 family members on the left promote cell-survival and on the right are pro-apoptotic.
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GATA factorsare proposed to play rolesin apoptotic processes. Best characterized isthe effect of
GATA-1 on the production of red blood cells (De Maria et al. 1999, Orkin and Weiss 1999).
Caspases, which are death-promoting enzymes, inactivate GATA-1, which results in apoptotic
death of maturing red blood cells. In the ovary, from fetal until adult life GATA-4 may protect
granulosacellsfrom apoptosis (Heikinheimo et al. 1997, Vaskivuo et al. 2001). In embryonic stem
cells, cardioblast differentiation is blocked and cells are lost through apoptosisin the absence of
GATA-4 (Grepin et a. 1997). GATA-6 downregulation leads to apoptosis within the embryonic
endoderm and in colorectal cancer cells(Morrisey et al. 1998, Shureigi et al. 2002). No reports have
appeared concerning GATA factors and their possible role in apoptosis of the testis.
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6 AIMS OF THE STUDY

The aims of the study were to study:

1) Temporal and spatial cell-specific expression patterns of transcription factors GATA-1,
GATA-4, GATA-6 and their co-factors FOG-1 and FOG-2 during testicular devel opment from
the fetal period to adulthood.

2 Regulation of GATA-4 and GATA-6 in testis by both in vitro and in vivo approaches.

3 Gonada genesthat are regulated by testicular GATA factors.

4) Role of gonadal GATA factors in human testicular diseases.
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7 SAMPLES AND METHODS

These studieswere accepted by the Ethics Committees of the Children’sHospital of the University
of Helsinki and the University of Oulu, and conducted according to recommendations of the
Declaration of Helsinki. Animal studieswere conducted in accordance with theNIH Guidefor the
Careand Use of Laboratory Animals.

Table 6. Samples and methods of the studies.

Study  Samples Methods
I Mouse and rat testis Rnase protection: GATA-4, GATA-6
hpg mouse testis Northern blot: GATA-4
GnRH receptor antagonist-treated rat ISH: GATA-4, GATA-6
EDS-treated rat Pem, H+/K+ -ATPase
Gonadal tumor cell lines IHC: GATA-4, GATA-1
Sertoli (MSCFSHR-1) In vitro co-transfection:
Leydig (BLT-1, mLTC-1) Inhibin o promoter
Granulosa (KK-1) GATA-4 expression vector
11 Normal human testis Northern blot:
Fetal, prepubertal, pubertal, adult Western blot: GATA-4
Testis samples from IHC:
developmental testicular diseases and
after hormonal treatment
Testicular tumors
I Mouse testis ISH: FOG-2
E10.5 UGR to adult IHC: GATA-1, GATA-4
FOG-1, FOG-2
v Human fetal testis ISH: GATA-4, GATA-6

IHC: GATA-4, GATA-6
Bcl-2, Bax, Ki-67
In situ DNA 3’-end labeling

ISH = mRNA in situ hybridization
IHC = immunohistochemistry
UGR = urogenital ridge
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7.1 Tissue samples
7.1.1 Human testicular samples

Fetal and premature newborn testicular tissue samples (n = 16) at weeks 12 to 40 came from
abortionsinduced for socio-medical reasons and from autopsy specimens. Normal juvenile (n=9)
or pubertal (n = 1) testis biopsy samples were obtained from boys diagnosed with acute
lymphoblastic leukemia (ALL) without testicular involvement. Testis samples from cryptorchid
boys (n = 33) were obtained from diagnostic biopsies during orchidopexy before (n = 19) or after
(n = 14) hCG treatment. Undescended testes were classified as either inguinal or high scrotal.
Testicular tissue from patients with androgen resistance (n = 11) came from therapeutic
gonadectomies. Testis samples aso came from prostate cancer patients having received GnRH-
agonist (n=2) or GnRH-agonist-antiandrogen (n = 1) treatment before orchidectomy. One biopsy
sample was obtai ned from a 26-year-old man with Kallman’'s syndrome who had received human
menopausal gonadotropin (HMG) treatment for 2.5 years. Testicular samples from adult patients
with prostate cancer (n=7) served ascontrols. Sertoli (n= 1), Leydig (n=5), and germ cell tumors
(n = 6) came from patients undergoing gonadectomy.

7.1.2 Animal samples, models, and cell culture

Samplesfrom mouse embryos, and fetal and postnatal testeswere obtained by mating B6SILF1/J,
CBA, or NMRI mice. For estimating embryonal age, the noon of the day on which the copulating
plug was found was considered embryonal day 0.5. Precise staging of dissected embryos was
performed according to The Atlas of Mouse Development. PCR analysis of the Zfy or SRY gene
was conducted in order to determine the sex of E10.5 and E12.5 embryos. To study hormonal
effects, testicular tissue was harvested from ahypogonada (hpg) mouse strain, 3-week-old Sprague-
Dawley ratstreated with gonadotropin-releasing hormone (GnRH) receptor antagonist azaline B,
and 3-month old Sprague-Dawley rats after treatment with ethane-1,2-dimethane sulphonate (EDS).

Immortalized Leydig cell tumor linesBLT-1 and mLTC-1were culturedin plastic disheson Dulbecco’s
Modified Essential Media(DMEM) with GlutaM AX®/F12 1:1 buffered with HEPES (20 mmol/L)
and supplemented with 10% heat-inactivated fetal bovine serum, glucose (4.5 g/L), and gentamicin
(100 mg/L ). Cellswere used for immunohistochemistry after 2 to 3 daysin culture. For hormone
stimulation, cellswere cultured for 24 hinthe presence of 1, 10, and 100 pg/L recombinant hCG, 10
Ho/L progesterone, 20 pg/L aminoglutethimide (AMG), or acombination of 100 pg/L recombinant
hCG and 20 pg/L aminoglutethimide (AMG).
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7.2 Experimental methods
7.2.1 RNase protection assay

RNase protection assays were performed with a commercially available kit according to
manufacturer’s recommendations (Ambion), with 10 ug of total testicular RNA. The antisense
riboprobes: GATA-4, GATA-6, and 3-actin, were 32P-label ed.

7.2.2 Northern hybridization

Total RNA wasisolated with the Qiagen RNeasy Mini Kit or the guanidinium thiocyanate method.
Denatured total RNA (10or 20 pg) was subjected to electrophoresis on a 1%, 1.2%, or 1.5%
denaturing agarose gel and then transferred onto nylon membranes. These membranes were
hybridized with *2P-labeled RNA probes for mouse GATA-4 and GATA-6 or with synthetic
oligonucleotide probes for human GATA-4. For increasing sensitivity of the hybridization for
human GATA-4, the two different oligomers were labeled simultaneously and pooled for
hybridization. Hybridization was performed at 60°C overnight, and the membranes were washed
threetimesfor 20 min each at 60°C with 1x SSC/0.1 % SDS. Hybridization signalswere detected by
autoradiography or by phosphoimager. Intensities of the specific bands were quantified with
Tina® software and normalized to 28Sand to 18Sribosoma RNAsinthegel stained with ethidium
bromide. A specific probefor ribosomal 28S mRNA also served asaloading control.

7.2.3 mRNA in situ hybridization

Tissue samples were washed in PBS and then fixed in 4% paraformaldehyde or formalin and
embedded in paraffin, or they were frozenin liquid nitrogen in cryopreservation solution. In situ
hybridization was carried out with minor modifications as described el sewhere (Wilkinson 1992).
In brief, tissue sections (8-10 um) were deparaffinised, permeabilized, dehydrated, and then
incubated with 1 x 10° cpm of *3P-label ed anti sense or sense riboprobesin atotal volume of 80 i
and incubated overnight at temperatures of 60 to 62°C. Hybridization signals were detected after
ab5- to 21-day exposureto emulsion at 4°C.

7.2.4 Western blotting

Tissue sections were homogenized on icein homogenization buffer. After centrifugation at 17 000
g at 4°C for 30 min, the supernatants were collected and their protein concentrations were
determined by Bio-Rad DC protein assay. Proteins (40 pg) were loaded onto 10% SDS-
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polyacrylamide gel, and electrophoresis was performed at 160 V. The proteins were transferred
onto polyvinylidene difluoride (PVDF) membranes by electrophoresisfor 2 h at 4°C in transfer
buffer at 100 V. Thetransfer was checked by staining with 0.2% Ponceau Sin 3% trichloroacetic
acid. GATA-4 protein on the membrane was detected by an affinity-purified rabbit polyclonal
antibody to GATA-4 at dilution 1:1000, followed by horseradish peroxidase-conjugated secondary
antibody. The bound secondary antibody was located with the ECL detection kit.

7.2.5 Immunohistochemistry

Testicular samplesor cultured Sertoli and Leydig cellswerefixed in 4% paraformal dehyde, formalin,
or Stieve's fixative and embedded in paraffin, or they were frozen in liquid nitrogen in
cryopreservation solution. Tissue sections (6-8 um) were deparaffinized in xylene and hydrated
gradually through graded alcohols. If needed, endogenous peroxidase activity was blocked with
3% hydrogen peroxide in methanol. Samples were subjected to immunohistochemistry by the
antibodies described in Table 7. Antibodies were at 1:25-1:500 dilution. Samples with primary
antibody wereincubated at 37°C for 1h or at 4°C overnight. An avidin-biotin immunoperoxidase
system served to visualize bound antibody; 3-amino-9-ethylcarbazole or 3,3’ -diaminobenzedine
(DAP) served asthe chromogen, and the devel opment reaction occurred in the presence of 0.03%
H,0,. Sampleswere analyzed by light/darkfield and phase-contrast microscopy. Whenever possible,
inimmunohistochemistry and in situ hybridization, the expression patternsfor respective antibodies
and transcripts were studied for adjacent tissue sections.

Table 7. Antibodies

Antigen Clonality Source

GATA-1 Rat-antimouse MC Santa Cruz Biotechnology

GATA-4 Rabbit-antihuman PC See Arceci et al. 1993
Goat-antimouse PC Santa Cruz Biotechnology

GATA-6 Rabbit-antihuman PC Santa Cruz Biotechnology

FOG-1 Goat-antimouse PC Santa Cruz Biotechnology

FOG-2 Rabbit-antimouse PC Santa Cruz Biotechnology

Bcl-2 Mouse-antihuman MC DAKO

Bax Rabbit-antihuman PC Pharmingen

Ki-67 Mouse-antihuman MC DAKO

Antibodies were used at 1:100 — 1:500 dilution, bax at 1:25
MC = monoclonal
PC = polyclonal
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7.2.6 In situ DNA 3'-end labeling

Apoptosis was qualitatively identified in the testes by use of an in situ DNA 3-end labeling
(TUNEL) kit (Oncor). Paraffin sections of testes were rehydrated through an alcohol series, and
permesabilized in proteinase K, and endogenous peroxidase activity wasinhibited by 5% hydrogen
peroxide. DNA fragmentation was identified by applying terminal transferase enzyme with
digoxigenin-labeled nucleotides to the samples and incubating for 1 h under coverslips.
Antidigoxigenin antibody served to recognize the digoxigenin-label ed nucl eotide chains attached
to the 3'-ends of sample DNA. A color reaction was produced with 3,3’ -diaminobenzedinein the
presence of 0.03% hydrogen peroxide.

7.2.7 Transfections

Leydigtumor cell linemLTC-1and granulosacell lineKK-1 weresplit at adensity of 1 x 10° theday
prior to transfection and then transfected with DOTAP Liposomal Transfection Reagent
(Boehringer) with a slight variation from manufacturer’s instructions. The 211-bp fragment of
inhibin o was cloned into the reporter plasmid pTKGH (NicholsInstitute Diagnostics). Thefirst,
second, or first and second GATA sitesin theinhibin o. promoter were mutated by replacing the G
with a C, by site-directed mutagenesis with the Gene Editor Site Directed Mutagenesis System
(Promega). For each well, the appropriate pTK GH reporter plasmid was mixed with the expression
vector pMT2-GATA-4 or with the control vector pMT2. The DNA was then diluted with 20 mM
Hepes buffer and added to the DOTAP, and the transfections were carried out according to
manufacturer’sinstructions; cellswereincubated in total 72 h. Aliquotswere removed for usein
the hGH radioimmunoassay (Nicholsnstitute Diagnostics). All transfectionswere carried out in
triplicate and repeated at least 3 times.

7.2.8 Statistics

Statistical analyseswere performed on the basis of 3 independent experiments. Datawere subjected
to one-way analysis of variance and by the SuperANOVA program, followed by Duncan’s New
Multiple Range and Fisher’s Protected LSD post-hoc tests. All p-values less than 0.05 were
considered significant.
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8 RESULTS AND DISCUSSION

8.1 Expression of GATA and FOG factors during testicular
development

Itisof utmost importance to know the temporal and spatial expression pattern of agiven genein
order to understand its function. In vitro gene activation studies are invaluable tools to explore
genefunction. These studieslack, however, the normal cell context and composition, and thismay
result in misjudgments. Detailed in vivo studies of gene expression are needed to reconcile
discrepancieswith cell culture models, thus defining the interactionsthat actually may occur and
regulate gene expression in any given tissue.

Previous studiesindicatethat GATA-1, GATA-4, and GATA-6 are expressed in the gonads (Arceci
etd. 1993, Yomogidaet d. 1994, Naritaet a. 1996, Suzuki et a. 1996), but their testicular expression
patterns have not been studied in detail. Findings show expression of GATA-1 outside the
hematopoietic system to berestricted to the Sertoli cellsof thetestis, and GATA-4 and GATA-6to
be present in the ovary and testis. In the ovary, GATA-4 and GATA-6 have been expressed in a
distinct, but partially overlapping manner (Heikinheimo et al. 1997). GATA-1 already had awell-
established rolein the regul ation of hematopoiesis (Pevny et al. 1991), and GATA-4 and GATA-6
were proposed to regul ate heart differentiation and function (Helkinheimo et al. 1994, Ip et al. 1994,
Molkentinet al. 1994, Thuerauf et al. 1994, Morrisey et al. 1996). Taken that GATA-1, GATA-4, and
GATA-6 are expressed in the gonads and that they are potent regulators of gene expression in
various tissues, they could well be important regulators of testicular function.

8.1.1 Expression in urogenital ridge and fetal testis (I-1V)

Expression of GATA-1 during the earliest stages of testicular development was then unresolved,
aswasthe cell-specific expression of GATA-4 and GATA-6 in thetestis. When FOG-1 and FOG-2
were discovered, their cell-specific expression as to the gonads was not yet addressed (Tsang et
al. 1997, Svensson et a. 1999, Tevosian et a. 1999). Therefore, in thisthesis, the temporal and
spatial expression of GATA-1, GATA-4, and GATA-6 inthetestis, aswell asthat of their cofactors
FOG-1 and FOG-2 from the early embryonic period to adulthood is explored in detail .

GATA-1 and FOG-1 were absent from the undifferentiated genital ridge of the male mouse, as
studied by immunohistochemistry (111) (Figure 6 and Table 8). With further fetal testicular
development, GATA-1 remained undetectabl e throughout embryogenesis, whereas FOG-1 protein
wasevidentinthe Sertoli cellsafter testicular differentiation at E15.5, and thisexpression persisted
until term. GATA-4 and FOG-2 mRNAsand proteinswere detected in the urogenital ridge of E10.5
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maleembryos (111). GATA-4 expression was obvious throughout fetal testicular development, and
localized in the Sertoli, Leydig, and myoid cells as well as cells of the tunica albuginea(l, I11).
Conversely, the expression of FOG-2 mRNA and protein diminished in Sertoli cells, parallel to
advancing fetal testicular development. Some interstitial cells and cellsin the tunica abuginea,
however, expressed FOG-2 MRNA and protein alsoin latefetal testis(11). Asjudged by mRNA in
situ hybridization, GATA-6 transcripts were detected at E13.5 in the testicular cords, and their
expression persisted there throughout fetal development (1).

Theresolution of insitu hybridization did not allow usto determinethe precise cell types expressing
GATA-6 withinthe cords(l). Because GATA-6 antibodieswere unavailable at that time, we were
unableto assess whether GATA-6 protein was present in Sertoli or germ cells. Later, we conducted
GATA-6 immunohistochemistry on fetal testis samples. In contrast to the findingsin man, GATA-
6 protein waslocalized in testis cords and seminiferoustubulesin the germ cells, and not in Sertoli
cells (unpublished results).

Table 8. Expression of GATA and FOG factors during mouse testicular development.
ND = not defined.

Age GATA-1 GATA-4 GATA-6 FOG-1 FOG-2
Genital ridge - + ND - +
E17.5 - + + + -
Newborn - + + + +
Adult + + + + +

In human fetd testis, GATA-4 and GATA-6 mRNAsand proteinswere present between gestational
weeks 12 and 40 (11, 1V). Sertoli and Leydig cellsexpressed both GATA-4 and GATA-6, but myoid
cells were positive only for GATA-4. A subset of the Sertoli and Leydig cells did not express
GATA-6. Immunoreactivity for GATA-4 and GATA-6 was most intensive at the beginning of the
second trimester and declined towards term. Gonocytes were negative for both these factors at all
agesstudied (11, 1V).

Expression of GATA-4 overlapped in human fetal testis with that observed in the mouse. In
contrast, the expression of GATA-6 protein in testicular cords differed between man and mouse
(I'V; our unpublished results). In arecent study, GATA-6 expression was detected in mouse fetal
Sertoli cells by digoxygenin in situ hybridization (Robert et a. 2002). Unfortunately, the data
presented was inadequate to clarify the cell types that expressed GATA-6. The reason for these
contradictory resultsfor GATA-6 Sertoli and germ cell expression remainsunclear. It may reflect
differences between mouse strains or methods, but further efforts should be made to clarify the
expression of GATA-6 in mouse testis. Of interest to note, GATA-6 mMRNA has already been
detected in the undifferentiated genital ridge (Morrisey et a. 1996). Thus, GATA-6 may play arole
in the regulation of gonadal development.
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Figure 6. Schematic illustration of GATA-4, GATA-6, FOG-1, and FOG-2 expression in mouse
genital ridge and fetal testis.

8.1.2 Fetal expression of GATA and FOG factorsin relation to gonadal
developmental genes

GATA-4 and FOG- 2 are co-expressed in the genital ridge before testicular cords have formed, and
their expression overlaps with that of several key regulators of gonadal development and sexual
differentiation. GATA-4 and FOG-2 are expressed simultaneously with WT-1 and SF-1 in the
urogenital ridge and just previous to expression of SRY, SOX-9, MIS, and DAX-1 (Swain and
Lovell-Badge 1999, Capel 2000, Morrish and Sinclair 2002). Given that all those factors have a
crucial impact on testicular development, the expression patterns of GATA-4 and FOG-2 strongly
indicaterolesfor themin early testicular development. Furthermore, GATA-4 RNA and protein are
expressed in cells of the coelomic epithelium of the primitive streak embryo at E7.0 (Heikinheimo et
a. 1994). Some of these cellswill eventually giveriseto thetestis Sertoli cells, and expression of
GATA-4 may be needed for initiating and/or maintaining the differentiation pathway towards a
mature Sertoli cell. If thisisthe case, GATA-4isone of theearliest Sertoli cell markers.

FOG-1 wasoriginally identified as a cofactor for GATA-1 (Tsang et a. 1997). In the fetal testis,
FOG-1isexpressed at E15.5, co-localizing with GATA-4in Sertoli cells. Given that GATA-1isnot
expressed in fetal testis, it is plausible that in fetal testis, FOG-1 interacts not with GATA-1, but
rather with GATA-4. Indeed, recent studies have shown that FOG-1 and FOG-2 are capable of
interacting with known testicular GATA factors (Robert et al. 2002). Infetal testis, FOG-2 expression
gradually ceases, but it is abundantly expressed throughout the fetal period in the ovary (I11)
(Anttonen et al. 2003). Thissexually dimorphic expression pattern after gonadal differentiation
may indicate that after the very early phases of testicular differentiation, FOG-2 promotesfemale
rather than mal e devel opment.
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8.1.3 Expression in postnatal testis (1-111)

Newborn testes are functionally immature organs. In mammals, the period before puberty or sexual
maturity ranges from weeksto several years. In mice, testicular development starts shortly after
birth, and the last phases of the neonatal period overlap with the beginning of puberty. In human
males, however, the period before the onset of puberty rangesfrom 9 to 13 years (Chemes 2001).
Nevertheless, during that time, considerable changes in testicular morphology occur. The testis
increasesin size as Sertoli cells proliferate, Leydig cells mature to adult-type steroid-producing
cells, and finally spermatogenesis begins, ultimately to produce fertile spermatozoa. Given that
these GATA and FOG transcription factors are likely to play important roles in fetal testicular
development, they may bethe regulators of postnatal development and function, aswell. In order
to reveal the temporal and spatial expression patterns of these factorsin the postnatal testis, we
conducted mRNA in situ hybridization and immunohistochemical analyses of testicular samples
from newborn to adult testis (1-1V).

GATA-4 and GATA-6 transcripts were detectable in the testis of the newborn mouse, and this
expression persisted throughout adulthood (1) (Figure 7 and Table 8). The expression of GATA-4
protein localized to Sertoli and Leydig cells without any stage-specificity. Diverging from the
GATA-4 expression pattern, GATA-6 was expressed in spermatogonia and Leydig cells, as seen
by immunohistochemistry (unpublished results). In prepubertal human testes, GATA-4 protein
was expressed in Sertoli cells and spermatogonia, whereas only afew Leydig cells were faintly
GATA-4 positive. After puberty, GATA-4 was expressed in the Sertoli cells, wasupregulated in the
Leydig cells, and downregulated in the germ cells (11).

FOG-1 protein was detectable in the Sertoli cells of the newborn mouse, and the expression
persisted there throughout postnatal testicular development (I11). From P7 onwards, FOG-1
expression was similar to that of GATA-1. Intheadult testis, Sertoli cell expression of FOG-1 and
GATA-1 was stage-specific; these were predominantly expressed in the Sertoli cellsof stage V1l to
XI1 seminiferoustubules(lI1).

FOG-2 mRNA and protein were abundantly expressed in the testis of the newborn mouse. They
were present in the Sertoli and Leydig cells, and in the cells of the tunica albuginea. Some of the
gonocyteswere also immunoreactive for FOG-2, but thiswas never noted after thefirst postnatal
week. Along with advancing spermatogenesis, FOG-2 expression in the somatic cells ceased,
whereas it was upregulated in germ cells. In adult testis, midpachytene spermatocytes up to step
9 spermatidswere positive for FOG-2 predominantly instage V11 to X11 seminiferoustubules (I11).

Comparison of the expression patterns of GATA-1 and MISrevealsaninverserelationship intheir
Sertoli cellsexpression, suggesting that GATA-1 may downregulate M1Sin male mice during the
establishment of puberty (Beau et a. 2000). At that time, GATA-1 co-localized with FOG-1intheir
Sertoli cells, and the expression was stage-specific later in adult testis. Thisindicates that
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FOG-1 may act as a co-activator or co-repressor for GATA-L. In the adult testis, Sertoli cell
expression of inhibin o and inhibin BB-subunits (Kaipia et a. 1992, Majdic et a. 1997), FSH
receptor (FSHR) (Heckert and Griswold 1991, Heckert and Griswold 1993), stem cell factor (SCF)
(Hakovirtaet a. 1999), and androgen receptor (AR) (Bremner et al. 1994, Zhou et al. 2002) isstage-
specific (Table 9). The stage-specificity of these gene products suggests that they may be target
genesfor those GATA/FOG family members. Of note, GATA-4 expression is not stage-specific (1-
I11). Nevetherless, GATA-4 activates and bindsto promoters of genes of stage-specific expression.
Stage-specific expression of GATA/FOG protein may thus not be an ultimate requirement for the
activation of a given gene.

A profound change occurs in the expression of FOG-2 parallel to advancing spermatogenesis,
namely, somatic cells ceaseto expressFOG-2, and intheadult testis, it isexpressed stage-specificaly
in spermatocytes and spermatids. FOG-2 and GATA-6 aretheonly GATA and FOG family members
expressed in both male germ and somatic cell lineages. Tyrosine-kinase receptors, namely c-kit
and its truncated form tr-kit, are also expressed in germ cells (Manova et a. 1990, Manova and
Bachvarova 1991) and in Leydig cells. The c-kit receptor and its ligand SCF are essential for
maintenance of PGCs, and postnatally they regulate spermatogenesisand Leydig cell development
(Mauduit et al. 1999, Rossi et a. 2000, Yan et a. 20003, Kierszenbaum and Tres 2001). Because c-
kit receptors have essential GATA-binding sitesin their promoters (Rossi et al. 1992, Yamamoto et
al. 1993), anintriguing possibility isthat GATA-6 and FOG-2 may act in concert with c-kit and its
derivativeswithin the germ and Leydig cells.

Postnatal mouse testis
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Figure 7. Schematic illustration of GATA-1, GATA-4, GATA-6, FOG-1, and FOG-1 expression in
mouse testis.
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Table 9. Genes with stage-specific expression in Sertoli cells.

Gene Highest expression stage Putative regulation by GATA factors
Inhibin o0~ XIII-1 mRNA; rat (Bhasin et al. 1989) GATA-4 and GATA-1 transactivate
Protein stage-specific,
stages not addressed
(Majdic et al. 1997)

Inhibin B XIII-III mRNA; rat (Kaipia etal. 1992) GATA-4 and GATA-1 transactivate
Protein stage-specific,
stages not addressed
(Majdic et al. 1997)

FSH- XIII-IIT  mRNA; rat GATA sites in promoter

receptor (Heckert and Griswold 1991) (Huhtaniemi et al. 1992)
Inverted GATA-element required for
promoter activity (Kim and Griswold 2001)
GATA-4 binds to promoter
(unpublished results, Figure 8)

Stemcell  II-VI mRNA; rat GATA site in promoter
factor (Hakovirta et al. 1999) (Taylor et al. 1996)
VII-VIII Protein; mouse
(Vincent etal.  1998)

Androgen  II-VII Protein; rat GATA site(s) in promoter
receptor (Bremner et al. 1994) (Song et al. 1993; Mizokami et al. 1994)
VI-VII  Protein; mouse
(Zhou et al. 2002)
111 Protein; human
(Suarez-Quian et al. 1999)

In prepubertal human testis, GATA-4 was expressed in spermatogonia (I1). This was the only
period of testicular devel opment at which GATA -4 expression was detectablein germ cells. During
the first months of postnatal life, fetal gonocytes resume their mitotic activity and differentiate
into spermatogonia (de Rooij 2001). After this initial differentiation, there appear incomplete
spermatogenic waves before the onset of puberty (Chemes 2001). The expression of GATA-4ina
subset of spermatogoniamay relate to this premature germ cell differentiation/proliferation. The
same expression pattern was not observed in the mousetestis. However, in another study, GATA-
4 expression was detected in the germ cells of the adult mouse, not in Sertoli or Leydig cells(Viger
etal. 1998). Itistherefore possible that some minor species and strain-specific differencesexistin
the expression patterns of GATA and FOG proteins. The reason for and significance of these
differencesremain unclear.

Inhuman testis, afew prepubertal Leydig cells showed weak GATA-4 expression, whereas robust
GATA-4 expression was detected after puberty. The precursors of adult type Leydig cells are
hormonally inactive before puberty (Chemes 2001). At theinitial stages of puberty, Leydig cell
precursors activate and differentiate into steroid-producing cells. This testosterone production
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coincides with increasing GATA-4 expression, suggesting a possible link between GATA-4 and
androgen production. Thisissupported by findingsin fetal testes, aswell. GATA-4 expressionis
at its highest in Leydig cells when they are hormonally most active, just before midgestation
(Tapanainen et al. 1981). Furthermore, results from in vitro gene activation studies indicate that
GATA-4 activates genes essential for steroidogenesis (section 8.3.4).

2
Figure 8. Mouse FSH receptor promoter { ;0%& gﬁ’
binding GATA-4 protein. EMSA performed " O\ki‘z’&bié&@
with 32P-labeled double-stranded FSHR CO®  eob 00 A
oligonucl eotide corresponding to nucleotides % éw‘&fﬁb
—543/-528. This promoter sequence of FSHR
includes a putative GATA binding site just GATA-4 super shift—»
upstream of the second major transcription
initiation site. Arrow on the left indicates the - ‘u 3 u
complex formed by *2P-labeled FSHR probe w “ W

and GATA-4 protein from amouse Sertoli cell
tumor line (MSCFSHR-1) nuclear extract (10
Hg). GATA-4, but not GATA-1, antibody
bound to FSHR/GATA-4 complex (GATA-4
super shift). When the first G was mutated to
C at the GATA site, no FSHR/GATA-4
complex wasformed (mutated FSHR). A cold

competitor wasusedin 0.1, 1, 10, and 50-fold probe—> M
excess (triangle) and 50-fold excess in cold

mutated FSHR; goat normal serum served as
Pl control for GATA-4.

8.2 Regulation of testicular GATA factors
8.2.1 Cell culture (1)

It has been demonstrated that FSH treatment of the mouse Sertoli cell line MSC-1 resultsin a
modest increasein the steady statelevel of GATA-4 mRNA but not that of GATA-6 (Heikinheimo
et al. 1997). Given thesefindings, we used Northern hybridization in order to study the regulation
of GATA-4in Leydig cell linesinwhichit wasabundantly expressed (1). Intwo Leydig cell tumor
lines, MLTC-1 and BLT-1, hCG stimulation (100 ug/L) resulted in a modest but significant
upregulation of GATA-4 mRNA expression, whereas progesterone (10 pg/L) significantly
downregulated GATA-4 mRNA levels. After blocking steroidogenesi swith aminoglutethimide (20
pg/L), no significant alterationin GATA-4 mRNA levelswas observable (1). No GATA-6 mRNA
expression could be detected in these cells before or after hormonal treatments (1).

In summary, stimulation with gonadotropins resulted in modest changesin the steady statelevels
of GATA-4 mRNA in gonadal cell lines (1) (Heikinheimo et al. 1997). These resultsindicate that
gonadotropins may upregulate GATA-4 expression in Sertoli and Leydig cells, i.e., in the cells
expressing receptorsfor these pituitary gonadotropinsin thetestis (Griffin and Wilson 1998). Our
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findings thus indicate that GATA-4 may be involved in the gonadotropin-induced signaling
cascade leading to cAM P-activated gene expression.

Not only GATA-4 but also GATA-1 may be regulated by gonadotropins. In the primary cultures of
rat Sertoli cells, FSH suppressed GATA-1 mRNA but not that of GATA-4 (Zhang et al. 2002). The
same effect on GATA-1 was also seen with cAMP inthe MA-10 Leydig cell line, indicating that
gonadotropin regulation of GATA factors may occur through the cAMP pathway. Although some
resultson GATA-4 regulation are controversial, testicular GATA factors seem to be differentially
regulated by gonadotropins. Cell lines used in in vitro studies may exhibit different settings or
variable amounts of other proteins that further modulate the impact of hormones on GATA
expression. Furthermore, tumor cell linesand purified primary cell cultureslack the normal signaling
control from the adjacent tissues, and this may also contribute to somewhat controversial results.

8.2.2 Regulation of GATA-4 and GATA-6 in vivo (1)

In order to gain insight into the hormonal regulation of GATA-4 and GATA-6 in vivo, we used
severd modelsof genetically or phar macologically manipulated animals. Thehormonal regulation
of these factors was studied by disrupting the hypothalamic-pituitary-gonadal axis at various
sites: hpg mice (Cattanach et al. 1977) exhibit congenital and functionally complete gonadotropin
deficiency; azaline B treatment (Campen et al. 1995) resultsin postnatal gonanadotropin deficiency,
and EDS treatment (Bartlett et al. 1986) destroys Leydig cells, leading to testosterone depletion
with subsequent Sertoli cell dysfunction (Table 10).

Table 10. Murine models in Study (1).

Models Site of action Consequence of treatment, or
genetic defect

Hpg mouse No GnRH secreting neurons in ~ Congenital lack of gonadotropins
hypothalamus

Azaline B treatment GnRH receptor antagonist in Block in gonadotropin secretion
pituitary

EDS treatment Destruction of Leydig cellsin ~ No testosterone production
testis

GATA-4 expression in animal models was studied by in situ mRNA hybridization and
immunohistochemistry, and GATA-6 expression by in situ mRNA hybridization (). Congenital
lack of gonadotropins or the treatment applied did not totally abolish GATA-4 expression in the
seminiferous tubules or interstitium. GATA-4 expression persisted in Sertoli and Leydig cells of
hpg mice, and in Sertoli cells of azaline B-treated rats. EDS treatment did not affect GATA-4
expression in Sertoli cells. However, the expression intensity of GATA-4 in the testes of hpg mice
was reduced, indicating downregulation of GATA-4 expression by the total absence of
gonadotropins. On the contrary, no detectable changes appeared in GATA-6 expression in hpg
miceor after chemical treatment of azaline B- and EDS-treated rats.
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Human studies on GATA-4 expression offered the possibility to assess indirectly the in vivo
regulation of GATA-4 (I1). Results of those studies were in line with resultsin anima models. In
fetal Sertoli cells, that strongest GATA-4 expression coincided with high serum FSH levels (Kaplan
et a. 1976) suggests that GATA-4 may be under gonadotropic control aso in human beings.
GATA-4wasinlow or absent from Sertoli and Leydig cells of patients with androgen resistance,
suggesting that congenital lack of androgen action influences GATA-4 expression. Furthermore,
after hormonal treatment for prostate cancer, GATA-4 expression remained unchanged in Sertoli
cells (GnRH agonist and GnRH agonist plus antiandrogen). These results agree with findingsin
rodent testes after GnRH receptor antagonist treatment or chemical abolition of Leydig cells.

In the light of current findings, the normal testicular response to gonadotropins and androgen
action are both needed for normal GATA -4 expression. However, neither gonadotropin nor androgen
action nor both are prerequisites for basal expression of GATA-4 and GATA-6. Gonadotropin
stimulus may be moreimportant for GATA-4 expression during fetal devel opment than postnatally,
taken that changesin the expression of GATA-4 were seen only in congenital gonadotropin- and
androgen defects. Furthermore, it is most likely that not only gonadotropins and androgens, but
other hormonesand factorsare a so involved in the regul ation of GATA-4. For example, progesterone
downregulated GATA-4 expression in Leydig cell tumor lines (1). Alternatively, GATA-4 may well
be constitutively expressed in testis somatic cells, making the response to hormonal stimulus
modest. The effects of hormonal stimuli on GATA-4 expression possibly are mediated indirectly
through cofactors which are hormonally inducible (Silverman et al. 1999). Because in situ
hybridization and immunohistochemistry are insufficiently sensitive to detect minor changesin
RNA and protein expression, and methods like real-time RT-PCR should be applied to enhance
sensitivity.

Inthe ovary, GATA factors are probably under more stringent hormonal control than inthetestis.
This suggestion is based on in vivo studies in which pregnant mare's serum gonadotropin

(PM SG) and estrogen enhanced follicular expression of GATA-4 and GATA-6; induction of ovulation
with hCG caused a decrease in GATA-4 mRNA expression (Heikinheimo et a. 1997). Ovarian
function is more dependent on gonadotropinsthan istestisfunction (Aittomaki et al. 1995). It has
been demonstrated that a mutation in the FSH receptor (FSHR) gene causes hereditary
hypergonadotropic ovarian failure, which resultsininfertility. Inthe male, lack of FSH functionis
incompatiblewith testicular maturation and fertility (Tapanainen et al. 1997). Previously, FSH was
considered essential for pubertal initiation of spermatogenesi s and maintenance of normal sperm
production in adults. However, males homozygousfor an inactivating FSHR mutation suffer from
various degrees of spermatogenic failure, calling into question the essential role of FSH in the
initiation of spermatogenesis. In the ovary, theinactivating FSHR mutation (Alal89Val) resultsin
very low or negligible GATA-4 expression (Vaskivuo et a. 2002). It has been impossible to study
testicular GATA -4 expression in men with thisFSHR mutation.

45



RESULTS AND DISCUSSION

8.3 Role of GATA and FOG factors in testicular function
8.3.1 GATA-4 regulating inhibin a gene (1)

The 5’ region of the mouse inhibin o gene has promoter activity essential for its function. This
region includes apair of consensus GATA-binding sites between nucleotides -153 and -110 (Su
and Hsueh 1992). Mutation analysis of the GATA elementsin rat inhibin o promoter demonstrated
that mutations of either one or both of the two GATA sites reduce basal and cAMP-stimulated
activity of the inhibin o, promoter (Feng et al. 1998). Furthermore, in human and rodent testis,
inhibinoisexpressed in Sertoli and Leydig cells overlapping with GATA-4 expression (Bhasin et
al. 1989, Toneet d. 1990, Eramaaet al. 1992, Mgdicet a. 1997, Anderson et d. 2002) (I-1V). FSH and
LH arethemain regulatorsof inhibin o.in Sertoli and Leydig cells(Ying et al. 1986, Leeet al. 1989).
In those cells, FSH and LH slightly upregulate GATA-4, providing a plausible mechanism for
hormonal control of inhibin o expression.

Electrophoretic mobility shift analysis (EM SA) demonstrated that GATA-4 specifically bindsto
both GATA sites of inhibin o, promoter. When the first G on the GATA site was mutated to C,
binding activity was totally abolished (Figure 9, unpublished results). Furthermore, GATA-4
transactivated mouse inhibin o promoter in Leydig (mLTC-1) and granulosa (KK-1) tumor cell
linesinin vitro transactivation experiments (l) (Figure 10). M utations of one or both of the GATA
binding sites of inhibin o promoter fully abolished GATA-4-induced transactivation. Resultsof in
vitro experiments do not necessarily reflect the physiological situation, but datafrom other studies
support apotential link between GATA-4 and the regulation of inhibin o. genein the testis.

12 3 4

Figure 9. GATA-4 binds to inhibin o promoter. Lane 1: EMSA
GATA-4 super shift—» with 32P-|abel ed doubl e-stranded inhibin o. promoter oligonucleotide
(-155/-140) probe and 10 pg protein from nuclear extract of mouse
—> Sertoli cell tumor line (MSCFSHR-1). Lane 2: Super shift with
GATA-4 antibody. Lane 3: GATA-1 antibody. Lane 4: Mutated
{ GATA binding site of inhibin o. promoter (G — C). Results were
b identical with (-121/-104) inhibin o, promoter oligonucleotide. Both

of these promoters contain GATA-binding sites.

Free probe —» *

Allindl, findings onthetemporal and spatial expression of GATA-4 and itshormonal regulation,
as well as results from transactivation reporter gene assays, support a potential link between
GATA-4 and regulation of inhibin o expression in testes.
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Leydig cell line, mLTC-1

* 3k

Figure10. Cotransfection of GATA-4 expression 6] W oMT2
vector (pPMT2-G15A) and inhibin o promoter & 5 [ pMT2-GI5A
Growth Hormone (GH) reporter plasmid &

(PTKGH-inhibin) intomLTC-1tumor cell lines. £ 4

Activation of inhibin o promoter by GATA-4 is § 5

abolished by mutating thefirst (mut 1), second (mut =

2), or first and second (mut 1& 2) GATA sitesof the 2 2

promoter. Bars indicate mean (+SEM) GH © £

concentration (ng/ml). ** P = 0.0001 (between GH o | | . ﬁj
concentrations).

pTKGH pTKGH- pTKHG- pTKGH- pTKGH-
inhibin  inhibin  inhibin  inhibin
mut 1 mut 1 mut 1&2

Other researchers have used another Leydig cell tumor line, MA-10, in corresponding
transactivation studies; their results reveal that GATA-1, but not GATA-4, transactivates rat
inhibin oo promoter (Feng et al. 1998). Nucleotide sequences of inhibin o. promoter of the mouse
and rat are very much alike, and sequences are identical between the two GATA sites (Su and
Hsueh 1992), meaning that species-specific differences in promoters do not explain differing
findingsregarding inhibin o. promoter activation. Two recent studies, however, may explainin part
these controversia findings on inhibin o promoter activation. Besides Sertoli cells, also Leydig
cellsfrom 3-week-old juvenilerats expressed GATA-1 mMRNA (Zhang et al. 2002), whereasin adult
rat testis, only Sertoli cellsexpressed GATA-1 (Feng et a. 1998, Robert et al. 2002). Thesefindings
and the gene transactivation studies suggest arole also for GATA-1 in the regulation of inhibin o
transcription, at least during certain periods of testicular devel opment.

Besidesgonada cell lines, GATA-1 and GATA-4 transactivate inhibin o promoter inthe CV-1 non-
gonadal cell line, and this observation provides another piece of evidence for roles for both
GATA-1and GATA-4intheregulation of inhibin o.. African green monkey kidney cell line, CV-1,
expresses none of the GATA factors endogenously. In this cell line, both GATA-1 and GATA-4
transactivate inhibin o promoter (Tremblay and Viger 2001a, Robert et al. 2002). Because non-
gonadal cell lines such as CV-1 may lack other factors perhaps involved in inhibin a-signaling
pathwaysin thetestis, interactionsthat otherwise modulate GATA-1 and GATA-4 activity in vivo
thus may be neglected. On the other hand, the activation of inhibin o gene by GATA-1 and GATA-
4in CV-1 cellsindicates that these factors directly activate inhibin o gene transcription.

8.3.2 FOG-1 and FOG-2 repression of inhibin a gene activation by GATA-4

Testicular GATA factors are expressed in a partially overlapping manner during testicular
development. The cell-specific differences in gene regulation by testicular GATA proteins may
well be explained by interactions between GATA-binding proteins and their cofactors. The most
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notable are FOG proteins, which were originally identified as GATA-specific cofactors in yeast
two-hybrid analyses. FOG-1 and FOG-2 either enhance or repress the promoter activity of the
cardiac or hematopoietic genes regulated by GATA factors (Fossett and Schulz 2001, Cantor and
Orkin 2002). This providesaplausible mechanism for fine-tuning the expression of GATA-dependent
genes aso in the testis.

The basal promoter activity of inhibin o isrepressed by FOG-1 and FOG-2in MSC-1 Sertoli cells
that endogenously express GATA-1 and GATA-4 (Robert et al. 2002). Furthermore, the
transcriptional activity of GATA-4 on the inhibin o. promoter isrestored when FOG proteins are
unable to interact with the N-terminal zinc-finger of GATA-4 in which the FOG binding siteis
mutated. These in vitro experiments link FOG proteins to the regulation of the inhibin o gene,
together with GATA-1 and GATA-4.

Based on the expression patterns of GATA-1, GATA-4, FOG-1, and FOG-2 aswell asof inhibin o,
itisplausible that FOG-1 interacts with GATA-4 during fetal testicular development, and it may
well suppress the activation of GATA-4 on the inhibin o gene. Inhibin o isfirst detected in fetal
mousetestisat E16, thus coinciding with the appearance of FOG-1 expression (Toneet al. 1990). In
postnatal Sertoli cells, FOG-1 expression coincides with that of GATA-1 from the appearance of
thefirst wave of spermatogenesis. L ater, the number of FOG-1- and GATA-1-positive Sertoli cells
declines, and in adult seminiferous tubules, these factors are predominantly expressed in stage
VI1I-XII tubules. Thus, FOG-1 may well repress GATA-1 activity during postnatal testicular
development.

Mice deficient in inhibin o devel op testicular tumorswith nearly 100% penetrance, suggesting a
rolefor inhibin o asatumor suppressor (Matzuk et a. 1992). Inhibin oc and inhibin 3-B chainsform
inhibin B that isendocrinologically the most important form of inhibinin men (Anawalt et al. 1996,
Illingworth et al. 1996). Interestingly, in gonadal cell lines, not only inhibin o, but aso theinhibin
B-B-subunit is regulated by GATA-1 and GATA-4 (Feng et al. 2000). These findings further
underscore the importance of GATA-4 in the regulation of the inhibin pathway essential for
normal gonadal development and function.

8.3.3 GATA-4 and FOG-2 required for early testicular development

In vivo studies provide the most convincing evidence for the essential nature of GATA-4 and
FOG-2intesticular development. In mice, abrogation of GATA-4/FOG-2 interaction or abolition of
the FOG-2 gene (with FOG-2 function partially rescued) resultsin abnormalitiesin gonadogenesis
(Tevosian et al. 2002). Testesfail to develop probably dueto insufficient SRY expression, and as
a consequence, Sertoli cell differentiation is blocked, which in turn results in the absence of
testicular cords. Leydig cells are present, but the steroidogenic program is not initiated, due to
ectopic WNT-4 expression. These results do not directly indicate that GATA-4 and/or FOG-2
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regulate SRY expression. In the absence of Sertoli and Leydig cellsand their gene products, itis
impossibleto assesstheir rolein subsequent eventsin testicular development and spermatogenesis.
However, their presence and physical interaction in the genital ridge are required for normal
testicular differentiation. In these mice, therescue of SRY function may beavaluabletool to better
reveal therole of GATA-4 and FOG-2 in testis development and function.

In the present animal model, testicul ar devel opment was blocked before Sertoli cell differentiation,
and as a consequence such genes as MIS and SOX-9 were not expressed. It was impossible,
therefore, to evaluate the impact of GATA-4/FOG-2 interactions on those genes expressed after
SRY expression. Taken that, after testicular differentiation, FOG-2 isdownregulated and FOG-1is
upregulated the latter would be the gene of interest “asafriend of GATA-4" in the devel opment of
thelatefetal testis. Inthe ovary, GATA-4 and FOG-2 are expressed throughout the fetal period, but
the ovarian phenotype of these mutant mice isto be described on later (Tevosian et al. 2002).

8.3.4 Several gonadal genes regulated by GATA-4 and FOG proteins

Besides inhibin o, severa other gonadal genes, such as MIS, SF-1, StAR (Steroidogenic acute
regulatory protein), and aromatase contain GATA moatifsin their promoters (Tremblay and Viger
2001a). StAR and aromatase are enzymes essential for normal steroidogenesis, whichinturnis
required for gonadal development and adult spermatogenesis (Carreau et a. 2001, Conley and
Hinshelwood 2001, Stocco 2001, Stocco 2002). GATA-4 activates all of these genesin in vitro
assays (Figure 10). Therole of GATA-4 in the regulation of M1S has received the most intensive
study. GATA-4 activates the M 1S promoter onitsown (Viger et al. 1998) and interacts with SF-1
through complex mechani smsto activate the M Stranscription (Tremblay and Viger 1999, Watanabe
et al. 2000, Tremblay et al. 2001, Tremblay and Viger 20014a). Furthermore, on the M1S promoter,
FOG-1 and FOG-2 repress GATA-4 activity and GATA-4/SF-1 synergism (Tremblay et al. 2001,
Robert et al. 2002, Anttonen et al. 2003). Dax-1 also disrupts transcriptional synergism between
GATA-4 and SF-1, resulting in repression of MIStranscription (Tremblay and Viger 2001b). The
roleof GATA-4in MIS gene activation isgrowing more complex, taken that GATA-4 activates SF-
laso(Tremblay and Viger 2001a).

This activation or repression of MIS occurs through a complex interplay between transcription
factorsand accessory proteins. Theinteractions of GATA-4, SF-1, FOG-1, and FOG-2 do not limit
the MIS gene only. Results from recent studies have shown that GATA-4 interactswith SF-1 and
FOG proteins to regulate not only MIS but also StAR, aromatase, and inhibin oo genes. SF-1
interacts with GATA-4 to promote StAR, aromatase, and inhibin o transcription (Tremblay and
Viger 20013, Robert et al. 2002), and FOG proteins repress transcriptional activity (Robert et al.
2002, Tremblay et a. 2002). These congruent results in in vitro studies suggest that GATA-4
regul ates gonadal development and function at various|evels, together with other factors such as
FOG proteins.
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Human studies indirectly support the in vitro data on GATA-4-induced gene activation. Leydig
cellsarethe major source of testosterone, and the StAR geneisexpressed in fetal and adult Leydig
cells. GATA-4 expression in fetal Leydig cells was most intensive before midgestation (11, 1V)
when fetal testosterone production peaks (Tapanainen et a. 1981). In addition, the initiation of
testosterone production at puberty coincides with upregulated GATA-4 expression in Leydig
cells. Overlapping expression patterns of GATA-4 and StAR in Leydig cells and the results from
transactivation studies strongly suggest that GATA-4 regulates testosterone biosynthesis also
invivo.

Taken together, the results from in vitro and in vivo studies clearly demonstrate that GATA-4
playsanimportant rolein thetestis by participating in regulation of several key moleculesduring
testicular development (Figures 11 and 12). Not only GATA-4, but also GATA-1 and GATA-6 are
most likely to play arolein the regulation of gene expression of the testis. They were capable of
activating multiple gonadal genes such asMIS, inhibin o, and StAR. This activity was enhanced
by simultaneous expression of SF-1 and repressed by FOG-1 and FOG-2 (Robert et al. 2002). Cell-
specifictemporal and spatial expression patterns of GATA and FOG proteinswill ultimately identify
their target genes expressed during testicular devel opment. Furthermore, their individual affinities
for various promoters arelikely to modify the expression of their target genes (section 5.4.1).

Fetal testis

Sertoli cell

MIS

GATA-4 -
Coelomic Genital ridge _FO6Z

epithelium

Sertoli cell

Pre-Sertoli cell
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SRY GATA-4
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Leydig cell
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.

Figure 11. Genes (grey boxes) regulated by GATA-4 and FOG-1 or FOG-2 during fetal testicular
development. Crossed-out FOG-2 means disappearing Sertoli cell expression. Inha, Inhibin o.
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Figure 12. Summary of the essential sites of GATA-4 action in the fetal testis.

8.3.5 Therole of GATA-4 in hypothalamus and pituitary

Within the hypothalamic-pituitary-gonadal axis, the expression of GATA and FOG proteinsisnot
restricted to the gonads. GATA-4 is expressed in the mouse pituitary (Heikinheimo and Wilson,
unpublished results) and in migrating GnRH neurons (L awson and Mellon 1998). In the pituitary-
derived cell line T3-1, GATA-binding protein regul ates the gonadotropin o-subunit gene (Steger
et a. 1994), acommon subunit both of FSH and of LH (Griffin and Wilson 1998). In the GnRH-
secreting hypothalamic neuronal cell line GT1, GATA-4 regulates the activity of the GnRH gene
(Lawson et al. 1996, Lawson et al. 1998, Lawson and Mellon 1998). These findings strongly
suggest that GATA-4 playsafunctional rolealso in the hypothalamus and pituitary. Furthermore,
FOG proteins may act as GATA-4 cofactors, since both FOG-1 and FOG-2 are expressed in the
brain(Tsangetal. 1997, Luetal. 1999, Svensson et al. 1999, Tevosian et al. 1999). Their cell-specific
expression has not been addressed in detail, but based on previous studies one might expect that
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FOGs share an overlapping expression pattern with GATA-4. Theinteraction of FOG-2 with GATA-
4 isnecessary for the development of the heart and gonads (Crispino et al. 2001, Tevosian et al.
2002). Itistherefore plausible that FOG-2 hasarole, along with GATA-4, also in the devel opment
and function of pituitary and/or hypothalamus. Thus, GATA and FOG proteinsarelikely to act at
various sites of the hypothalamic-pituitatary-gonadal axis.

8.3.6 Apoptosis and cell proliferation in fetal human testis (1V)

Apoptotic cell death plays a major role in the regulation of testicular function (Griswold 1998,
Matsui 1998, Beumer et a. 2000, Kierszenbaum and Tres2001). GATA-4 and GATA-6 are abundantly
expressed in the testis and are involved in apoptotic processes of various tissues from the fetal
period onwards. It is thus plausible that they are involved in apoptotic cell death aso in fetal
testis. Proper tissue development requires a balance between cell death and proliferation. Both
GATA-4 and GATA-6 have also been linked to cell proliferation (Grepin et al. 1997, Perlman et al.
1998, Nagata et al. 2000). We therefore sought any spatial and temporal relationships between
GATA-4 and GATA-6 expression, apoptosis, and the apoptosis-related proteins bcl-2 and bax
during human fetal testicular development (1V). Cell proliferation was assessed in the same samples
by means of anti-Ki-67 antibody and immunohistochemical analyses(1V).

GATA-1, GATA-4, and GATA-6, respectively, are linked to the regulation of apoptosisinthered
blood cells, in the ovary, and in colorectal carcinoma cells. Caspase-mediated degradation of
GATA-1 results in apoptotic death of maturing red blood cells, and it may represent a negative
control mechanismin erythropoiesis (De Mariaet al. 1999, Orkin and Weiss 1999). |n the human
ovary, the expression pattern of GATA-4 suggeststhat, from fetal to adult life, itisinvolved in the
mechanisms protecting granulosacellsfrom apoptosis (Vaskivuo et a. 2001). GATA-4 expression
was at its highest level in the youngest fetal ovaries and decreased towards term, parallel with
apoptotic oocyte death. Similarly, GATA-4 downregulation precedes apoptotic cell death of
granulosacellsinthemouse ovary (Heikinheimo et al. 1997). In colorectal cancer cells, nonsteroidal
anti-inflammatory drugs down-regulate GATA-6, which resultsin up-regulation of 15-lipoxygenase-
1 and induction of the apoptosis of these cancer cells (Shureiqi et al. 2002).

In fetal testis, a TUNEL assay revealed apoptotic cell death in both the testicular cords and
interstitium from the second trimester to term (1V). The overall number of apoptotic cellswaslow,
and these cellswere distributed equal ly between somatic and germ cell lineages. After midgestation,
there occurred atemporary peak in Sertoli cell apoptosis. The number of apoptotic Sertoli cells
rose markedly, but then returned to alow level during thethird trimester. Proliferative activity was
the most intense at the beginning of the second trimester. The cellswith the most active proliferation
rate as measured by Ki-67 immunohistochemistry were predominantly Leydig cells. Beginning
from midgestation, proliferation diminished gradually with advancing gestational weeksand ceased
totally at term.
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Bcl-2 protein was expressed in the Leydig and peritubular myoid cells between fetal weeks 16 and
23(1V). Bcl-2wasno longer detectableinany testicular cell compartment by week 27. Theexpression
of bax differed markedly from that of bcl-2; abundant cytoplasmic bax expression was detected
both in testicular cords and in the interstitium from weeks 16 until term. Peritubular myoid cells
expressed no bax protein at any fetal age.

Theoverall rate of apoptosisand proliferation inthefetal testiswaslow throughout all gestational
weeks (weeks 16 to 40). Theseresultsindicate that the major portion of testicular cell proliferation
occurs before the second trimester. This is in agreement with previous findings implying that
Sertoli, Leydig, and germ cell proliferationismost intensive during thefirst trimester (Wartenberg
1978, Codesal et al. 1990). Thus, before midgestation, human fetal testis seemsto reach aquiescent
balance between cell proliferation and apoptosis.

Sertoli cell apoptosis was at its highest level at the end of the second trimester (1V). This may
reflect the effect of declining serum FSH levels on Sertoli cells (Kaplan et al. 1976). It has been
proposed that the number of Sertoli cells decreases rather than increases from the second trimester
toterm (Helal et al. 2002). Thetemporarily enhanced apoptosis of the Sertoli cellsafter midgestation
provides a possible mechanism for declining Sertoli cell number. Leydig cell proliferation was
observed before midgestation (IV) when testicular androgen production peaks (Tapanainen et al.
1981). Since GATA-6 activates steroi dogenic enzyme genes (Robert et al. 2002), and the hormonally
active Leydig cellsdo not proliferate (Murray et al. 2000), GATA-6 expression may be linked to
testosterone synthesis rather than to cell proliferation.

Expression patterns of GATA-4 and GATA-6 failed to match the patterns of apoptosis or cell
proliferation (11, 1), meaning that in human fetal testis, these GATA factors are unlikely to be
involved in either bcl-2-/bax-mediated pro-/anti-apoptotic processes or in mechanismsregulating
cell proliferation. However, that the expression of GATA-4 isdownregulated prior to granulosacell
apoptosisin fetal mouse ovary (Heikinheimo et al. 1997) indicatesthat GATA-4 may play arolein
regulating apoptosis in the ovary.

In human fetal testis, Bcl-2 expression changes in a cell-specific manner along with testicular
development (1V) (Quenby et al. 1999, Murray et al. 2000) (Table 11). During thefirst trimester, this
anti-apoptotic protein isexpressed in the Sertoli and Leydig cells. At the beginning of the second
trimester, bcl-2 is detected in the Leydig and myoid cells. Thus, bcl-2 expression coincides with
major testicular morphogenetic and developmental changes, and bcl-2 may protect somatic cell
types from apoptosis during their proliferation and maturation. During the second trimester,
testicular development reaches a quiescent steady state level, and bcl-2 is no longer needed or,
aternatively, other factorsfulfill itsfunction.

The number of apoptotic cellswaslow even in the presence of abundant bax protein (1V). Because
bax protein activity isdependent onitsintracellular localization (Hsu et a. 1997, Wolter et al. 1997,
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Zamzami et al. 1998, Putcha et al. 1999), intense bax expression does not necessarily reflect the
amount of biologically active bax protein. Alternatively, infetal testis, anti-apoptotic factors such
as bcl-x counterbalance bax (Rucker et al. 2000). Loss of bcl-x function induced germ-cell loss
through enhanced apoptosis even during the fetal perioid, and spermatogoniawere not detectable
postnatally. Loss of bcl-x function was corrected by deletion of the bax gene, which resultedin a
restoration of germ cell survival. In contrast, bax-deficient mice have an excessive number of
spermatogonia in the maturing postnatal testis (Russell et al. 2002). Overproduction of
spermatogonia blocks the normal maturation of spermatocytes that eventually results in bax-
independent germ-cell death and in testicular atrophy in adults. Bax-dependent apoptosistherefore
probably servesamajor purpose during postnatal testis development and isrequired for functional
spermatogenesis (Rodriguez et al. 1997, Yan et al. 2000b, Russell et al. 2002).

Table 11. Summary of bcl-2 and bax expression in human fetal testis. Bax expression not addressed
before gestational week 13. (Datafrom IV, Quenby et a. 1999, and Murray et a. 2000).

Cell type Bcl-2 Bax

Sertoli cell 6-8 weeks 13-40 weeks
Germ cell Not present Not present
Myoid cell 13-23 weeks Not present
Leydig cell 8-23 weeks 13-40 weeks

8.4 GATA-4 and diseases of human testis
8.4.1 Developmental disorders (I1)

Developmental testicular diseases represent a heterologous group of disorders. Defects range
from testicular agenesis to normal virilization but reduced fertility. Given the emerging role of
GATA-4inthe development and gene regulation of mammalian testis, we wanted to elucidate the
role of GATA-4 in human developmental diseases of thetestis. Expression of GATA-4 protein was
explored by immunohistochemistry in testis samples from patients with androgen resistance,
cryptorchidism, Kallman's syndrome, or Sertoli-cell only syndrome (11, unpublished results).

Expression of GATA-4 was studied in testis samples from patients who underwent orchidectomy
dueto androgen resistance (I1). Staining intensity in Sertoli cells and spermatogoniawas either
very weak or totally absent and decreased along with advancing age from 1 to 14 years. Leydig
cells were mainly negative for GATA-4. The overall expression of GATA-4 was lower than in
normal testes (Table 12). No difference existed in GATA-4 expression between testicular samples
from patients with partial or with compl ete androgen resistance.

In patients with androgen resistance, the impact of androgens is reduced due to defects in the
androgen receptor or to lack of the Sareductase enzyme which metabolizes testosterone to
dihydrotestosterone (DHT). This disorder of androgen action is the main cause of male
pseudohermaphroditism (Sultan et a. 2002). Testes of these patientsmay develop normally, whereas
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differentiation of the Wolffian ducts, urogenital sinus, and external genitaliaisandrogen dependent.
Abnormalities in these derivatives therefore occur in androgen resistance, and it may result in
sexua ambiguity, i.e., genitaliatypical of neither male or female. Testicular morphology also varies
considerably between androgen-resistant patients; testes may develop normally or resemble
“testes-like structures” with clusters of Sertoli and Leydig cells.

Testes of androgen-resistant patients secrete testosterone normally. The reduced GATA-4
expression in their Sertoli cellsisthuslikely to berelated to their defective response mechanism
for androgen stimulus. In other words, testosterone and DHT have no direct effect on GATA-4
expression; their effects are mediated through indirect mechanisms. The actions of testosterone
and DHT are mediated viathe AR that is coexpressed with GATA-4 in Sertoli, Leydig, and myoid
cells(Suarez-Quian et a. 1999, Zhou et al. 2002). Thegenefor AR also has putative GATA-binding
sitesonitspromoter (Song et al. 1993, Mizokami et al. 1994). Thus, GATA-4 may well regulatethe
expression of androgen receptorsin the testis. In the Sertoli cells of androgen-resistant patients,
reduced GATA-4 expression may diminish the expression of its downstream target genes such as
MIS, which in turn may have effects on the development of diverse sexual phenotypes.

Patients with cryptorchidism underwent surgery on their unilateral or bilateral undescended
testeswith or without preceding hCG treatment (11). In cryptorchid testes, GATA-4 immunoreactivity
was present in Sertoli cells and spermatogonia but was very weak in or absent from Leydig cells
(Table 12). These findings are comparabl e to the expression pattern in normal testes. GATA-4 is
therefore unlikely to play arolein the pathogenesis of cryptorchidism. Furthermore, the treatment
used, the localization of the testis, and the period from treatment to biopsy had no effect on
GATA-4 expression in any of thetesticular cell types.

In the adult patient with Kallman’s syndrome, Sertoli and Leydig cells were positive but
spermatogonia were negative for GATA-4 (I1). This expression pattern was similar to that of
normal testes, but the staining intensitiesin Sertoli and Leydig cells appeared weaker than normal
(Table 12). Intesticular samplesfrom the patient with Sertoli-cell-only syndrome (SCOS), GATA-
4 was expressed in Sertoli and Leydig cells as in the controls or the expression was slightly
reduced (unpublished results). SCOSisasyndrome of unknown etiology inwhich spermatogenesis
isimpaired, and it results in azoospermia and infertility (Anniballo et al. 2000). Due to the low
number of testicular samplesof Kallman’ssyndromeand SCOS, it isimpossibleto reach definitive
conclusions as to GATA-4 expression and pathogenesis in these diseases.

Table 12. Intensity of GATA-4 expression in samples from human testicular diseases compared to
normal age-matched control samples. Number of samples in parentheses.

Disease Sertoli cells Leydig cells Germ cells
Androgen resistance (9) reduced reduced or normal reduced
Cryptorchidism (33) normal normal normal
Kallman’s syndrome (1) reduced reduced normal
SCOS (1) normal/reduced normal/reduced absent
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8.4.2 Tumors(I1)

Enhanced or persistent expression of GATA-4 has been reported in non-gonadal tumors, including
adrenocortical carcinomas, esophageal/gastric adenocarcinomas, and yolk sac tumors (Kiiveri et
al. 1999, Siltanen et al. 1999, Lin et a. 2000), suggesting arole for GATA-4 in the progression of
these neoplasms. Furthermore, GATA-4 was expressed in tumors of gonadal origin, including
ovarian sex-cord and testicular yolk sac tumors (Siltanen et al. 1999, Laitinen et a. 2000). Given
that GATA-4 isabundantly expressed in thetestisfrom thefetal period to adulthood, the expression
of GATA-4 intesticular tumorswas analyzed by immunohistochemical staining (11).

Human Sertoli tumor cellsexhibited very intense expression of GATA-4 intestissamplesfromal12-
year-old boy with a Sertoli cell tumor (Large-cell calcifying Sertoli cell tumor). The staining
intensity of the tumor cells was clearly stronger than of Sertoli cells of the adjacent healthy
tubules. This finding was consistent in all affected tubuli. Upregulation of GATA-4 expression
was also evident in al five patients Leydig cell tumors, in which GATA-4 was abundantly
expressed in tumor cells. Unaffected Leydig and Sertoli cells in these tumors stained like the
control samples. In contrast to the findings for Sertoli and Leydig cell tumors, no GATA-4 was
detected in any of the six germ-cell-derived seminomas analyzed (unpublished results) (Table 13).

High GATA-4 expression may be due either to the processes leading to tumor formation or be
induced after tumor transformation. Within the endocrine system, GATA-4 may play arolein
tumorigenesis of the adrenal gland (Kiiveri et a. 1999). Transgenic micethat devel op adrenocortical
tumorsexhibit abundant GATA-4 expressionin their malignant adrenocortical cells, whereasnormal
adrenocortical cellsare devoid of GATA-4. Such adifference, accompanied by tumorigenesisand
the expression of GATA-4 has not, however, been detected in gonads. Besides testicular tumors,
GATA-4 isexpressed in ovarian granulosaand thecacell tumors, i.e., tumorsarising from ovarian
counterpartsfor testicular Sertoli and Leydig cells, respectively (Laitinen et al. 2000). Given that
GATA-4 is abundantly expressed in granulosa, theca, Sertoli, and Leydig cells during normal
development, itisunlikely that GATA-4 aloneinitiates tumor growth in gonadal somatic cells. On
the other hand, GATA-4 may promote the growth of testicular and ovarian tumors. In the ovary,
downregulation of GATA-4 precedesthe granulosacell atresiathat occursviaapoptotic cell death
(Heikinheimo et al. 1997). Therefore, their abundant GATA-4 expression may inhibit apoptosisin
gonadal tumor cells and thus promote tumor growth.

Giventheintense GATA-4 expression during the proliferative phase of Sertoli cells(l, 11, 111) (Viger
et al. 1998), GATA-4 may influence cell proliferation also in Sertoli cell tumors. Alternatively,
GATA-4 may participate in enhanced hormone production by the tumor cells. Inhibin subunits
shownto beregulated by GATA-1 and GATA-4 (Feng et al. 1998, Feng et a. 2000) (1), areabundantly
expressed in Sertoli tumor cells, and serum inhibin levelsare elevated (Toppari et a. 1998). Thus,
GATA-4 may regulate the production of inhibin o and BB-subunitsin Sertoli cell tumors. Leydig
cell tumorsare hormonally active and produce testosterone or estradiol (Griffin and Wilson 1998).
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The biosynthesis of these hormonesis controlled by StAR and aromatase, which in turn are both
regulated by GATA-4 (Silverman et a. 1999, Tremblay and Viger 20014). It can therefore be proposed
that GATA-4 expressionislinked to hormone secretion also in Leydig cell tumors.

Nodirect evidence alowsusto draw conclusions asto causality between GATA-4 expression and
tumorigenesis. However, GATA-4 regulates putative tumor suppressor genes such as MIS and
inhibin o (section 8.3) (Matzuk et al. 1992, Matzuk et al. 1995). L oss of the activity of these genes
resultsin testicular tumor growth. Interestingly, one of the allelles of the GATA-4 gene appeared
to belost in serous ovarian carcinomas (Lassus et al. 2001). These tumors arise from the surface
epithelium of the ovary where GATA-4 isnormally expressed. L oss of the GATA-4 gene suggests
that GATA-4 possesses either direct or indirect tumor suppressor activity in specific gonadal
tumors.

Table 13. Expression of GATA-4 in gonadal tumors. Number of GATA-4 positive tumors of all tumors
studied in parenthesis.

Testicular tumors ~ Ovarian tumors

Sertoli cell (1/1)  Granulosa cell (15/15)

Leydig cell (5/5) Theca cell (8/9)

Seminomas (0/6) Surface epithelium
Serous (3/41)
Mucinous  (9/10)
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9 CONCLUSIONS

Geneexpression data, aspresented herein, provide an important resource for defining genefunction
and for identifying hierarchiesand networks of genesthat regulate specific developmental programs.
It does not allow usto reach definitive conclusions asto the interactions of various devel opmental
factors. However, it gives us a physiological backbone for evaluating the results of in vitro
studies. Moreover, it helps usto focus further studies on understanding and clarifying the role of
GATA and FOG proteins during testicular development.

Testicular development requires temporally and spatially controlled expression of a number of
genes. Some of these genes are expressed for only alimited period of time, whereas othersforma
network that regulates not only fetal but also postnatal development and function. This study
elucidated the expression of transcription factors GATA-1, GATA-4, and GATA-6. These are
expressed in a distinct but partially overlapping manner in the developing testis, and their
expression patternsindicate that they may be important regulators of testicular development and
function. Their cofactors, FOG-1 and FOG-2, arelikely to modul ate their actions depending on the
cellular context of any given factor(s). FOG-2 may act with GATA-4 during the earliest stages of
testicular development; later inthefetal testis, FOG-1 functions as a cofactor for GATA-4. In adult
testis, GATA-1 and FOG-1 arelikely to be theinteracting partners.

Thisstudy revealed that GATA-4 ishormonally regulated, but neither gonadotropin nor androgen
actionisrequired for itsbasal expression. Furthermore, in gonadal cell lines, GATA-4 upregul ates
the inhibin o gene. Others have shown that GATA-4 regulates a number of other genes such as
MIS and StAR that are important for testicular function. GATA-4 is also essential for proper
expression of the SRY gene, implying arole for this transcription factor in the earliest steps of
testiculogenesis. All these findings together indicate that GATA-4 may be one of the master
regulators of testicular development and function.

In addition to the gonads, members of the GATA family of transcription factors are expressed at
various sites within the endocrine system. They regulate reproductive functions along the
hypothal amic-pituitary-gonadal axis. Furthermore, GATA proteinsare already being expressed at
the earliest stages of development in the adrenals and pancreas; both organs are essential for
normal hormonal homeostasis and eventually for the survival of theindividual. Therefore, based
on the results of previous and current studies, the GATA family may play a non-redundant and
essential rolein anumber of different endocrine organs.
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