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Chapter 1

1.1  Introduction

This chapter gives an outline of sex determination, sex differentiation, and gonadal
development in mammalian species. In most studies described herein, rats and mice
were used.

During embryonal development in mammals, sex differentiation is preceded by a
bipotential stage. Indifferent gonads are formed that can develop into either testes or
ovaries. The anlagen of the male and female internal genitalia, which are both present
in embryos of efther chromosomal sex, are called the wolffian and the millerian ducts,
respectively. The external genitalia are bipotential (Fig.1).

Male sex is determined in a subpopulation of somatic cells .in the indilferent
gonads. The presence of an inlact Y chromosome initiates development of these cells
along the male pathway. Further sex differentiation of the gonad into a testis is
achieved via processes that involve cell-cell communication. All subsequent
morphological differences bhelween male and female eutherian mammals are
hormonally regulated. The testis starts lo synthesize two hormones that are essential
for correct sex differentiation. The first hormone, anti-mullerian hormone {AMH)
induces degeneration of the millerian ducts. The second hormone, testostercne,
stimulates development of the wolffian ducts into epididymides, vasa deferens and
seminal vesicles. The testosterons metabolite dihydrotestosterone is essential for the
development of the prostate and external genitalia from their respective primordia:
urogenital sinus (prostate), genitat tubercle (penis, urethra), and labioscrotat swellings
(scrotum).

In the female, ovary differentiation takes place in the absence of an intact Y
chromosome, and, in the absence of AMH which is not produced by fetal ovaries, the
millerian ducts develop into the fallopian tubes, the ulerus and the upper part of the
vagina. Moreover, in the virlual absence of testoslerone, the wolffian ducts
degenerate and the external genitalia develop along the female pathway.

The above described processes, dependent on either the presence or absence
of AMH and testosterone, are described in detail in the first part of this chapter. An
overview of the regulatory mechanisms in the gonads by which these hormones act,
is given in the second part of this chapter, followed by the scope of this thesis.
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INDIFFERENT STAGE

vesicle

FEMALE

Fig. 1.1: Schematic representation of sexual differentiation of male and female Internal genitalia during
embryonic development (from Wilson et al. 1981).

During the indifferent stage, the gonads and the anfagen of the male and female internal genitalia, the
wolffian and millerian ducts, respectively, are formed. In the male embryo, the gonads develop into
testes; the miiflerian ducts degenerate, and the wolffian ducts dsvelop into the epididymides, vasa
deferens and seminal vesicles. In the female embryo, the Indifferent gonads follow the ovarian
differentiation pathway; the wolffian ducts degenerate, and the milllerian ducts develop inlo the falloplan
lubes, ulerus and upper part of the vagina.
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1.2, Sex determination and differentiation

Many species exhibit an extensive range of dimorphic characteristics that
distinguish the two sexes, when adull. Among different mammalian and non-
mammalian species, various mechanisms have evolved that control the switch that
initiates either the male or the female sex differentiation pathway. The signal for sex
determination thal precedes sex differentiation is environmental {temperature) in some
species such as reptiles (reviewed by Crews et al. 1994), but the signal is
chromosomal in mammals (reviewed by Goodfellow and Lovell-Badge, 1993; and
George and Wilson, 1994}, and in many other animal species. In the well sludied
species Drosophila melanogaster and Caenorhabditis elegans, sex. determination is
controlled by the ratio of the number of X chromosomes to the number of sets of
autosomes (reviewed by Hodgkin, 1985; Cline, 1993; and Parkhurst and Meneealy,
1994). This is referred to as the X:A ratio. The X:A ratio Is counted In each individual
cell of the developing organism, In the XX females, the ratio is 1, whereas the XY (D.
melanogaster} or XO {C. elegans} males have an XA ratio of 0.5 (for review see
Parkhurst and Meneely, 1994}). Sex determination in D. mefancgaster is coupled to
the mechanism that regulates dosage compansation. Dosage compensation corrects
for the fact that males have only one copy of X-chromosomal genes, whereas females
have two copies, and is achieved by doubling the level of X-chromosomal gene
expression in males.

Mammalian sex determination depends upon the presence or absence ofa Y
chromosocme, irrespective of the number of X chromosomes. Dosage compensation,
an earlier and seemingly independent event, is achieved by inactivation of ocne X
chromosome in females. H, in the case of chromosomal aberrations, more X
chromosomes are present in males or females, all bul one X chromosome are
inactivated.

A single factor, encoded by the Y chromosoms, dominantly induces the
formation of a testis from the indifferent gonad, which otherwise would develop into
an ovary. This factor is called the teslis determining factor (TDF) (reviewed by
Goodfellow and Lovell-Badge, 1993; and Bogan and Page, 1994).
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1.2.1 Genetic sex determination in mammals: TDF

identification of TDF

The region on the human Y chromosome that encodes TDF was defined
through extensive analysis and comparison of the sex chromosomes of XX males
containing small fragments of the Y chromosome, and XY females lacking fragments
of Y. Finally, a single gene, named SRY (sex determining region ¥) in human (Berta
et al. 1990; Sinclair el al. 1990} and Sry in mouse (Gubbay et al. 1990; Sinclair et al.
1990), has been identified. Direct evidence that SRY/Sryis a primary sex determinant
was obtained when the mouse Sry gene with ils flanking sequences was shown to
induce male sex differentiation, when introduced as a transgene into XX mouse
embryos (Koopman et al. 1991). Furthermore, SAY point mulations have been
detected in several human XY females (reviewed by Goodfellow, 1993},

SRY; structure and function

SRY sencodes a protein of the high mobility group {HMG) family of BNA binding
proteins. This family of proteins is characterized by a so-called HMG box. The HMG
box of SRY can bind DNA in a sequence specific manner, and Is predicted to bend
the target DNA to perhaps as much as 130° (Nasrin et al. 1991; Giese et al. 1992;
Harley et al. 1992). SRY binds also to cruciform DNA structures, but in a non
sequence-specific manner {Ferrari et al. 1992).

None of the SRY point mulalions reported in human XY females is focated
outside the HMG domain (Goodfellow and Lovell-Badge, 1993). This indicates that
the biochemical functions of SRY mainly reside in the HMG domain. However, the
human SRY gene with flanking sequences is incapable of inducing sex-reversal when
expressed as a transgene in XX mice, despite the simifar DNA binding characteristics
of SRY and Sry in vitro {(Koopman et al. 1991; Goodfellow and Lovell-Badge, 1993).
Outside the HMG domain, there Is lille sequence conservation among mammals.
Thus, the significance of the amino acid sequences outside the HMG domain is still
unclear, Also the exact mechanism of action of the SRY protein needs further
investigation, to determine whether SRY can actually induce transcription, perhaps
through interactions with cofactors. It remains possible that SRY acts solely by
inducing a change in chromatin structure and/or combining distant DNA sequences,
allowing other transcription factors to bind {Bogan and Page, 1994),
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Sex determining genes cther than SRY

it is most likely that SRY funclion depends upon interactions with other
autosomal or X-chromosomal genes involved in sex determination. Indications for the
axistence of such downstream genes come from the finding that ovotestes in mice are
formed when the Y chromosome from Mus musculus (Y®™) is placed onto the
C57BL/8J (B6) background {Eicher and Washburn, 1983}. Genelic evidence indicates
that the interaction between 1dy™™ and B8 autosomal or X-linked alleles involved in
sex determination, may result in a dsfay of the onset of testis differentiation beyond
a critical time point, aliowing partial ovary differentiation 1o take place (Taketo ¢t ai.
1991). It has been found that the presence of a polymorphism of a CAG trinucleotide
repeat in the Sry gene on the Y™™ chromosome correlates with the B6Y®" partial sex
reversal (Coward et al. 1994). The functional significance of this finding remains to
be established,

et |
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Sry, Sox9, (DSS) ——>| Testis | SF-1 — Epldidymls
0\ LI S — | Vas deforens
XY Seminal vesicle
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Fig. 1.2: Regulalion of sex determination and differentiation in mammals {(mouse).

The formation of the indifferent gonad depends on the action of at least two genes, Wilms' tumor locus-
1 (WT-1) and Ftz-F1 (SF-1). In the male embryos (upper part of the figure) a single gene named Sry
is able fo Induce teslis differentiation, and to prevent the activalion of ovary determining genes. If Sry
is not present, as is the case in female embryos (lower part of the figure), ovary determining genes are
activaled, such as the gene located on the X-chromosomal Dosage Sensilive Sex reversal locus (DSS),
and a possible negative regqulator of male sex differentiation (Z). Al other aspecis of sex differentialion
are reguilated by gonadal hormones. An increase In SF-1 expression possibly results in a stimulation
of AMH expression in the fotal Sertoli cells of the testls. AMH subsequently induces milferian duct
degeneration, The testicular Leydig cells start lo synthesize lestosterone, which stimulates the
development of the wolffian duct. In the developing ovary, SF-1 expression decreases, and AMH is
not expressed, allowing miilfsrian duct developrent. The walffian duct degenerates, due lo a lack of
androgens.
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In humans, certain chromosomal abetrations such as deletions (Bennett et al.
1993; Wilkie et al. 1993) or reciprocal translocation (Tommerup et al. 1993) may lead
to XY female development. Cne such an autosomal sex reversal locus, SRAT, is
associaled with the skeletal malformation syndrome campomelic dysptasia (CMPD1).
Recently, it has been shown that haploinsufficiency (deletion or mutation of only one
allele) of the SRY-related gene SOXG, can cause both XY sex reversal and CMPD1
(Wagner et al. 1994; Foster, 1994}, Itis thought that SOX9 acts very early in the sex
determination pathway. Although nothing is known about the nature of the function
of 8OXE in sex determination, it is suggested that gene dosage may be involved in
the mechanism of sex reversal in the case of haploinsufficiency of SCX8 (Wagner et
al. 1994, Foster, 1994). The dosage sensitivity of genes involved in sex determination
may be a remnant of a primordial sex determination system, which has evolived into
a dominant induction system, with Sry being the dominant inducer of the male
phenotype (Foster, 1994; King et al. 1995).

The female pathway of mammalian sex differentiation is considered the defauit
pathway. Development of the indifferent gonad into an ovary takes place when
SRY/Sry is absent. To date, no genes that are involved in the genetic cascade that
leads 1o ovary differentiation in the female have been identitied. Studies of XX male
individuals that lack SRY have led to the hypothesis that these individuals carry a
recessive autosomal mutation in a gene named Z (McElreavey ot al. 1993). In
females, this gene could normally act as a negative regulator of male sex
determination, and expression of Zwould be repressed by SRY in males (McElreavey
et al. 1993}, Evidence for the existence of so-called ovary determining genes, comes
from studies of several XY female patienls with an intact SRY gene, carrying
duplications of fragments of Xp (Bernstein et al. 1980; Scherer st al. 1989; Bardoni et
al. 1994). Recently, it has been determined that a double active dosage of a locus at
chromosome Xp21 is a cause of male to female sex reversal (Bardoni et al. 1994).
This locus has been named DSS (Dosage Sensilive Sex reversal). 46,XY patienis
with deletions in this region have male external genitelia, suggesting that DSS is not
required for testis differentiation. It is thought that in normal males, ovarian
development and DSS function are repressed, thus allowing testis formation.
Somehow, a double dosage of DSS in XY female palients hampers repression of the
ovarian pathway, or activation of testis differentiation, aithough a normal SRY gene is
present {Bardoni et al. 1994}, Adjacent to, or overlapping with, DSS, a locus is
mapped that is involved in adrenal gland development. Deletions in this region cause
X-linked adrenal hypoplasia congenita (AHC) and also hypogonadotropic
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hypogonadism (HHG). Mutations in a newly identified gene, called DAX-1 (for DSS-
AHC critical region on the X-chromosome, gene 1), give rise to both AHC and HHG
(Zanaria et al. 1994; Muscatelli et al. 1994). Since this gene maps within the DSS
critical interval, DAX-1 is also a candidate gene underlying DSS (Zanaria et al. 1994).
DAX-1 encodes a new member of the nuclear hormone receptor superfamily, but
displays a novel DNA-binding domain (Zanaria ot al. 1994),

1.2.2 Development of the indifferent gonads

Morphological aspecits

The indifferent gonad develops along the wventral cranial part of the
mesonephros, which is the second of the three consecutive nephric structures (pro-,
meso-, and melanephros). The primordial germ cells are first detected in the
extrasmbryonic mesoderm at 7.5 days of embryonic development (E7.5) (days post
coitum} (Ginsberg et al. 1990). Later during embryonic development, these cells
migrate from the yolk sac into the developing gonads {reviewed by Byskov and Hoyer,
1994). The early nondifferentiated gonad consists of loose mesenchymal lissue,
covered by the coelomic epithelium and supported by the developing mesonephric
lissue (Byskov and Hoyer, 1994).

Genetic aspects

Before Sry can induce testis differentiation, genes common to both sexes have
to regulate the formation of the indifferent gonad, and induce an intracellular
environment in gonadal cells thal allows the correct initiation of Sry expression.

Two such genes have recently been identified. Gene targeting experiments in
mice have shown that the Wilms' tumor associated gene {WT-7), and a locus that is
called Ftz-F1 that encodes stercidogenic factor 1 {SF-1; also called adrenal 4-binding
protein, Ad4BP), are both essential for development of intermediate mesoderm and
formation of indifferent gonads (Kreidberg et al. 1993; Luo el al. 1994),

Targeted inactivating mutation of WT-71, resulted in a failure of kidney and
gonad development. WT-1 is a tumor suppressor gene that encodes a transcription
factor that has four (Cys}),-(His}, DNA-binding zinc fingers (Call et al. 1990).

In Ftz-F1 nuli animals, gonad development is arrested at a very early stage, and
also the adrenal glands are absent {Luo et al. 1994). Furthermore, SF-1 regulates the
expression of several genes involved in steroid hormone biosynthesis, that are
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essential for sexual differentiation of the internal and external genitalia (Lala et al.
1992; Honda et al. 1993; Shen et al. 1994) (see paragraph 1.1.4). SF-1 is an orphan
nuclear receptor that shows the structural and funclional characteristics of members
of the sleroid hormone receptor superfamily (see Chapter 2).

Thus, both WT-1 and SF-1 encode zinc-finger containing transcription factors
that contribute to the eslablishment of the bipotential gonad. In the developing gonad
of normal mouse embryos, the temporal and spatial expression patterns of these two
genes overlap (Luo et al. 1994). However, it is not known whether WT-1 and SF-1
functionally interact.

1.2.3 Gonadal sex determination and differentiation

Differentiation of the gonadal cells

The first morphological sign of testis differentiation in the rat is the formation of
testicular cords at the end of E13 {Jost et al. 1973}. Cord formation depends upon
interactions between the fetal Sertoli cells and the precursors of the peritubutar myoid
cells (Buehr et al. 1993). The testicular cords contain the prespermatogonia (also
called gonocytes) and the fetal Seroli cells, which regulate and support
spermatogenesis in the adult testis. Differentiation of the steroid producing Leydig
cells, focated in the interstitium, is induced around E14 in the ratl (Tapanainen et al.
1984).

Mesenchymal tissue, located between the outermost testicular cords and the
coslomic epithelium develops into the tunica albuginea. Furthermore, the testis
becomes rounded, thus minimizing further conlact with the mesonephros {Byskov,
1986).

In the female gonad, the absence of Sry leads to ovary differentiation, which
becomes morphologically visible at £16 in the rat, two days after testis formaltion is
apparent in the male. The germ cells differentiate into cogonia that continue to divide
mitotically, Subsequently, at E17.5 in the rat, melosis is induced in cells that are
located at the inner part of the cortex (Beaumont and Mandl, 1962). Many oocytes
degenerate at different stages of meiosis, often in zygolene or pachytene, The
oocytes become atrested in the diplotene stage of the prophase of meiosis | (diclyate).
Then, follicutogenesis takes place, which depends upon the migration of mesonephros-
derived cells, which surround the centrally placed oocytes and differentiate into
granulosa cells (reviewed by Hirschiield, 1991, and Byskov and Hoyer, 1994).



Chapler 1

Granulosa cells and Sertoli cells share many structural and functional characteristics,
which supports the notion of their common embryonic origin. However, it has not been
unequivecally established whether mesonephros-derived cells and cells from the
coslomic epithelium both contribute to granulosa and Sertoli cell formation. Possibly,
granulosa and Sertoli cells are solely mesonephros-derived in certain species (Patek
et al. 1991; reviewed by Byskov and Hoyer, 1984). Mesonephros-derived cells have
been shown io contribute also to the interstilial mesenchymal cell population from
which Leydig cells and peritubutar myoid cells differentiate in the mouse (Bushr st al,
1993).

Timing of Sry expression

Although genetic sex is set at fertilization, the first time point of Sry action that
marks the onset of male sex determination and differentiation is not fully clear. Initial
studies concerning the temporal mRNA expression pattern of Sry suggested that this
gene is transcribed for only a very brief period starting at E10.5 in the mouse gonad,
two days before testis formation becomes morphologically apparent (Koopman et al.
1990). However, recent studies have detected Sry mRNA expression in the mouse
preimplantation embryo {Zwingman et al. 1993). Whether this pregohadal mRNA
expression results in formalion of functional protein remains to be established. After
Ei12.5 in the mouse, Sry mRNA expression is detected only in the adult testis, in
differentiating spermatids {Rossi et al. 1993). Most of this Sry mRNA is a circular
transcript, and there Is no evidence that it is actually translated into protein {Capel et
al, 1993).

Cellular localization of Sry action

Since absence of germ cells from the indifferant gonad does not interfere with
the formation of testis in XY individuals or ovaries in XX individuals {reviewed by
Mclaren, 1991), sex determination must unfold in the somatic cell lineages of the
gonad. Because Sry most likely funclions in the cell nucteus, Sry is thought to act cell
autonomously. Studies in chimeric XX/XY embryos have shown that in chimeras with
testes, most, but not all, Sertoli cells are XY, whereas the proportions of XX and XY
cells in the Leydig cell population are similar to those seen outside the gonad. In
chimeric embryos with ovaries, the granulosa cells were pradominantly XX (>90%j)
(Patek et al. 1991). These results indicate that the initial steps that commit the gonad
to male or female differentiation occur in the pre-Senoli or -granulosa cells, However,
celi-autonomous action of Sry must be supplemented by non-autonomous Sry-induced

10
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factors, because some XX Sertoli cells and XY granulosa cells have been observed
in chimeric gonads (Patek et al. 1991). Consequently, factors that are involved in cell-
to-cell communication must be expressed very early in ihe sex differentiation pathway

of the gonad.

1.2.4 Endocrine differentiation of the gonads

The absence or presence of two felal testicular hormones, AMH and testosterone, is
essential for sex differentiation of all other internai genitelia, as well as the external
genitalia.
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Fig. 1.3: Structural characleristics of AMH (adapted from Wifson ef al, 1993).

AMH Is synthesized as a 140 kDa homodimer. The vertical lines Indicate that the dimer is disulfide
linked (A). Plasmin cleavage between arginine 427 and sering 428 {indicated by the small arrows)
generates N- and C-terminal subunits of 110 and 25 kDa, that remain noncovalently assoclaled (B).
The aclual location of the disulfide bonds and the sites of N- and C-terminal interaction are currently
unknown.  Acid-dissoclation generales the two separate subunits. Full bloactivily Is oblained only
when the cleaved subunils are associated. The C-terminus alone displays approximately 50% of the
maximal bioactivity (C).
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Structural and functional aspecls of AMH

AMH is the first known product secreted by fetal Sertoli cells (Tran and Josso, 1982),
and was identified as a member of the activin/TGFB family of peptide growth and
differentiation factors (Cate et al. 1986; Haqq et al. 1992) (see also Paragraph 1.2.3
and Chapter 2). In general, most members of this family are synthesized as large
precursor melecules that form homodimers or heterodimers (Massagué, 1990). Each
chain of the dimer is cleavad at approximately 110 amino acids from the C-terminus,
generating the mature growth factor {the C-terminal subunit) and an N-terminal product
{Massagué, 1990). AMH is a 140 kDa dimeric glycoprotein, which can be cleaved by
plasmin to generate a 110 kDa N-terminal and a 25 kDa C-terminal subunit (Pepinsky
et al. 1988). The C-terminal domain alone is biclogically active. However, AMH
differs from the other family members In that the N-terminus can potentiate the activity
of the C-terminal domain, and appears to be required in order to obtain full bicactivity
of AMH (Wilson et al. 1993} {see Fig. 3). The N-terminus possibly plays a role in
maintaining the proper conformation of the C-terminus of AMH, and in preventing the
formation of inaclive aggregated C-termini {Wilson et al. 1293). Unlike AMH,
reassociation of the N- and C-terminal domains of TGFp results in latency,
characterized by the inability of the C-terminus to bind to its receptor (Gentry and
Nash, 1990).

Regulation of AMH expression during sex differentiation

It has been suggested that Sry direclly regulates AMH expression through
binding to the AMH gene promoter (Haqq et af. 1993). However, recent results (Shen
et al. 1994; Haqq et al. 1994) indicate that Sry depsndent activation of the AMH gene
promoter is indirect. Shen et al. (1994) and Hatano et al. (1994) suggest that the
expression of AMH is regulated by SF-1. This hypothesis is based on the observation
that, after formation of the indifferent gonad, SF-1 expression decreases in the female
and increases in the developing teslis, which correlates with the absence of AMH from
the fetal ovary and the onsel and increase of AMH production by the testis (Shen et
al. 1994; tkeda et al. 1994). Indeed it has been shown that SF-1 binds to a conserved
element in the AMH gene promoter (Hatano et al. 1994; Shen et al. 1994).
Furthermore, activation of the AMH promoter in 15-day-old ral Sertoli cells in vitro
required an intact SF-1 binding site (Shen et al. 1994). in order to stimulate AMH
transcription, SF-1 most likely needs to be activated by an as yet unknown cofactor
or ligand (Shen et al. 1994). This agrees very well with the structurat similarity of SF-1
with members of the steroid hormone receptor family, Whether SF-1 actually
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regulates AMH gene expression during sex differentiation remains a matier of debate,
since in an /n vitro assay system, in which Sry dependent transcription from the AMH
gene promoter was operative, SF-1 acled as a transcriptional repressor (Haqqg et al.
1994).

Regulation of testosterone synthesis during sex differentiation.

The other important lesticular hormone, the steroid hormone testosterone, is
synthesized by devsloping Leydig cells of the fetal testis. Several steroidogenic
enzymes are involved in the steps that lead to the conversion of cholesterol into
testosterone (see Fig.4). These enzymes are present in both male and female
gonads. However, differences in the activity of only a few enzymes leads to
testosterone synthesis in the male and estrogen synthesis in the female gonad. In the
testis, the activity of 3p hydroxysteroid dehydrogenase activity (33-HSD) increases,
whereas in the ovary the aromatase activily increases (Wilson et al. 1981). This
regulation can occur In vitro, independently of exogenous hormones or growth factors,
in steroidogenic cells from rabbit testes (George el al. 1978; George and Wilson,
1980). SF-1 binding siles are present in the promoters of the genes encoding several
steroidogenic enzymes, including P-450sce, P-450¢17 and P-450 aromatasae (Lala et
al. 1992; Morohashi et al. 1992; Honda et al. 1993; Lynch et al. 1983}. This Implies
that SF-1 may be involved not only in the regulation of AMH expression, but also in
the regulation of expression of steroidogenic enzymes, The fefal production of
testosterone reaches its maximum in rats at £18.5-E19.5, followed by a gradual
dacline (Warren et al. 1975).

Regulation and functlions of the androgen receptor

Testosterone acts via the androgen receptor, a member of the steroid hormone
receptor family (see also Chapler 2). The androgen receptor is a nuclear protein that
specifically binds testosterone and dihydrotestoslerone. After binding the ligand, the
androgen receptor can regulate gene transcription through hinding to an androgen
rasponse element (ARE) in the promoter of androgen regulated genes. The androgen
receptor is involved in the regulation of many processes. lts function is crucial for the
development and maintenance of internal and external sex organs.

Testosterone can down-regulate transcriplion of the gene encoding its own
receptor in a number of tissues, including ventral prostate, kidney, epididymis, brain
and coagulating gland (Shan et al. 1990; Quarmby et al. 1990; Blok et al. 1992a).
However, in cultured immature Sertoli cells, testosterone did not affect androgen
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receptor mRNA levels, whereas FSH stimulated androgen receptor expression
{Verhoeven and Cailleau, 1988; Blok et al. 1989; Biok et al. 1992b), Testosterone
deprivalion in vivo resulted in up-regulation of lesticular androgen receptor mRNA
expression in one case {Sanbom et al. 1991), but no effect was observed in another
study (Blok et al. 1992a). Thus, it is not clear whether downregulation of androgen
receptor mRNA expressicn by androgens is aperative in the testis.

Although it has been shown for many genes that their expression is up- or
downregulaled by androgens, it has been proven for only a few genes that this
regulation is directly at the leve! of gene transcriplion {Riegman et al, 1991; Celis et
al, 1993; Murtha et al. 1993; Rennie et al. 1993). Since primary androgen responsive
genes in the testis have nol been described, little Is known about the mechanism by
which testosterone exerts its effects on testicuiar functions.

chy o

o Cholesterol
P-450scc |
Pregnenolone
P-450017 |
17-Hydroxypregnenolone
P-450c17
Dihydroepiandrosterons

o 3B-HSD |
Androstenedione
178-HSD J/ OH oH
CHS CH3
CHy ¢ Aromatase
I -
s .
. Testosterone P Estradioi

Fig. 1.4: Regulation of testosterone and estrogen synihesis during sex differentiation.

Four different enzymes are necessary to convert cholesterol into testosterone. One additional enzyme,
aromatase, converis lestosterona into estradiol. The enzymes of which it is known that the gene
iranseription Is regulated by SF-1 are undetlined. It Is presently unknown whether 33-HSD and 17B-
HSD are also regulated by SF-1. In male embryos the activity of 33-HSD in the testis increases during
sex differentiation (indicated by &), whereas in the felal ovary, aromatase activily increases (indicated

by &).
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Possible functions of AMH and tesfosterone in lestis differentiation

AMH and testosterone are not essential for the differentiation of the testis itself.
Multations in the gene that encodes AMH in humans resuit in a phenotype that is
characterized by the presence of a uterus and fallopian tubes in otherwise normally
viriized males, a syndrome known as persistent miillerian duct syndroms (PMDS)
{Josso et al. 1991; Josso et al. 1993; Imbeaud et al. 1994). The testes develop
normally in these patients, but do not descent, resulting in infertility, which precludes
conclusions about the role of AMH in spermatogenesis (see also Chapter 2),
Simitarly, mutations that disrupt the function of the androgen receptor in mice or man
do nol affect testis formation (Griffin and Wilson, 1989), and androgens cannot induce
the formation of testicular tissue in differentiating ovaries during embryocnic
development (Jost, 1947a).

Contrary to the implications of these observalions, there are some experimental
resulls thal indicate that AMH may perorm certain functions during testis
development. AMH can induce the formation of testis cord-like structures and
endocrine sex reversal in ovaries cultured in vitro (Vigier el al. 1987; Vigier et al.
1989). Similarly, when AMH is ectopically expressed as a transgens in female
embryos, testis cord-like structures occur in the developing ovarles {Behringer el al.
1990). Furthermore, in male mice that express extremely high levels of AMH, Leydig
cell function is impaired (Behringer et al. 1920), and in the opposite situation, in AMH
knock-out male mice, Leydig cell hyperplasia is observed (Behringer et al. 1094).

Possible role of estrogen in sex differentiation

In reptiles and birds, aromatase activity, and hence the level of estrogens, is
a critical determinant in the regulation of gonadal sex differentiation (Elbrecht and
Smith, 1992; Crews et al. 1994). In the mouse, estrogen receplors are present in
male and female gonads throughout gonadal sex differentiation (Greco et al. 1993),
Furthermore, fetal rat ovaries and testes can produce estrogens in vitro after
gonadotropic stimulation {Weniger et al. 1993a; Weniger et al. 1993b). On the other
hand, estrogen receptor (ER) knock-out mice show no abnormalilies with respect to
gonadal sex determination and differentiation {L.ubahn et al, 1993). This may indicate
that estrogens are nol essential for correct gonadal sex differentiation. The fact that
residual estrogen binding, to about 5% of the normal level and with normal binding
affinily, could be detecied in the ER-disrupted animals {Lubahn et al. 1993) implies
that some reservation should be made. However, recent results suggest that this
binding is due to either the presence of a non-ER estrogen-binding protein, or an
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altered protein product transcribed from the disrupted ER gene that is biologically
inaclive (Korach, 1994),

1.2.5 The roles of AMH and testosterone in sexual differentiation of the genital
ducts

The woiffian and the millerian ducts are the anlagen of respectively the male
and female reproductive tracls, but are present in the embryos of either sex. The
wolffian duct is the excretory duct of the mesonephros. The miilierian duct, also called
the paramesonephric duct, develops around E14 in the rat (Trelstad et al. 1982}, as
an invagination of the coefomic epithefium that starts lateral 1o the cranial end of the
wofffian duct and develops in a cranial caudal direction along this duct {Byskov and
Hoyer, 1994).

The wolffian ducts

The wolffian ducts become dependent on testosterone during the period immediately
after gonadal sex differentiation. Futther development of the wolffian ducts into
epidydimides, vasa deferens and seminal vesicles is controlled by testosterone (Jost,
1947b; Jost, 1947a; Josso, 1970), although some action of dihydrotestosterone cannot
be excluded (Tsuji et al. 1991; Tsujl et al. 1994). Initially, the mesenchymal cells
surrounding the wolffian ducts are the testosterone target cells. During later stages
of wolffian duct development, the epithelial cells also start expressing the androgen
receptor (Cooke et al. 1991). This indicates the importance of mesenchymal/epithelial
interactions during differentiation of the wolffian ducts (Cunha and Lung, 1979). Inthe
femals, the wolffian ducts regress due lo the absence of testosterone,

The miiflerian ducts
The miillerian ducts are sensilive fo the degenerative action of AMH during a

crilical period that comprises E14.5-E15.5 in the rat (Picon, 1969; Donahoe et al
1977; Tsuji et al. 1992). The first morphologic change that marks the beginning of
milterian duct regression, is the dissolution of the basement membrane that separates
the epithelial cells, which form the actual duct, from the surrounding mesenchymal
cells. Subsequently, contacts between the mesenchymal cells and the epithelial cells
are frequently observed (Trelstad et al. 1982). Migration of both cell types takes
place, which finally resuits in the formation of a circutar whorl of cells at E16 in the rat
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{Trelstad et al, 1982), Although some cells die during this process, milllerian duct
degeneration seems to involve reorganization and functional changes of cells rather
than programmed celt death {Trelstad et al. 1982}). In analogy to the actions of
testosterone on the wolffian ducts, AMH seems to act on the mullerian ducts via the
mesenchymal cells that surround the ducts, rather than acting directly on the epithslial
cells themselves. Evidence in support of this hypothesis comes from experiments on
isolated epithelial and mesenchymai cells during mllerian duct regression in the rat
(Tsufi et al. 1992). Using cells isolated from E15.5 fetuses, it was shown that AMH
could reduce [*H]-thymidine incorporation by milllerian ducl mesenchymal celis, but
not by epithelial cells (Tsuji ot al. 1992).

If exposure of explanted rat multerian ducts to AMH /n vitro is delayed until after
E15.5, millerian duct regression does not occur (Picon, 1969; Donahos et al. 1977;
Tsuji et al. 1992). However, AMH induced the formation of linear bulges in the
miillerian duct of urogenital ridges iscfated from 17.5 to 18.5-day-old rat feluses. This
indicates that the mllerian ducts can stifl respond to AMH after the critical period,
albeit in a different way (Tsuji et al. 1992).

In the female, the millferian ducts develop into the falloplan {ubes, the uterus
and the upper part of the vagina. Early development and growth of the millerian
ducts are generally considered to occur autonomously (Jost, 1953; Lubahn et al. 1993;
Byskov and Hoyer, 1994).
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1.3 Gonad development and function
1.3.1 Testis development

Developiment of the testicular cell types

The neonatal 1leslis consisls of seminiferous tubules in which the
prespermatogonia and Sertoli cells are located, and an interfubular space with Leydig
cells and blood vessels. A basal membrane is focated between the Sertoli cells and
the peritubular myoid cells surrounding the tubules. The fetal and neonatal Leydig cell
population differs from the adult Leydig cells in several aspects, illustrated by a much
higher steroidogenic capacity of the fetal testis, which is important for the androgen
dependent genital differentiation (Huhtaniemi et al. 1982; Tapanainen et al, 1984;
Huhtaniemi, 1994). Fetal Serioli cells divide rapidly, with their highest proliferalive
activity occurring on E16 in the mouse, followed by a gradual decline (Vergouwen et
al. 1991). The Sertoli cells stop dividing around postnatal day 15 in the rat {van
Haaster et al. 1992). A Serioli cell can only support the development of a limited
number of germ cells, Thus it is the number of Sertcli cells that is present at day 15
that determines the maximal output of sperm during adult life, and hence the final
testis size (Orth et al. 1988; reviewed by Sharpe 1994). Serioli cell maturation is
characterized by a number of biochemical and morphological changes. A marked
structural change is the formation of tight junctional compfexes between adjacent
Sertoli cells, which results in the formation of the so-called blood-testis barrier. Thus,
a separated inner part of the testicular tubules is formed {the adluminal compartment)
in which the meiotic and postmeiotic development of the germ cells takes place.
Formation of the blood-testis barrier and cessation of Sertali cell divisions occur more
or less coincident (Russell ef al. 1989).

The prespermatogonia have undergone series of mitotic divisions until E18 in
the rat after which they enter a phase of mitotic arrest (Byskov and Hoyer, 1994).
Between postnatal days 3 and 8 in the rat, reinitiation of prespermatogonia divisions
marks the onsel of the first wave of spermatogenesis {(van Haaster and de Rool},
1994). Subsequently, the first germ cells enter the prophase of meiosis and are
translocated to the just formed adluminal compartment when they are In the
preleptotene stage. The complete process of spermatogenesis, from undifferentiated
spermatogonia into spermatocytes, that undergo two melotic divisions, followed by the
development of the haploid spermalids into mature sperm, culminates in the release
of the first spermatozoa into the tubular lumen around day 45 in the rat (Clermont and
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Perey, 1957).

The spermatogenic cycle

The location of all spermatogenic cell types within the seminiferous epithelium
of the adult rat is highly organized. A single Serloll cell is always associated with one
of fourteen delfined sets of spermatogenic cells. The regular occurrence of these
fourtesn cell asscciations is called the spermatogenic cycle. In the adult rat, waves
of differentiating spermatogonia enter the cycle at regular time intervals (see Fig 1.5).
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Fig. 1.5: Germ cell associations at the different stages of the spermatogenfc cycle In the rat (adapted
from Sharps, 1994).

Each vertical column or stage describes the fixed complement of garm celis associaled with Serfolf cells
at that parficular stage, wilh the lumen of the lubule to the top and the basement membrane {o the
bottom of the diagram. Each Stage of the cycle lasts for a fixed period of tfme. A single germ celf
goes through each step of spermatogenic development from leff to right and bottom lto top through the
diagram unlil if reaches Stap 19 of spermalid development at Stage VIl and Is released as mature
sperm. Thus, each germ cell from A, passes through the cycle 4.5 times before it is refeased. The
complele process of spermalogenesis can be divided into phases based on the major developmental
evenls that occur. A,A,ALA, spermatogomia lype A; In: intermediate spermatogonia; B
spermalogonia lype B; PL: preleptofene spermatocyles; L: leptotene spermatocyles; P. pachytene
spermalocytes; DI diplotene spermatocyles; Il: secondary spermatocyle undergoing meiolic division
I 1-19: steps of spermalid differenliation. Note: The undifforentiated spermatogonia are not
represented in this diagram., The undifferentiated spermalogonia are named according fo their
topographical arrangement irt the seminiferous {ubules. Clones of one cell are named A, (A, two
cells Ay (A,), and four or mora cells Ay, (Ay). The A, celis are the stem cells of sparmalogenesis
and are present during alf stages of the cycle. Stem cell renowal and differentiation take place in a
cyclic manner. A period of aclive profiferation spans Slages X-Il, whereas during Stages HI-IX the
stern cell proliferation is inhibited and the A,, enter the spermalogenic cycle as spermafogonia type A1

during Stage VIl (Huckins, 1871).
Hormonal regulation of testis development and function
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FSH and LH are the most important regulators during prepubertal testis
development. LH stimulates Leydig cell development and steroidogenesis, while FSH
stimulates the proliferation of Sertoli cells and also regulates Sertoli cell maturation
(reviewed by Sharpe, 1994). Leydig cell development and Sertoli cell development are
interactive processes. FSH receptor binding can be detected at E17.5 in the rat, and
increases parallel to the degree of testicular growth, indicating that the number of FSH
receptors per Serioli cell is relatively constant (Warren et al. 1984).

Leydig cells secrete large amounts of testosterone around the time of birth,
followed by a rapid decrease which is due to changes in the steroidogenic pathway
(Warren et al. 1984; Huhtaniemi, 1994). Full length mRNA encoding the LH receptor
can be detected from E16 in the rat {Zhang et al. 1994). Howaever, it is thought that
the peak of iestosterone synthesis in the ral during felal/early postnatal life is not
caused by LH, since levels of LH in the rat are too low during this period (Huhtaniem,
1994). The lovel of LH receptor mRNA expression is maximal at E21.5 and decreases
after birth (Zhang et al. 1994).

After an initial decline in testostercne synthesis shortly after birth, the levels of
testosterone rise again around puberty, resulting in high adult levels (Podesta and
Rivarola, 1974). Testosterone is absolutely required for maintenance of
spermatogenesis (reviewed by Sharpe, 1994), but no androgen receptor, essential for
testosterone action, is expressed in the spermatogenic cells of the testis {(Grootegoed
et al. 1977; Buzek and Sanborn, 1988; Bremner et al. 1994}, Therefore, testosterone
must exert its effects through the androgen receptor positive peritubular myoid cells
and Sertoli cells. There is an increase in testicular androgen receptor levels during
sexual maturation in the rat (Buzek and Sénborn, 1988). This increase may be partly
caused by FSH, which has been shown to up-regutate androgen receptor expression
in immature Sertoli cells in vitro {Verhosven and Cailleau, 1988; Blok et al. 1989; Blok
ot al. 1992b). Total testis androgen receptor mRNA expression (per given amounl of
total RNA) decreases from postnatai day 26 onwards, but this is most likely due to the
increasing amount of androgen receptor negalive germ cells (Lubahn et al. 1988}.

The role of FSH in adult male animals is not clear, and seems to be species
dependent, In the rat, conflicting results have been reported. On the one hand, there
is an age dependent decline in responsiveness of Sertoli cells to FSH in terms of
secretion of several FSH regulated proteins, which appears to result from an increased
activity of cAMP phosphodiesterase activity (Ritzen et al. 1989). On the other hand,
studies using hypophysectomized rats substituted with FSH and/or androgen, indicate
that the combination of the two hormones is necessary to maintain normal teslicular
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weight (Bartlelt et al. 1989). Also, in Serloli cells isolated from 20-day-old rat testis
and adult testis, similar levels of FSH receptor mRNA are detected (Heckert and
Griswold, 1991). Furthermore, the expression in adult Sertoli cells of both FSH
receplor and cAMP phosphodiesterase s strictly regulated during the spermatogenic
cycle (Kangasniemi et al, 1990; Heckert and Griswold, 1991; Parvinen, 1993). The
highest responsiveness of Sertoll cells to FSH duting Stages XiV to VI (Parvinen,
1993) of the spermatogenic cycle, is consistent with the hypothesis that FSH plays a
role in the regulation of survival of differentiated spermatogonia that undergo the last
four mitotic divisions during this period (Sharpe, 1994).

1.3.2 Ovary development

Follicle growth

Primordial follictes, which are all formed around birth in the rat, consist of an cocyte
surrounded by a single layer of pregranulosa cells, that form the precursors of the
granulosa cells that will finally populate the follicle. From the pool of primordial
follicles, groups of follicles will enter the growing phase throughout life. The
pregranulosa cels that surround the oocyte in the primordial follicle cease to divide
and enter a period of quiescence. Theca cells are not immediately observed, but
differentiate during early stages of follicle growth in the rat and arise from the
undifferentiated mesenchymal interstitial cells throughout repreductive life (reviewed
by Hirschfield, 1991).

Each follicle that begins to grow either goes on to ovulate or degenerates, a
process which is called atresia. Follicular atresia can occur at alf stages of follicle
development {Fig. 6A), When follicle growth is initiated, the cocyte, slill arrested in the
late prophase of meiosis | (dictyate}, grows rapidly in size, The granulosa cells of
these small preantral follicles {Fig. 1.6A) proliferate extensively, also after the cocyte
has ceased to grow. A basement membrane separates the granulosa cells on the
inside from the theca interna {steroidogenic cells) and theca externa (connective tissue
celis} outside. During the following phase of growth, fluid-filled spaces appear
between the granulosa cells, eventually merging into a singie large antral cavity; these
follicles are called antral follicles (Fig 1.6A) (reviewed by Hirschfietd {1991), and
Byskov and Hoyer, 1994). The complele process of follicle development from a small
preantral follicle into a preovulatory follicle takes approximately 15-17 days {Hage et
al. 1978). During the final steps of follicte differentiation (follicle maturation), the
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granulosa and theca cells differentiate furiher and the antral cavity enlarges. After the
LH surge, resumption of oocyte-meiosis takes place {(oocyte meiotic maturation),
resuiling in formation of the first polar body and arrest of meiosis in metaphase Il
Then, ovulation occurs.

The estrous cycle
In the adult rat, the surge of FSH at estrus stimulates a group of preantral follicles to

become aniral. Subsequently, 12-14 of these follicles are selected, reach the
preovulatory size, and ovulfation is induced by the LH surge at proestrus. This
process, which is called the estrous cycle, repeats every 4-5 days depending on the
strain. After ovulation the remaining follicle luteinizes and develops into a corpus
luteun. The corpus luteum will degenerate after 4-5 days unless the ovum s
ferilized; then the corpus luteum is rescued from luteoclysis.
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Fig. 1.6: Follicle development and the estrous eycle in the rat,

A) Schematic representation of hormone concentrations in serurn during the ral esfrous cycle, E:
Eslrus; M: Metestrus; D1;02: Diestrus 1 and 2; Pr. Proesfrus.

B) {next page) Schematic filustralion of follicular development and atresia (adapled from Findlay (1994).
The amount of primordial folficles Is set during the first days of postnatal development when follicle
formallon takes place. Primordial follicles consist of an oecyle surrounded by a single layer of
pregranulosa cells. Once follicle growth is inifiated, the commilted follicles either go on lo ovulate or
become alrefic. In a committed follicle, the cocyle grows rapidly, and the granulosa cells proliferate
extensively. These foliicles are surrounded by a basement membrane and a theca cell layer. Small
anlral folticles develop fluid-filled spaces between the granulosa cells, and they become responsive to
gonadolropins, and large antral follicles are gonadotropin dependent. The preovulatory follicles are
malure and ovulale in response lo the LH surge. Alresia can take place during all steps of follicle
development. The highest rate of atresia occurs in the population of large antral follicles.
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Hormonal regufation of ovary development and funciion
During the prepubertal period, follicle growth occurs, but this does not lead to
formation of mature preovulatory follicles, and the follicles slowly degenerate.
Ovulation does not occur until after the first LH surge (35-45 days after birth, reviewed
by Ojeda and Urbanski, 1924). During the prepubertal period, establishment of the
hypothalamus-pituitary-gonad axis takes place, and negalive and positive feedback
mechanisms develop.

The level of circulating FSH in the rat increases after birth to a maximal value
at day 12, after which there is a gradual decline {Ojeda and Ramirez, 1972;
Meijs-Roelofs et al. 1973). Also LH levels are higher during the first two weeks of
postnatal development than during later phases of prepubertal development {Ojeda
and Ramirez, 1972; Meijs-Roelefs et al. 1973). Binding of FSH and LH to their
respective receptors cannot be detected until postnatal day 7 in the rat (Smith-White
and Ojeda, 1981; Sokka el al. 1992). During the second week of postnatal ovary
development their is an increase in sensltivity of the growing follicles to FSH and LH
which is illustrated by a concomitant increase in gonadotropin receptor numbers
{Smith-White and Ojeda, 1981; Uilenbroek and van der Linden, 1983; Sokka and
Huhtaniemi, 1990). In the female, granulosa cells specifically express FSH receplors
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(like Sertoli cells in the male). LH receptors are expressed by theca cells and, during
the final phases of foliicle development, also by granutosa cells (Zeleznik et al. 1974).
The initiation of follicutar growth does not depend on gonadotropins, FSH is required
for continued folficle growth and development (reviewed by Hirschfield, 1991).

In the adult cycling female rat, the elevated level of FSH at estrus stimulates
growlh and differentiation of the granulosa cells. FSH induces aromatase activity
(Dorrington et al. 1975; Fitzpatrick and Richards, 1991) and LH receptors {Piquette et
al. 1991} in granulosa cells of maturing follicles. An important functional characteristic
of these follicles is the increased output of estrogens. The theca cells are stimulated
by LH to produce androgens. In granulosa cells, these androgens are subsequently
converted to estrogens by aromatase. This Is known as the "two-cell, two-
gonadotropin” model {reviewed by Hillier et al. 1994). FSH secretion is decreased by
the increased sstrogen output and also by inhibin, a member of the activin/TGFB
family of growth/differentialion factors (see afso Paragraph 1.2.3). The decrease in
FSH secretion results in atresia of large follictes that are in less than optimal condition,
and thus in selection of foflicles that can reach the final stages of follicle maturation
and will ovulale at estrus. The high estragen levels eventually elicit the FSH and LH
surges (Fig. 1.6B} that result in ovulation and subsequent luteinization of the remaining
follicle (positive feedback mechanism). A secondary FSH surge staiting at early estrus
recruits follicles that will undergo the final stages of follicle maturation in the next cycle.
Estrogens are not only important as a feedback reguiator, but are thought to act as
an autocrine/paracrine factor as well. For example, eslrogens have been reported to
stimulate granulosa cell proliferation and to prevent follicular atresia (reviewed by
Hirshfield, 1891).

1.3.3 Local regulatory actions in the gonads

During the lasl decade, it has become more and more obvious that besides
gonadotropins and steroids, local growth factors also play important roles in the
regulation of gonadal functions. Many different growth factors have been reported to
be locally expressed, and/or to have effects upon gonadal functions. These include
fibroblast growth factors, transforming growth factor-o, insulin-like growth factors | and
Il, nerve growth factor, interleukins, and members of the activin/TGF-p family of
growth/differentiation factors (reviewed by Adashi el al, 1991; Lamb, 1983;
Spiterigrech and Nieschlag, 1993; Findlay, 1993 and 1994; and Tsafriri and Adashi
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1994).

In general, the actions of growth factors may not be as marked as the effects
of gonadotropins and steroid hormones. In many cases, their major role seems 1o be
local fine-tuning of hormone action. Several features, inherent to local regulatory
mechanisms, complicate the assignment of specific gonadal functions to a certain
growth factor. First, these factors often function in many extragonadal processes that
are essential for the overall viabilily of the organism, thus making it impossible to study
the effect of their absence. Second, if the absence of a factor is not lethal,
redundancy phenomena may hide the physiclogic function of that factor, for example
in gene knock-out experiments (Shastry, 1994). Third, species-specific effects and/or
species-specific expression patterns of growth factors may preclude the development
of general hypotheses. Finally, the interpretation of in vitro experiments that address
the effects of exogenously added growth factors, may be complicated if these factors
are also produced by the Isolated cell types or tissues in culture; focel production may
result in high local levels. Thus, although many resuits on expression and effects of
growth factors have been reported, litlle progress has been made conceming their
actual functions in vivo. This paragraph focusses on the available data concerming the
gonadal expression and effects of some members of the activin/TGF [ family of growth
factors, The existing concepts on their in vivo actions in the gonads will be described.

TGFBs

The synthesis and effecls of the three known mammalian TGFps (TGFf1,
TGFB2 and TGFB3) in the gonads vary depending on the species (reviewed by
Benahmed et al,, 1993). It is not known whether the different TGFBs each perform
specific functions, or whether their functions overlap. Many cell types in the rat ovary
and testis have been reported to express protein or mRNA representing one or more
of the TGF s (Skinner and Moses, 1989; Mullaney et al. 1991; Benahmed et al. 1993;
Schmid et al. 1994; Gautier et al, 1994). Gonadotropins most likely control TGFJ
expression in their target cells (Benahmed et al. 1993; Muilaney and Skinner, 1993}.
During the estrous cycle in the ovary, interstitial cell TGF} production varies little,
whereas the granulosa cells start expressing TGFB 1 and 2 at the preovulatory slage
of follicle development {(Teerds and Dorrington, 1992}, Mullaney and Skinner (1993)
report marked changes in the TGF expression patterns in the somatic cells of the
testis around puberty. During adult spermatogenesis, there are different levels of
TGFp expression also in spermatogenic cell types {Teerds and Dorrington, 1993},

Receptors for TGFf have recently been cloned (see Chapter 2), However, litlle
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is known about thelr expression in the gonads. TGF[ type Il receptor mRNA has been
detected mainly in the thaca cells of preanirat and antral follicles of the mouse ovary
(Schmid et al. 1994), and in the peritubular myoid cells of the rat testis, with much
lower levels in the other somatic cell types, and being not detectable in spermatogenic
cells (L.e Maguerasse et al. 1994). TGFp type ill receptor is expressed in all testicular
cell types. In addition, spermatogenic cells express high levels of an abberrant mRNA
of 3.5 kb (Le Magueresse et al. 1994).

All these expression data have not led to a comprehensive modei that fits all
the effects of TGFpB in a general mechanism by which TGFj might influence the
regulation of gonadat functions. it is clear that most forms of TGFB are locally
synthesized In the gonads. Also, TGFp can regulate important functions of most
gonadal cell types in vitro {Hutchinson et al. 1987, Morera el al. 1988, Skinner and
Moses, 1989; Hernandez et al. 1990; Dorrington et al. 1993; Hakovira et al. 1993).
Yet, it is not clear whether these actions are important i vivo.

A slep towards the development of a general concept was made by Dotrington
et al. (1993}, who have proposed that FSH, estradiol and TGFf positively interact to
stimulate cell proliferation and differentiation, both in granulosa and Serloli celis. in this
model, TGFf is thought to mediate the stimutatory actions of estradiol.

AMH

AMH is cne of the very few factors whose functions during postnatal development are
most likely restricted to the gonads {see also Chapter 7). In females, AMH Is
synthesized only by the granulosa cells of preantral and antral follicles, but not by
large preovulatory follictes, in rat (Hirobe et al. 1984) and mouse {Minsterberg and
Lovell-Badge, 1991; Hirobe et al. 1992) (see also Chapter 4). In males, the Sertoli
cells specifically express AMH, of which the level decreases after birth, but low levels
of AMH mRBNA can be detected throughout adult life in various species {Kuroda et al.
1990, Baker et al. 1990; Lee ot al. 1992; Lee et al. 1994) (see also Chapter 5). No
convincing binding data of AMH fo potential farget celis in the gonads have been
reported (see also Chaplers 3 and 7). Several effects of AMH on gonadal cell
funclions have been described. AMHM represses the biosynthesis of aromatase,
decreases the number of LH receptors (di Clemente et al. 1994}, and opposes
induction of progesterone biosynthesis by epidermal growth factor, in granulosa cells
from several species (Kim et al. 1992). It has also been reported that bovine AMH
can inhibit meiotic maturation of both denuded and cumulus-enclosed rat cocyles in
vitro (Takahashi et al. 1986). However, Tsafriri et al. {1988) have nol been able to
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reproduce these results. In the male, AMH has been postulated to cause mitotic
arresi of prespermatogonia (Minsterberg and Lovell-Badge, 1991). This hypothesis
is based on prenatal and neonatal expression of AMH, which is high around the time
of mitolic arrest and decreases during the first 2-3 weeks In rat and mouse,
concomitant with the first wave of spermatogenesis (Kuroda et al. 1990; Miinsterberg
and Lovell-Badge, 1991). Also, there is a strong correlation between germ cel! arrest
at the prespermatogonia stage and the expression of AMH in adjacent somatic cells
in the ovoteslis of BEY™™ mice (Taketo et al. 1991). However, resulls from in vitro
cullure expserimants of neonatal mouse testes in the presence or absence of AMH,
showed no inhibilory effects of AMH on spermatogonial numbers, but instead indicated
that differentiation of prespermatogonia into spermatogonia A reqguires AMH (Zhou et
al. 1993),

Experiments using transgenic mice (overexpression of AMH and AMH knock-
oul) indicate that AMH may regulate Leydig cell development {Behringer et al. 1990;
Behringer et al. 1994). Thus, although numerous observations suggest that AMH
functions in the testis during fetal and neonatal development, the nature of this
function remains to be established. No effects of AMH on the adult testis have been

reported.

Aclivins and inhibins

Simifar to TGF and AMH, activins and inhibins are dimeric proteins. Inhibin consists
of an inhibin-o and an inhibin-BA or -BB subunit, named inhibin A and inhibin B,
respectively, whereas inhibin-f§ subunits (A or B) dimerize to form activin A, B or AB
(see also Chapter 2). The fact that inhibin-f§ subunits contribute to both inhibin and
aclivin forrmation, complicates the interpretation of inhibin subunitimmunohistochemical
and mRNA expression data.

The inhibin subunits are expressed in many ovarian and testicular cell types in
the rat (Meunier et al. 1988; Kaipia et al. 1992; Kiaij et al. 1994). Biocassays and/ or
selective immunoassays that specitically identify inhibin and/or aclivin are important
tools in determining the cell types that produce these growlh factors (Eddie et al. 1979;
Robertson et al. 1988; Grootenhuis et al. 1989; Shintant et al. 1991; de Winter et al.
1994). Synthesis and possible functions of inhibins and activins in the gonads have
recently been reviewed (Findlay, 1993; Hillier and Miré, 1993; Moore et al. 1894},

Based upon the expression of inhibin subunits in granulosa cells during follicle
development, follicular activin production is thought to increase during early stages of
follicle development, followed by an inhibition of activin secretion during follicle
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maturation (Woodruff et al. 1988; Meunier et al. 1988; Findlay, 1993; Hillier and Mir6,
1993), whereas inhibin production by granuiosa celis increases when follicles reach
the preovulatory size, but decreases again after the LH surge (Woodruff et al. 1989;
Hillier and Mird, 1993).

In the testis, Sertoli cells produce both inhibin and activin. Immature Leydig
cells produce activin, whereas adult Leydig cells produce only free c-subunits (de
Winter et al. 1992b; de Winter et al. 1893; Moore et al. 1994). Immature peritubular
myoid cells have also been reported to produce activin in vitro {de Winter et al. 1994).

The expression of the inhibin subunits varies during the spermatogenic cycle
(Kaipia et al. 1992; Klaij et al. 1994). Furthermore, germ cell preparations enriched
in early spermalids have been found to increase the level of o-subunit mRNA
expressed In cultured Serloli cells isolated from 20-day-cld rats (Pineau et al. 1990).
These results indicate that the relative levels of inhibin and activin secreted by Sertoli
cells depend upon interactions with specific spermatogenic cell types,

Two activin receptor lyps 1 genes (ActRIl and AciR!IB) and two activin receptor
lype | genes (Alk-2 and Alk-4) have recenlly been identified {see Chapter 2). Inhibin
can bind 1o the ActRIIB with approximately ten-fold lower affinity than activin. Whether
there exists a separate inhibin receplor remains an enigma, because most effects of
inhibin can be explained by neutralization of activin actions. However, recent binding
experiments indicate that Leydig cells may express specific inhibin receptors, whereas
activin was shown to bind specifically to cells in the basal compartment of the
seminiferous tubules and to Step 7 and 8 round spermatids (Krummen et al. 1994},
In the testis, ActRlI mRNA is expressed in Sertoli cells, peritubular myoid cells,
pachytene spermatocytes, round spermatlds and also, albeit at a very low level, in
Leydig cells {de Winter el al. 1992a; Cameron et al. 1994). ActRlIiB mRNA is
expressed in interstitial cells including Leydig cells (Cameron et al. 1994). mRNAs
encoding type | receptors for aclivin are found in Sertoli cells (Alk-2 and Alk-4), Leydig
cells (Alk-2), spermatocytes and spermatids (Alk-4) (de Jong et al, personal
communication). Less is known about activin receptor expression in the ovary. Actrll
mRNA is detected at high levels in oocyles and at a low level in corpora lutea
{Cameron et al. 1994). Granulosa cells express low levels of ActRIl and ActRIIB
mBNAs (Cameron et al. 1994),

Follistatin is a protein that is functionally, but not structurally, related to inhibin
and activin (reviewed by Michel et al., 1993). Follistatin is expressed in the gonads
and can bind inhibin and aclivin, and thereby acts as an inhibitor of their actions,

In the ovary, most data conceming the expression of activin and inhibin and
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thelr receptors, as well as reported effects on cell functions, seem to fit in a model that
implicates activin in the stimulation of early follicular development, and inhibin in
preovulatory follicle selection and maintenance of follicle dominance. It is postulated
that activin is involved in inducing FSH sensitivity, by increasing FSH receptor
numbers, in undifferentiated granulosa cells from preantral follicles (Findlay, 1993),
whereas the increasing levels of inhibin during the late phases of follicular
development may stimulate the LH-induced androgen synthesis in theca cells, thereby
positively influencing the final follicular estrogen output. However, this model of activin
and inhibin action is nol supported by Woodruff el al. (1990), who found that inhibin
stimulated follicular growth, whereas activin had atretogenic effects in vive. In a more
recent repon, Li et al. (1995) show that activin promotes ovarian follicle development
in vitro, and these authors suggest that the findings of Woodruff et al. {1920) might be
explained by an activin-induced overproduction of follistatin, which counteracts activin.

Several effects of activin and inhibin on spermatogoniat cell proliferation, Leydig
cell steroidogenesis and Seitoli cell functions have been reported (van Dissel-Emiliani
et al. 1989; Lin et al. 1989; Malher et al. 1990; Mauduit et al. 1991; Hakovirta et al.
1993; de Winter et al. 1993). However, there is no model that could explain effects
of activin and inhibin on testicular cell types. One important function of activin and
inhibin could be the maintenance of a constant rate of spermatogonial proliferation
during the spermatogenic cycle in adult animals, as suggested by Moore et al. (1994).
Furthermore, Inhibing and aclivins are likely to be involved also in the control of
somatic cell growth in the gonads, since transgenic mice that carry a targeted deletion
in the o-inhibin gene develop gonadal stromal tumors (Matzuk et al. 1992} (see also
Chapter 2).
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1.4 Scope of this thesis

Genadotropins (LH and FSH), together with steroid hormones (in particular estradiol
and testosterone), are the principal regulators of gonadal development and function.
Members of the activin/TGF family of growth and differentiation factors, including
AMH, are probably some of the most important local factors that affect gonadal
funclicning. Of the different growth factors of this family, only AMH funclions are
specifically restricted {o sex differentiation and the gonads, This thesis is focussed on
the regulation of the postnatal functions of AMH and testosterone in the gonads, and
on ihe interactions of these two hormones with other requlators of goenadal function.

Chapter 2 describes the mechanism of action of sterold hormones,
gonadotropins, and members of the activin/TGFf family. Furthermore, the importance
of these regulatory hormanes and their receptors is illustrated by the disturbances in
sex differentiation andfor gonadal functioning, caused by mutations that disrupt thelr
functioning.

Due to the fact that no good binding assays for AMH couid be developed
(Donahoe et al. 1977), the receptors that bind AMH have remained elusive. In
Chapter 3, the first cloning of a receptor for AMH is described. The levels of AMH and
AMH receptor mRNA in gonads before and after birth were studied using sensilive
molscular techniques {in sifu hybridization and RNase protection). In the male rat, the
testicular levels of AMH and AMH receptor mBNAs were determined during postnatal
teslis differentiation and also in the adult ral. Regulatory effects of certain germ cell
types upon AMH and AMH receptor mRNA expression in Serall cells of adult rats
were determined by elimination of germ cells that are at specific steps of
spermatogenesis (Chapter 4). In Chapter 5, AMH and AMH receplor expression is
studied in ovarian follicles of different slages, during postnatal development of the
ovary and during the estrous cycle, and the effect of various hormonal treatments was
evaluated.

Chapter 6 describes the first cloning of the androgen recepter promoter from
the rat. The availability of this genomic DNA region that determines the expression
of the androgen receptor has led to important advances in understanding the control
mechanisms of this key regulator of testicular function.

In the General Discussion (Chapter 7), a hypothesis concerning the postnatal
functions of AMH is presented. The current knowledge on the AMH receptor(s) and
related receptors is integrated, to discuss the mechanism of action of AMH. An
overview of recent results concerning regulation of the androgen receplor promoter is
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presented, and the functional implications of these data are described. Finally, some
directions are given for fulure research.
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2.1 Introduction

This chapter describes structural and functional aspects of gonadotropins, steroid
hormones, and members of the activin/TGF family of growth and differentiation
factors {(which also can be considered as hormones). These three groups of
hormones and their receptors each display specific structural characteristics that allow
for thelr biological functions {see Figs. 2.1, 2.2). Clinical and experimental data
cohcerning mutations in some of these hormones or their receptors illustrate their
importance in sex differentiation and/cr gonadal development and function {see Table
2.1).

2.2  Gonadotropins
2.2.1 Hormone and receptor structure.

LH and FSH are large heterodimeric glycoprotein hormones that consist of a common
o~-subunit and a hormone specific §-subunit {(Gharib et al. 1980}, They are members
of a distinct family of glycoprotein hormones which also includes thyroid-stimuiating
hormone {TSH) and chorionic gonadotropin (CG), and their receptors have a simitar
overall structure (Frazier et al, 1990; McFarand et al. 1989; Sprenge! et al. 1990) {Fig.
2.2A). A large extracellular domain encompasses the ligand binding domalin, followed
by a fransmembrane domain that contains seven membrane-spanning segments. The
short intracellufar C-terminal domain and the intracellutar loops can interact with G
proteins. Both LH and FSH receptors couple {o adenylyl cyclase through G, although
it has been found in in vitro studies thal coupling to phospholipase C, resulting in
phosphoinositide breakdown, is also possible (Gudermann et al. 1992}, The LH and
FSH receplors betong to the large family of G protein-coupled receplors {Segaloff and
Ascoli, 1992}, but the presence of the large extracellular domain places the LH and
FSH receptors fogether with the TSH receptor in a separate subfamily. Another
difference is that, while most G protein-coupled receptors are encoded by a single
oxon, the extracellular domains of the LH and FSH receptors are encoded by
respectively 10 and 9 exons (Tsai Morris et al. 1991; Heckert et al. 1992). These
excns conlain several "leucine-rich repeats”, that oceur in a large and diverse group
of functionally non-related proteins, coltectively known as leucine rich glycoproteins
{Leong et al. 1992). The leucine rich repeats are probably involved in formation of
amphipatic helices that may contact other proteins.
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@ @GS domain

® phosphorylation

Cytoplasm

Fig. 2.1:Schematic drawing of a Sertoli cell expressing three receptor fypes that are essential for correct
sex differentiation and/or gonadal development.

FSHR and AMHR are specifically expressed only in Serloli cells (or in granulosa cells in females),
whereas the AR is also expressed in a number of other cell lypes. The FSHR is a member of the large
family of G protein-coupled receptors. If contains a large extracellufar ligand binding domain, The
ransmembrane domain contains seven membrane spanning regions. The Intraceliular foops, logether
with the C-lerminal Inlracellular domain, interact with intraceliular G proteins. G proteins (G), when
bound to GTP, activale adenylyl cyclase (AGC), which converts ATP into the second messenger cAMF.
AMH most likely binds fo a receplor complex that contains two different receplor types (I and If). Both
receplors are members of the family of lransmembrane serine/threonine kinase receplors (see also
Chapier 7). Probably, the type Il receplor binds AMH, then recruils the fype I receplor into the complex,
and subsequently the constitutively active kinase domain of the lype I receptor phosphorylates the GS
domain of the type | receptor. This results in further propagation of the signal to unknown downsiream
subsirates. Tesfosterone (T) enters the cell through diffusion and binds to the AR that Is located in the
nucleus. T binding to the AR resulls In dissociation of heat-shock proteins, and binding of the AR fo
specific response elements in the DNA. Cerlain regions of the AR are capable of interacting with othor
transcription factors (TF), and components of the basic transcription machinery, conlaining RNA
polymerase i (Pol). Together, these evenis lead to franseription of androgen responsive genes.
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The transmembrane and iniracellular domains of the LH and FSH receplors are
encoded by a single exon, and are homologous to the other members of the G
protein-coupled receptor family.

The deduced molecular weight from the c¢DNA of the FSH receptor is
approximately 75 k. Using a polyclonal antibody to a synthetic peptide derived from
the rat FSH receptor, and a mammalian cell line transfected with an FSH receptor
¢DNA construct, Quintana et al, (1993) detected the FSH receptor on Western blots
as a 58-83 k protein or a 69-81 k protein, under non-reducing and reducing conditions,
respectively. However, a solubilized, isolated membrane FSH receptor complex of
approximately 240 K, that dissociates into four subunits upon exposure to dithiothreitol,
has also been desctibed (Dattatreyamurty et al. 1992; Sperbeck et al. 1993;
Daltatreyamurty and Reichert Jr, 1993). Thus, some contfroversy exists about whether
the FSH receptor forms large (possibly FSH dependent) homomeric complexes in vivo,
or whether it exists as a single peptide in the membrane.

The predicted molecular weight of the LH receplor is 75 k and the difference
belween this calculated number and the apparent molscular weight {93 k} on SDS-
PAGE gels is thought to be due to the glycoprotein nature of the molecule (Segaloff
and Ascoli, 1993}, Multiple species of LH and FSH receptor mRNAs have been
reported. Many of these are the resutt of differential spiicing, often resulting in mRNAs
that encode truncaled proteins, Whether these receptor forms have any functional
significance is not clear and needs further investigation {reviewed by Themmen et al,,
1994), it has been suggested that alternative splicing of gonadotropin receptor pre-
mRNAs is used as a means lo regulate the expression of the receptors in the fetal
gonads {Huhtaniemi, 1994)

Alter binding of gonadotropin, the receptor changes its conformation, and starts
to activate G proteins, The receptor does not stay in this activaling conformation, but
mechanisms such as phosphorylation by kinases acting on the receptor, will lead to
a process called desensitizalion, resulting in lower ligand affinity, less efficient coupling
to G proleins, and a lowsr receptor number at the plasma membrane (LaPolt et al.
1991; Themmen et al, 1991; Heckert et al. 1992).
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2.2,2 Mutations in LH, FSH, and their receptors

F8H deficiency is an uncommon cause of infertility, producing amenotrhosa and
hypogonadism in women, and oligo- or azoospermia with normal testosterone fevels
in men. In one such case, a woman with primary amenorrhoea and inferdility, a
frame-shift deletion in both genes encoding the -subunit of FSH has been reported
(Matthews et al. 1993). Homozygeous mutation of the B-subunit of the LH gene
{single amino acid substitulion) has been reporied in one case {Weiss et al. 1992).
This male patient failed to undergo spontansous puberty, and testicular biopsy
revealed an arrest of spermalogenesis and absence of Leydig cells.

The clinical symptoms of other patients, with hypogonadism and Leydig cell
hypoplasia, and certain forms of pseudohermaphroditism, suggest that in some cases
the defect may be caused by a loss-of-function mutation of the LH receptor (David el
al, 1984, Wu et al. 1984). Kremer et al. (1995) have recently identified a mutation in
the LH receptor of 2 siblings who presented with female externat genitalia and a 46,XY
karyolype. In vitro expression studies showed that this mutated receptor binds hCG
with a normal Kd. However, in contrast to the wild type receptor, figand binding did
not result in increased production of cAMP (Kremer et al. 1995),

Several constitutively activating mutations of the LH receptor have been
reported in man (Kremer et al. 1993; Shenker et al. 1983). These mutations lead 1o
a syndrome that is called familial male-limited preceocious puberty. This gonadotropin-
independent disorder is inherited in an autosomal dominant manner, and thusfar no
female phenotype has been described. it is thoughi that constilutive cyclic AMP
production in Leydig celis of the affected boys causes Leydig cell hyperfunction, and
subsequently increased testosterone production, and signs of puberty at a very young
age. The male-limited inheritance pattern of precocious puberly may be explained by
the fact that in fernales FSH is required for |.H receplor expression in the postpubertal
cycling ovary, and thus for subsequent ovarian steroidogenesis (Shenker et al. 1993).

No naturally occurring mutations of the FSH receptor have been reported yet,
hut are expected to be present in the human population. Constitutively activating
muations might lead to Sertoli and granulosa cell hyperplasia, Loss of function
mutations may be found in infertile males and females with suprancrmal FSH levels.
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Fig. 2.2: (Next page) Linear representation of gonadotropin receptors, steroid receptars, and
transmembrane serine/threonine kinase receplors,

A) Both the rat FSHR and LHR contain a large extracellular iigand binding domain that consists of 14
imperfect leucine-rich repeals of approximately 20 aa each (1-14). The transmembrane domaln
contains seven membrane spanning segments (I-Vil), followed by the short intracellular C-terminal
domain. Ragions that show a high degree of sequence similarily are denoted by the lines befow the
figure; the numbers indicate the percentage simifarity between the two receptors. Regions in which
more than 90% of the aa residues Is conserved are indicated by black boxes. The numbers of aa
reslduss of the rat FSHR {Sprengel of al. 1990) and LHR (McFarfand et al, 1989) are indicated (Fig.
adapled from Sprenge! et al., 1930).

B) The general struclural domains of steroid receptors are shown. The N-terminal domam contains
regions that are essential for transcription aclivation, the DNA binding domain contains the two zinc
fingers, and the C-lerminal ligand binding domain conlains several conserved aa residuas that form a
hydrophobic hormone binding pocket. The numbers in the DNA binding domain and hormone binding
domain indicale the perceniage of sequence similarity of the ER compared fo the AR In these domains.
The number of aa residues of the human AR (Chang el al. 1988) and ER (Green et al. 1986} are
indfeated.

C) Members of the ransmembrane serine/threonine kinase receptor family show a similar overall
structure. The extracelllar ligand binding domain contains a cysteine rich reglon; the location of most
cysteines is conserved. A single transmembrane domain is followad by a large intracefilar domain that
consists almost entirely of a kinase domain, thal contains two fnserts that are characleristic for
members of the family {shown as black boxes). The transmembrane serine/threoning kinase receplor
family can be divided in two subfamifigs, based on structural and functional characteristics of the
receplors. The type Il receplors contain a longer C-terminal tail than the type [ receplors, and lack the
GS domain that is present in type I receplors. The GS domain is a conserved region of approximately
29 aa residues that conlains a GSGSG sequance. Tha numbers in the cysteine rich domain and in the
kinase domain indicate the percenfage of sequence similarity of the receplor domain compared lo the
corresponding domain of the ActRIl (type il receplors) or ActRI (fype I receptors). The number of aa
residues of the mouse ActRI (Mathews and Vals, 1991), human TGFBRH (Lin et al. 1992), rat AMHRII
(see Chapter 3), human ActR! (Atifsano et al, 1993}, and human TGFBRI (Franzén et al. 1993) are
indicated.
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2.3 Androgen and estrogen receptors

2.3.1 Functional and structural aspects of members of the steroid receptor
superfamily

Estregens and androgens can enter the cell through diffusion and act via intracellular
receptors (the existence of active transport systems and/or plasma membrane
receptors is not excluded). The ER and the AR helong to a large family of receptors
that exert their regulatory effects by acting as ligand-activated transcription factors
(Evans, 1988; Beato, 1891}, Members of this family inciude the receptors for all
steroid hormones, thyroid hormone, retinoids, vitamin D3, and an increasing number
of orphan receptors. The human AR gene conlains 8 exons (Kuiper et al. 1989; Faber
et al, 1991}, and is transcribed info a mRNA of approximately 11 kb which encodes
a protein of 902 amino acids (Chang et al. 1988; Lubahn et al. 1988; Tilley et al. 1989,
Trapman et al. 1988). The relative molecular weight on SDS-PAGE is approximately
110 k. The estrogen receplor (ER) is encoded by 9 exons, and the 6 kb mRNA
encodes a 595 aa protein of 66 k (Green et al. 1986).

The members of the steroid hormone receptor family show a similar overall
structure wilth several functional domains {Fig. 2.2B). First, the C-erminal region of
the receptors constilute the hormone binding domain. Several conserved amino acids
In this region are essential for the formation of a hydrophobic pocket (Evans, 1988).

Second, the zinc finger-containing DNA binding domain, which is the most
conserved domain, is located N-terminal to the ligand binding domain. Zinc-fingers are
present in the DNA binding domain of many transcription factors (Schwabe and
Rhodes, 1991). in the steroid hormone receptor superfamily, the C-terminal located
zine-finger is assumed to be involved in protein-protein interactions, whereas the N-
lerminal zinc finger is able to recognize and interact with specific DNA sequences
(Freedman and Luisi, 1993). These DNA sequences are so-called hormone response
elements (HREs), and are locaied in the promoters or enhancers of the genes that are
regulated by the steroid hormone receptors, Both the ER and the AR bind as
homodimers to HREs consisting of two halfsites, that are inverted repeals separated
by a 3 base pair gap. The consensus androgen response element is
S’AGAACANNNTGTTCTS', whereas the ER binds to the 5'AGGTCAnNNTGACCT3
consensus sequence (Forman et al. 1992; Freedman and Luisi, 1993).

Finally, the N-terminal domain is highly variable in size and amino acid
composition among the different family members, It contains regions thal are

48



hormone receptor mechanisms

essential for transcription activation (Jenster et al. 1991). The N-terminal domain of
the AR is relatively long, whereas the ER has a much shorter N-terminal domain (see
Fig. 2.2B),

In the absence of hormones, the AR and the ER are bound {o so-called heat-
shock proteins. Heat-shock proteins are important for several cellular house-keeping
functions. Their expression is enhanced under stress conditions, and they are thought
to function as molecular chaperones (Craig et al. 1993), When a steroid receptor is
complexed with heat-shock proteins, it is unable to bind DNA. Binding of a steroid
hormone to its receptor resuits in dissociation of heat-shock proteins and other
changes that result in transformation of the receptor to the tight nuclear binding form
(Veldscholle et al. 1992, Smith and Toft, 1993). Anincrease in the degree of receptor
phosphorylation is one of the changes that cccur after ligand binding. Several
possible physiological roles of phosphorylation, conceming the capacity of the
receptors to act on gene transcription, have been suggested (reviewed by Kuiper and
Brinkmann, 1994).

2.3.2 Mutations in the AR and ER

Mutations that disrupt AR function will affect male but not female individuals, due to
the X chromosomal localization of the AR gene (L.ubahn ef al. 1988). Depending on
the degree of AR functional impairment, a padial or complete androgen insensitivity
syndrome {pAlS or cAIS) is observed (Griffin and Wilson, 1989). Patients with cAlS
(sometimes called testicular feminization), are 46,XY females wilh undescended
testes instead of ovaries, and lacking fallopian tubes, uterus and upper part of the
vagina.

Many naturally occurring mutations of the AR have been described, varying
from single base pair mulalions to complete deletion of the AR gene (Quigley et al.
1992). Single base pair mulalions can lead to either amino acid substilutions, the
introduction of premature stopcodons or an aberrant pre-mRNA splicing pattern {for
examples see McPhaul et al., 1993). All these mutations result in complete or partial
AlS. Although in vifro mutagenesis sludies have shown that truncated AR receptors,
from which the hormone binding domain is deleted, can aclivate gene transcription
independent of androgens (Jenster et al. 1991), naturally occurring mutations, leading
to such constitutively active receptors, have not been reporied,

The human ER gene has been localized to chromosame & (Walter et al. 1985).
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Ithas been described that estrogans may perform essential functions during blastocyst
implantation {George and Wilson, 1978), and that this function of the ER precludes the
existence of an estrogen insensitivity syndrome analogous to AlS. However, one
recent report indicates that an estrogen insensitivity syndrome exists in man {Smith
et af. 1994). Analysis of the ER genes of this individual revealed a homozygous
mutation in exon 2, resulting in a premature stop codon, The phenctype of this male
patient indicated the imporance of estrogen in the pubertal growth spurt, maturation
of the epiphyses, and mineralization of the skelston.

Furthermore, it has been shown that targeted distuption of the ER gene in the
mouse is not lethal (Lubahn et al. 1993). These ER knock-out mice showed no
abnormalities with respect to sex differentiation, but the females were infertile and had
hemorrhagic cyslic ovaries. Ferility of the males also was much reduced; less than
10% of the normal sperm count was detected. Although residual estrogen binding
could still be detected in the ER knock-out mice, no ER protein could be detected by
Woestern blot using & monocional antibody that recognizes an epitope in the C-
terminus, near the ligand-binding domain of the receptor (Korach, 1994). There are
currently two possible explanations for the observed residual estrogen binding; the
presence of a non-ER estrogen-binding protein, or the presence of an altered protein
product, transcribed from the disrupted ER gene which is biologically inactive (Korach,
1994).

ER mutations leading to constitutive activity have been reported to exist
together with expression of a wild type ER gene in human breast cancer tissue {(Fuqua
et al. 1991},

Table 2.1: (Next page)} Schemalic overview of several hormone/receplor mulations thal cause aberrant
sexual differentiation.

All mulalions are complete loss of function mulalfons, unless otherwise indicated. Symbols and
abbrevialions: AR,androgen recepior; ER,estrogen receptor; AMH,anti-miillerian hormone (receplor);
LH, luteinizing hormone; LHR,LH receptor; FSH,follicle-stimulating hormone;, FSHA,FSH receptor;
cAlS,complete androgen insensilivily syndrome; EIS,estrogen insensitivity syndrome (presumably
complete); PMDS, persistent miilerian duct syndrome; LCH,Laydig cell hypoplasia; FMPF, famiffai male
precocious puberty; Chromos. sex,chromosomal sex; Phenot. sex,phenofypic sex; Inf. Genit.,internal
genitalia; WD, wolffian duct; MD,millerian duct; Fert. fertility; &,male external genitalia; $ ,female external
genitalia; -,absent; +,present; T,tastes; O,ovaries.
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Mutated Syndrome Genet. sex Phenot.sex Int. genit. Gonads | Puberty Fert.
gene derived from
) MD WD
AR CAIS XY ¢ - - T Normal breast dev. Sparse -
pubic and axillary hair
Primary amenorrhea
ER EIS XY & - + T No pubertal growth spurt ?
No maturation of epiphyses
xX Unknown
AMH PMDS xY & + + T Normal puberty -
XX + - ¢ Unknown
AMHRII Unknown
LH LCH XY g B I + T i NG puberty -
Unknown XX Unknown
FSH Unknown XY Unknown
Amenorrhoea XX g + - 0] Primary -
amenorrhoea
LHR LCH XY 2 - +- T No breast dev. -
Primary amenorrhoea
XX 2 + - Primary amenorrhoea -
FMPP XY g - + T Precacious puberty +
{constitutive
LHR)
FSHR Unknown
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2.4 Structural and functional aspects of TGFfjis, activins, inhibins, AMH and
their receptors

2.4.1 General structure of the activin and TGF-f family of growth/differentiation
factors

All activin and TGFp family members are synthesized as large precursors, that form
disulphide linked dimers which are subsequently cleaved. This results in an N- and
a C-terminal domain (each composed of two subunits), the latter being the aclive
hormone (AMH has somewhat different characteristics, see Paragraph 1.1.4). The
spacing of seven cysteines in both chains of the active C-terminal domain is the most
conserved feature among the different family members (Massagué, 1990). The
elucidation of the crystal structure of TGFB2 has revealed that six of these cysteines
form a rigid central structure known as the cysteine knot. The seventh cysteine forms
a disulphide bridge with the other folded chain of the dimer (Daopin st al. 1992;
Schlunegger and Gritter, 1992},

In mammals, three closely related genes are known that encode respectively
homodimeric TGFB1, 2, and 3. As mentioned in Paragraph 1.1.4, AMH is also a
homodimeric protein. Activins consist of two inhibin-B subunits {BA or B, forming
aclivin A,B, or AB), whereas inhibin is a heterodimer of an inhibin-« and an inhibin-BA
or BB subunit.

2,42 Serinefthreonine kinase transmembrane receptors

Members of the activin/TGFP family of growth and differentiation factors act through
heteromeric receptor complexes. For TGFp, type 1, type |l and lype Ill receptors
(TGFBRI, TGFBRII, TGFBRIN) have been defined, based upon their relalive molecutar
weights of 55, 80 and 230 k, respectively (Massagué, 1990). This nomenclature is also
used for receptors of the other family members. Genetic evidence from cell mutants
resistant to TGFp aclions suggests that TGF binding to receptor type | requires the
presence of receptor type Il. Furthermors, both receptors are required for signalling
of any response (Laiho et al, 1991}. Expression cloning was used lo identify the
genes encoding the human TGFBRI and TGFBRIIL, and mouse activin receptor type
II {mActRIl) (Wang et al. 1991; Mathews and Vale, 1991; Lin et al. 1892). The
TGFpRIll is a betaglycan that has no signalling motive, and is thought to be involved
in presenting the ligand to the type | and 1l receptors {lLopez-Casiifas et al. 1993). The
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type Il receptors for TGF and activin are structurally similar and, together with the C.
elegans orphan receptor Daf-1 (Georgi et al. 1990}, they were the first identified
members of a new family of transmembrane serine/threonine kinase receptors (Lin et
al. 1992). Subsequently, PCR-stralegies resulted in the cloning of similar receptors
from other species (Donaldson et al. 1992; Hemmati-Brivanlou et al, 1992; Legerski
et al. 1992; Matzuk and Bradiey, 1992; Ohuchi et al. 1992; Shinozaki et al. 1992,
Childs et al. 1993; Tsuchida et al. 1893a; Barnett et al. 1994), a second type H
receptor for activin (ActRIIB) from mouse (Attisano et al. 1992), and a number of
orphan receptors from rat {(R1-4) and human (Alk-1-5 and SKR1) {He et al. 1993;
Matsuzaki et al. 1993; ten Dijke et al. 1993). In later studies, type | receptors where
identified for TGFp {Alk-5, TSR-IAlk-1}, activin (ActR-1/Alk-2/R1/Tsk-7L, Alk-4/R2),
and bone morphogenetic proteins (ALK-3 and Alk-6) (Attisano et al. 1993; Ebner et
al. 1993; Franzén el al. 1993; Tsuchida et al. 1993b; Koenlig et al. 1994, ten Dijke et
al. 1994b; ten Dijke et al. 1994c). Some of these receptors were initially called orphan
recepiors, due to their inability to bind ligand in the absence of type Il receptors.
Genelic studies combined with PCR-based strategies, have led {o the identification of
a type Il receptor in C. efegans that can bind bone morphogenetic proteins (Daf-4)
{Estevez et al. 1983}, and of two receptors for the decapentaplegic gene product,
which also is a member of the activin/TGFB family, from D. melanogaster (Brummel
et al, 1994; Nellen et al. 1994; Xie ot al. 1894).

Both inhibin and AMH are notorious for loss of binding and bioactivity upon
iodination. This has made it extremely difficult to develop good binding assays for
these hormones, so that specific inhibin and AMH receptors have remained elusive.

General structure of serine/threonine kinase receptors

This large family of transmembrane serine/threonine kinases consists of
recepiors that have the foilowing overall structure: an extracelluiar ligand-binding
domain with conserved cysteine residues, a single hydrophobic transmembrane
domain, and an intracellular domain with intrinsic serinefthreonine protein kinase
activity, containing two inserts that are characteristic for the family (Fig.2.2C). The
degree of sequence similarity between the kinase domains is higher among the type
| receptors compared to the type |} receptors (ten Dijke et al. 1994a). The type |
recoptors have a distinct distribution of the cysteine residues in the extracellular
domain and a shorter C-terminal tail compared to the type I receptors. Furthermore,
the kinase domain of type | receptors is preceded by a so-called GS domain which
contains a short glycine/serine repeal. This domain is highly conserved among type
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| receptors (Attisano et al. 1994; Lin and Moustakas, 1994; Massagué et al. 1994).

Mechanism of receplor aclivation

Type Il receptors can bind hormone in the absence of type | receptors, but both
receptor types are needed for transduction of the signal {Laiho et al. 1991; Wrana et
al. 1992}, In the case of the TGF[ receptors, the mechanism of signal transduction
has been elucidated (Fig. 2.3} (Wrana et al, 1994). The kinase domain of TGFBRI
is constitutively aclive, and the receptor exists as an autophosphorylated protein.
Autephosphorylation of TGFBRII increases two-fold upon hormone binding, but this is
not the receplor activating event. Hormone binding to type Il receptor is followed by
recruiting a type | receptor molecule, and the formation of a highly stable heleromeric
complex. Subsequently, the type H receptor phosphorylates the GS domain of the
type 1 receptor, which results in activation ¢f the kinase domain of the type | receplor.
This series of events allows the signal to be propagated to downstream substrates
{Wrana et al. 1994), Thus, the nature of the biological response to ligand is specified
by the type [ receptor that is engaged in the complex (Carcamo et al. 1994; Wrana et
al. 1994). Homo-oligomers of TGFBRI, TGFBRIl and TGFBRII have alsc been
observed in transfected cells in vitro (Henis et al. 1994; Yamashita et al. 1994). This
may indicate that TGFJ induces formation of heterotetrameric, rather than
heterodimeric complexes, containing two type | and two type ll receptor molecules
(Yamashita et al. 1994; Okadome et al. 1994). Whether the above described
mechanism of receptor aclivation applies to the receptors for all members of the
activin/TGF family awaits further study.

Transfeclion studies have shown that one species of type | receptor may
interact with different species of type Il receptors, but it is unclear whether this also
oceurs in vive (Allisano et al. 1993; ten Dijke el al. 1994b), The high ievel of receplor
expression in transfected cells may lead to aberrant interactions. However, recent
experiments using non-transfected cell lines, in which receptor levels are more
physlological, have shown that ALK-2 can be detected in a heteromeric complex with
a type !l receptor for bone morphogenetic proteins, and also, in a differant cell line,
can form a heleromeric aclivin binding complex with ActRII (fen Dijke et al. 1994c).
This indicates that some type | receptors may function together with different type il
receptors, depending on the hormone, cell type or cell differentiation state, in vivo.
Thusfar, ligand-activated signalling of receptor complexes could only be shown with
specific type | and type li receptors in combination with one specific ligand {Atlisano
et al. 1993). '
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Fig. 2.3: Mechanism of activation of the TGFp receptor complex

A general model! for the iniliation of signaliing by the TGFP receplor complex. The type Il receptor is
a conslitutively active serine/threonine kinase that recruits the fype [ receptor by means of bound TGFp
{diamond). Subsequent phosphorylation of the GS domaln {striped circle} by the type Il receptor allows
the kinase of the type I receptor to propagale the signal to downstream substrates (Fig. adapled from

Wrana ef al., 1994)

signal

2.4.3 Functional disruption of members of the activin and TGFp famiiy of
growth/differentiation factors

No natural occurring mutations of genes encoding members of the TGFp and activin
family of growth factors or their receptors in mammals have been reported, with the
exceplion of mutations in the gene encoding AMH (see below). In mice, targeted
disruption of genes encoding several of these growth factors and of the ActRII has
provided some information on their funclioning.

The TGFpB1 gene was the first member of the family, for which genetic knock-
out mice were generated (Shuil et al. 1992; Kulkarni et al. 1993). Based on the
embryonal expression pattern of TGFB1, it was expected that this protain would have
a vital role during embryogenesis, However, TGFf1 null neonates were
indistinguishable from heterozygous or wild type littermates. Soon after birth, the
absence of TGFB1 led to diffuse and fethal inflammation. The animals died before
breeding age, and this precluded thorough investigation of gonadat function. it is
thought thai redundancy in the expression of the various isoforms of TGF§, and
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maternal support lead 1o felal rescue of the TGFB1 null mice (Letterio et al. 1994),
Dexamethasone treatment of the TGFB1 null animals allowed prolonged survival and
a successful pregnancy of a single homozygous null female. Pups homozygous for
the mutated allele showed a much more impaired phenotype than TGFp null pups that
were derived from heterozygous mothers, and died within one day (Letterio et al.
1994).

Targeted disruption of the o-inhibin gene in mice leads to the development of
mixed or incompletely differentiated gonadal stromal tumours {Matzuk et al. 1992).
However, in these homozygous c-inhibin deficient animals (males and females), initial
gonadal development sesems fo have occurred in a normal manner, since mature
oocytes and spermatozoa were initially present,  There is an arrest of
spermatogenesis and folliculogenesis as the tumours grow and become more
destructive. The inlerpretation of these resulls is complicated by several factors.
First, alt homozygous animals were derived from heterozygous mothers, thus matemal
sources of o-inhibin may (partially} rescue the o-inhibin null fetuses, as has been
shown in the case of targeted disruption of the TGFfi1 gene, Second, the absence
of a-inhibin may have an effect on the synthesis of aclivins, either through the
presence of excess B-inhibin subunits, incapable of forming inhibin, or through a
disturbance of the regutatory mechanisms that may result in changes in the leve! of
[-inhibin subunit expression. Recent results have shown that this is the case. The
mRBRNA of B-inhibin is increased more than 200-fold in the testes of a-inhibin deficient
mice compared to wild type controls (Trudeau et al, 1994), and the serum levels of
activin are 10-fold elevated in the mutaied animals (Malzuk et al. 1994). Together with
the report that the growth of gonadal tumour cell lines derived from mice defictent in
both o-inhibin and p53 depends on activins {Shikone el al. 1994), these resulls
indicate that overexpression of aclivin significantly contributes to the observed
phenolype in a-inhibin deficlent mice.

Taking these considerations into account, it is clear that the balance between
inhibins and activins is a critical determinant in the control of Sertoli cell and granulosa
coll proliferation. Indications for direct effects of the absence of inhibin, or the
presence of excess aclivin, on spermatogenesis come from the obsarvation that in
some male o-inhibin knock-out mice there is an arrest of germ cell maturation in the
contralateral gonad, where tumours have not appeared {Matzuk et al, 1992).

Mice homozygous for a null mutation of B-inhibin are viable and ferlile
(Vassalli et al. 1994; Schrewe et al. 1994). These mice have a defect in eyelid
development, and homozygous mothers neglect and consume their progeny. Tissue
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sections of the gonads of mutated and wild-type animals at six weeks of age did not
reveal any significant differences (Schrewe et al. 1984). BA-inhibin gene knock-out
mice develop to term, but die within 24 h of birth (Matzuk et al. 1995b). These mice
have a number of defecls, that are all different from those observed in fB-inhibin gene
knock-out mice. The phanotype of mice deficient in both BA- and BB-inhibin show the
defects of both individual mutants, bul no additional abnormalities (Matzuk et al.
1995b). This does not exclude the possibitity that inhibin A and activin A may partially
compensate for the absence of inhibin B and aclivin B proteins in the BB gene knock-
out transgenic mice, since the synthesis of BA-inhibin subunit was upregulated in the
BB deficient animals {Vassalli et al. 1894). If the gene encoding one of the known
activin type H receplors, ActRll, is disrupled, a phenotype unlike that of any of the
inhibin subunit deficient mice develops (Matzuk et al. 1995a). The observed
phenotypes suggest a role for ActRIl signalling during embryonic mandible
development, through a mechanism that does not involve action of aclivin A or B, The
recently cloned BC-inhibin gene (Hblten ot al. 1995) might play a role in this process.
The observed reduced ferlility in ActRil gene knock-out males, and inferdility in females
{Matzuk et al. 1995a) are consistent with the known gonadal ActRI! expression
patterns {de Winter et al. 1992; Cameron et al, 1894), but mainly concern the reported
stimulatory effect of activin on FSH secretion (reviewed by De Kretser and Robertson,
1989).

Although the gene knock-out expetiments have provided new insights into the
functions of TGFfs, activins and inhibing, redundancy phenomena might mask
additional functions of these proteins.

In the case of AMH, the situation is slightly different, at least during embryonic
development where redundancy cannot compensate for loss of AMH, since it is known
that fack of AMH funclion leads to the persistent milllerian duct syndrome (PMDS} in
humans, This is a rare form of inherited male pseudchermaphroditism, characterized
by the presence of a uterus and fallopian tubes in otherwise normally virilized males.
The molecular basis for PMDS is heterogenous. AMH positive and AMH negalive
cases have been described (Guerrier et al. 1989). in the lailer case, mutations in the
gene encoding AMH have been identified in several patients as the cause of the
syndrome (Guerrier et al. 1989; Imbeaud et al. 1994}, AMH positive cases of PMDS
could be caused by a receplor defect, although mutations in downsiream genes
cannot be excluded. Targeted disruption of the gene encoding AMH leads to the
development of milllerian duct derived female reproductive organs in males (Behringer
ot al. 1994), similar to the above described phenotype in human PMDS patients.
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Apart from the degenerative effect of AMH on millerian duct development, the
phenotype of the AMH knock-out mice points to a possible role of AMH in testis
development (Behringer et al. 1994). The AMH-deficient males had testes that were
fully descended and produced functional sperm. However, some tesles showed
Leydig cell hyperplasia, suggesting that AMH is a negalive regulator of Leydig cell
proliferation. The combined presence of male and female reproductive organs
interfered with sperm transport, rendering most of these males infertile. In human
PMDS patients the testes do not descent, which results in infertility. There are no data
on the numbers of Leydig cells in the testes of these patients. Female AMH knock-out
mice showed no abnormalities and were fertile. Thus, the phenotype of the AMH
knock-out mice is in agreement with impairment of mbllertan duct regression, the
classical function of AMH. However, some of the possible functions of AMH may be
shared with other members of the activin and TGFf family, and consequently may not
be apparent from the phenotype of the AMH knock-out mice. Generation and analysis
of mice that have mutations in more than ane member of the activin/TGFf family, may
provide more information about possible functional overlaps between the different
harmones.
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SUMMARY

The activin and TGF- type 1F receptors are members of n
separate subfamily of transmembrane receptors with
intrinsic profein kinase activity, which alse includes the
recently cloned TGF-B type I receptor. We have isolisted
and characterized a ¢DNA clone (Cld) encoding a new
member of this subfamily. The domain structure of the
Cld-encoded protein corresponds with the structure of the
other known {iransmembrane serine/threonine kinase
receptors. B also contains the two inserts in the kinase
domainr that are characteristic for this subfamily. Using in
situ hybridization, C14d mRNA was detected in the mes-
enchymal cells located adjacent {o the miilerian ducis of
males and feisales at day 15 (E15) of embryonic develop-
ment, Marked Ci4 mRNA expression was alse detected in
the female gonads, In female E16 entbryos, the C14 mRNA
expression paftern remained similar to that in EIS
embryos. However, in male E16 embryos Cl14 mRNA was
detected in a circular area that includes the degencrating
miilleian duct, The expression of Ci4 mRNA was also
studicd using RNase protection assays. At E15 and E16,
C14 mRNA is expressed in the female as well as in the male
urogenilal ridge. However, at E19, a high Cld mRNA level
in the femate urogenital ridge contrasts with a tack of Cl4

mMRNA in the male urogenital ridge, This correlates with
the almost comaplete degeneration of the miillerian ducts in
male embryos at K19, Ci4d mRNA expression was also
detected in embryonic testes at E15, E16 and EF9 using
RNase profection assays, bul at much lower levels than
those found in the developing ovaries, In eleven other
tissues no Cl4 mRNA was observed.

The results point to anti-miillerian hormone (AMH)
being the most likely candidate ligand for Cl4. The
embryonic Cl4 mRNA expression pattern in the urogeni-
{al ridge correfates with the expecied site of AMH action,
and Cl4 mRNA expression in the fetal ovary is in
agreement with known effects of AMH on gonadat differ-
enfiation,

Postnatal C14 mRNA expression in rats was found to he
confined muinly {o the gonads. In 1he testis, C14 mRNA
expression gecurs in Sertoli cells. This testicular expression
markedly increases duving the first 3 weeks alter bivth,
concurrent with the onset of spermatogencsis.

Key words: anti-miitlerian hormone, activin, TGF-B, receptor, sex
differentiation, wstis, vvary

INTRODUCTION

The clening of receptors for the peptide growth factors activin
(Mathews und Vale, 1991; Attisano et al,, 1992) and TGE-}
(Lin ct al., 1992, Ebner et ab., £993) has provided information
abeout their overall struciure and the molecular mechanism of
sipnal transduction, The setivin receptor types IF and 1IB and
the TGF-P receplor types | and II, together with the C. elegans
orphun receptor Daf-1 (Georgi et at., 1990) and several
recently cloned rat orphun receptors (He et al., 1993), const-
tuie a new subfamily of transmembrane protein Kinase
receptors. Based upon its primury structure, the kinase domain
has a predicted specificity for serine and threonine residues.
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However, the mouse activin receptor type [IB has been shiown
to conidin serine, threonine and tyrosine kinuse activity
(Nakamura et ., 1992),

The terms type 1T and type I refer to the nomenclature that
is used for the different TGF-[§ receplors that have been
described (Cheifetz et al., 1987). Crosslinking of radivlabelled
TGF-§ to cellular proteins allowed the ideatification of at least
three different TGF-3 binding proteins at the cell surface,
named TGE-B receptor types |, 11 and HI according to their
relative molecular masses of 55, 80 and 280x 103, respectively.
The type 11} receptor is a betugiyean without a signalling motif
(Wang et at., 1991), and is thought to play a role in the pre-
sentation and binding of TGF-f to the other receptor types



(Lopez-Casillas et al., 1993), The TGF-B type [ receptor cannot
bind TGF-B in the absence of the type 1T receptor (Wrana et
al,, 1992, Ebner et al,, [993), and association with the type [
receptor is essential for the TGE-B type 1 receptor to signal
growth inhibition (Wrana et al., 1992). I is thought that this
obligatory association between type | and type II receptors is
a functional characteristic for all members of the
serinefihreonine kinase receptor family (Wrana et al,, 1992).
However, there are also indications that for some cellular
responses to TGF-f§ the presence of only the type T or type 11
TGF-f3 receptor might be sufficient (Chen et al., 1993).

In this report, we describe the cloning and characlerization
of a rat cDNA, termied Cl4, swhich encodes a new member of
the serine/threonine kinase receptor family. Based upon the
cell-Ntissue-specific Cl4 mRNA expression pattem, described
herein, it wil be discussed that the most likely candidate ligand
of CE4 is anti-miillerian hormone (AMH) (also called
miillerian inhibiting substance; MIS).

AMH is a member of the activin and TGF-B family of
peptide growth Factors (Cute et al., 1986). These signalling
molecules share numerous structural similarities, They are syn-
thesized as large precursor molecules that form hemo- or
Lietero-dimers, Bach chain of the dimer is cleaved at approxi-
mately 110 amino acids from the C terminus, which generates
the mature subunit and an N-terminal proregion. Sequence
identity between members of this growth factor family is found
mainly in the C-terminal mature subunits (25-80%; for review
see: Massagud et al., 1990),

‘The known action of AMH in sex differentiation is very
specifie, when compared with the variety of functions that are
performed by most ather growth factors of the same family.
For example, activin may regulate the secretion of follicte-
stirnulating hormone (FSH) by the pituitary gland (Vale et al.,
[988), but also plays different roles in erythroid cell differen-
tiation (Yu et al., 1987), neural cell survival (Schubert et al.,
1990}, and during embryogenesis (Thomsen ct al, 1990;
Hemmati-Brivanlou and Melion, 1992),

AMH is the earliest protein product known te be secreted by
Sertoli cells in the fetal testis (Tran and Josso, 1982). Around
day 15 of embryonic development in the male rat, AMH
induces the regression of the miillerian ducts, which form the
antagen of the uterus, oviducts, and upper vagina, The Leydig
cells in the developing testis produce testosterone, which stim-
ufates the dilferentiation of the wolffian ducts into epi-
didymides, vasa deferens and seminal vesicles. The window of
sensitivity of the miillerian duct to AMH in the rat has been
shown 1o be between  E14,5-E15.5. Alter E16, cxposure to
AMH does not result in miitlerian duct regression (Josso et al.,
1977, Tsuji et al, 1992), In female embryos, the lack of
androgens leads to wolffian duct regression, and the miillerian
duct persists because the ovarian cells do not produce AMH,
All these events form part of the eartiest steps in sex differen-
tiation following gonadal sex determination. In addition to ils
effect upon the milllerian duct, AMH may have a role to play
in the development of ovaries and testes (Miinsterberg and
Lovell-Badge, 1991; Hirobe et al, 1992). The cellular
mechanism by which AMH induces miillerian duct regression
is poorly understood, Recent results show that AMH elicits its
effect upon the millerian duct epitheliom most likely via the
swrrounding mesenchymal cetls (Tsuji et al,, 1992).

The expression of C14 mRNA during embryonic sex differ-

candidate AMH type Il receptor

entiation, described in the present report, is in accordance with
the hypothesis that Ci4 encodes a type /I receptor for AMH,

MATERIALS AND METHODS

Tlssue and RNA preparations

Sertoli cells and peritubular myoid cells were iselated from 21-day-
old rats and cultured as deseribedt previously {Themmen et al,, 1991;
Blok et al., 1992). Round spermatids were isofated from 35-day-old
rals as described by Grootegoed et al. (1986). 'Fotal tissues, isolated
cell fractions, or cultured cells were snap frozen in liquid nitrogen and
stored &t —70°C until used for RNA isolation. Total RNA was isolated
using the LiClurea meikod (Aufray and Rougeon, 1980).

Isolatien of C14 from a rat Sertoli cell cDNA library

Sertoli cells were culiured for 6 hours withowt (—T} or with 0.6 uM
testosterone (+F), in the presence of 50 pg/ml cycloheximide, These
cells were used to prepare —T and +T ¢DNA librades in Lambda
ZAPIT (Stratagene, Westburg, Leusden, The Netherlands), using
standard motecular biology techniques {Sambronk et al., 1989). All
radiolabelled agenis were from Amersham (‘s Hertogenbosch, The
Netherlands). A +T-ensiched subtracted probe was prepared (Sive and
St John, 1988), using in vitro synthesized cRNA from the —T cDNA
library as driver RNA. RNA was synthesized using an in vitro RNA
transeription kit (Stratagene) according to the instructions of the man-
ufacturer, Clones from the +T cDDNA library that showed a stronger
hybridization signal with the subtracted probe thar with a =T ¢DNA
probe were isolated, and possible induction by androgens was tested
on northern bfots containing +T and —T total RNA. Northern blotting
and random-primed labelling of the C14 ¢cDNA with [22P]JdATP was
performed  according to Sambrook et al. (1989). Cl4 mRNA
expression initially seemed to be androgen responsive, but this was
not confimmed in later experiments (Fig. 1).

Sequencing

The complete 1.9 kb C14 cDNA clone was sequenced on both strands
using the dideoxy chain termination method (Saoger et al,, 1977). The
sequence was analyzed using the sequence analysis program Micro-
genie (Beckmann, Mijdrecht, The Netherlands), Computer scarches
were varricd out using the UWGCG program (Devereux, 1992),

RMase protection assay

A Psil fragment containing bp 1243-1640 from C14 was subcloned
in pBluescript K& (Stratagene) and used to generate [*PJUTP-
labelled anti-sense transcripts in vitro. The follicle-stimulating
hemone receptor (FSHR) RNA prebe was obtained using a 386 bp
HindII/Pvull fragment from the ral cDNA (Sprengel et al., £990).
The activin ceceptor type B (AciRI) RNA probe was obtained using
u 569 bp rut ActRII ¢DNA fragment (de Winter et al., 1992). The
control glyceraldehyde 3-phosphate dehydrogenase (GAPDH) RNA
probe was synthesized using a construct containing a 29 bp
XbalfSapd Al fragment from rat GAPDH cDNA (Fort et al, E985).
Approximately SxI0* cs/minute of Cl4, FSHR, or AciRIT probe,
together with 3x10% cts/minute of GAPDH profe, was mixed with 5
or 10 g of tetal RNA in a total volume of 30 pl hybridization mixture
containing A0 md Pipes pH 6.4, 1| md EDTA, 0.4 A NaCl and 80%
(v/v) formamide. The hybridizations were performed ovemight at
55°C. The RNase proteciion assay was perfarmed as described by
Sambrook et al, (1989).

In situ hybridization

The Cl4 subclong that was used for RNase protection assays was also
used to prepare sense and anti-sense PS-UTP-labelled transeripts in
vitrn, The probes were disselved in 5 pl 0.2 M DTT. Immediately
privr to use, the probe solution was mixed with 5 pi of 30 pgful S-
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ATP {Calbiechem, Omnilabo, Breda, The Netherlands), incubated at
100°C for | minate and diluted in prewarmed (55°C) hybridization
tixture to a final concentration of approximately 2x10° cis /minute
per l. The hybridization mixture contained: 50% (v/v) deioniscd
formamide, 0.3 M NaCI, 10 mM Tris pH 8, | mM EDTA, [x
Dephardt’s solution, | mg/ml yeast IRNA, 50 mM DTT and 10%
(w/v) polyethylene glycol 6000,

The lower body regien of embryes at ELS and E16 was separated
from the head region and fixed in fresh Bouin's fixative overnight at
4°C, All in situ hybridization procedures (tissue embedding, slide
preparations, prefreatments, hybridization and posthybridization incu-
bations) were performed as described by Zeller and Rogers (§991).
The tissue was embedded in paraffin, and 8 pM sections were
mounted on slides which were coated with poly-L-lysine. Adjacent
sections where mounted and stained with Mayer's haemaloxylin and
cosin for tissuc and cell identification, The hybridizations werc
performed at 55°C ovemight in mwoist chambers. The slides were
dipped in 1:1 (v/v) dilution of Kodak NTB-2 emulsion and dried at
room lemperature for 2 hours, followed by exposure at 4°C for 2
weeks, After developing, the sections were counterstained with
Nuclear fast red and mounted.

Genomic DNA isolation and PCR procedures

The head region of the embryos at Ei5 and B16 was snap frozen in
liquid nitrogen and vsed fer genomic DNA isolation according to
Davis et al, (1986). This DNA was used in a DNA amplification
reaction (Saiki et al.,, 1988} vsing primers for mouse Sbx and Shy
(Mitchell et al., 1991, Kay et al., 1991) as described by Mitchell et
al, (1991). The product obtained with the

Sbx primers (approximately 250 bp} was -t
used as a positive control to test the
quality of the DNA, and the presence or
absence of a product with the Sby primers clone 14
(approximately 1000 bp) was wsed to 198
determine the sex of the embryos {results

not shown),
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RESULTS

Fig. 1, C14 mRNA
expression in cultured
Seroli cells. Ct4
cDINA probse was
hybridized to a

Selection of C14

Cl4 was isolated from a Sertoli celt
cBNA  library as  described  in
Materdals and methods, The 1.9 kb

Cl4 ¢DNA probe hybridizes on
nerthern blots to a major transceript of
approximately 2.5 kb, which is
expressed at high levels in culiured
Sertoli cells (Fig. 1). However, there
was no significant stimulation of the
expression by lestosterone, The tissue
specificity of Cl4 mRNA expression
was determined using an RNase pro-
tection assay. Fig. 2 shows that Cl4
mRNA expression in the adult rat is
mainly restricted to the gonads.
Based upon this marked tissue speci-
fieity of Cl4 mRNA expression, Cl4
was selected for furtiier investigation.

C14 sequence analysis

The complele 1.9 kb CH4 ¢DNA was
sequenced. Il conlains a single open
reading frame that encodes a 557
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northern biot
containing 20 pg total
RNA isolated from
Sertoli cells cultured
in the absence (-) or
presence (+) of
lestosterone (sce also
Materials and
methods), Clone 14
indicates the 2.5 kb
band of C14 mRNA,
abundantly expressed
under heth culture
conditions, The
GAPDi1 hybridization
indicates that equal
amounts of mRNA
were loaded in each
lane. 185 and 288
indicare the locations
of the respective
RNA bands,

amino actd profein, starting from the first methionine codon at
residue 60 (Fig. 3A). This ATG codon and its context form a
potential functional initiation site {Kozak, 1987). Analysis of
the protein sequence indicated the presence of a signal
sequence with a predicted cleavage site before Gln'S (von
Heijne, 1986). A hydrophobic region between amino acid
residues 142-168 represents the single putative transmembrane
domain (TMD). Thas, the mature protein consists of an extra-
cellular domain of 126 amino acid residues, a TMD of 27
amino acid residues, and an intracellutar domain of 389 amino
acid residues. The extracellular domain is cysteine rich and
contains 2 potential N-glycosylation sites.

EMBL and GenBank database searches revealed that the
intracellular domain of C14 is most closely related 10 the intra-
cellular domains of the mouse activin receptor types IL (ActRII;
Mathews and Vale, 1991) and [IB (AciRIIB; Attisano et al.,
1992), the human TGF-B type IT receptor (TGF-BRIL; Lin et
al., 1992), the mouse TGF-J} type [ receptor (TGF-PRI; Ebner
et al,, 1993), and the C. elegons orphan receptor Daf-1 (Georgi
ct al., 19903 (Fig. 3B). The AciRI, ActRIIB, TGF-BRII, TGF-
BRI and Daf-1 togetker form a separate subfamily of receptors
with intrinsic protein kinase activity (Mathews and Vale, 1991;
Lin et al,, 1992), Recently, several rat orphan receptors have
been cloned, that are also members of this newly defined
receptor family (He et al., 1993).

The Cl14 intracellular kinase domain contains the §2 subdo-
mains, which are found in all protein kinases, in the proper
order (Hanks et al., 1988}, and also contains the two inseris
located between subdomains VI-A and VI-B and between sub-
domains X and XI, that are characteristic for the subfamily
(Mathews and Vate, 1991). The percentage identical amino
acids of the kinuse domain of Ci4 compared to the AciRI,
TGF-BRII, TGF-BRI and Daf-1 kinase domains is 3d%, 32%,
33% and 29%, respectively.

The sequences in the kinase subdomuains VI-B and VII
indicate substeate specificity (Hanks ct al., 1988). The relevant
sequences in C14 within these subdomains ase more in accor-
dance with the serine/theeonine Kinase consensus sequence
than with the tyrosine kinase consensus sequence, with the
excepiion of serine residue 333. At this position in the kinase
demain, a fysine residue is found in almost all known
serine/threonine kinases including AciRII, ActRIIB, TGF-
BRIL, TGE-BRI and Daf-1.

The extracellular domains of Cl4, ActRIl and TGF-BRII
show a relatively low level of sequence identity (Fig. 3C).
However, the position of most cysteine residues is conserved.

Yo Oa Ui Ol Pr Ep So Br Pl He tu Sp LF K In Mu

14

Fig. 2, Tissue specificity of Ct4 mRNA expression. RNase
protection assays were used (o study the expression of C14 mRNA in
different tissues, From 4-week-old rats: Te, testis; Qu, ovary; Ui,
uterus. From adudt rats: Oi, oviduct; Pr, prostate; Ep, epididymis; Se,
seninal vesicle; Br, brain: Pi, pituitary gland; He, heart; Lo, lung;
Sp, spleen; Li, liver; Ki, kidney; In, intesting; Mu, muscle. 10 g of
total RNA was used for each lene. C14 indicates the position of the
protected RNA fragment. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) mRNA was present in ali samples {(not
shown).
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C14 expresslon during embryonic sexual
differentiation

The fact that Cl4 encedes a member of the activin and TGF-
B type I{11 receptor family, indicies that the Cld Jigand will
be a member of the activin und TGF-B-family of peptide

BitlaochrarfirsarLit QYTSD ussmm 1AS Lakza1ialy
A YRGS . vDvD CHI SEEA RO LA L 1R T
L OFITAEHR T ML LU L ITAFHIAR G QE &SL‘ARG LBk Be b

p as KTL DAGP PPGI LY8 . HCRE;
ACTRI 2 l DU EnREL . ... RE;
TGFRRH 1 x CcD . vnFs'ru KacMsN SITSI. . {HBEEPQEVY

sfLETE e ThlF

PRAVABIPRA R
1.QbK
£ m IN

F. Y.SBY

Analysis of Cld4 cDNA. {A) The
Vi-A complete £920 bp ¢DNA clone
sequence encoding a protein of 557
amine acid residues is shown. The
kinase domain is in bold type. The
hydrophobie signal sequence and
fransmembrane region are underlined,
and the potentiat A-plycosylation sites
are douhle underlined. (B) Compacison
of the kinase domain of tat C14 to the
Kinase domains of mouse ActR1 und
hurran TGE-BRIL The Romun numerals
vnder the sequence indicate the kinase
subdonwins, The inserts between
subdemains VI-A and VI-B and
between subdomains X and X1 are
underlined. The asterisk denotes the
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location of serine residue 333,

(C) Camparison of the exiracellular
damain of Cl4 to the extrace lular
domairs of ActRH and FGF-BRIL In B
and € reversed seript is used to
highlight amino acid residues that are
found in at least two of the three kinase
receptors,

growth factors, Cl4 is expressed mainly in the gonads in adult
rats (present results), where anti-miilledian hormone (AMH)
may perform specific functions (Hirobe et al., 1992; Miinster-
berg and Lovell-Badge, [991). This pointed to AMI as an
impertant candidate Jigand for Cld. To investigate this possi-
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Fig. 4. Expression of C14 mRNA at E15 and E16. Bright-field photomicrographs from in situ hybridization of the ustisense Cl4 RNA probe o
paraffin sections (A,C.E,G) and from haematoxylinfcosin stained adjscent sections (B,D,F,H) of female embryes at E15 (A,B), El16 (C,D}, and
of male embryos at E15 (E,F) and E16 (G.H). Embryonal sex was determined as described in Materals and methods., g, gonad; arrowhead,
wolftian duct: arrow, miiflerian duct, Hybridization of the sense control €14 RNA probe did net result in signals above background (not
shown).
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bility, the expression pattern of Cld mRNA in the urogenital
ridge of rat embryos during the induction of miltlerian duct
regression was studied.

Using in situ hybridization, marked C14 mRNA expression
was detected in the female gonads, but not in tiie male gonads,
of embryos at E15 and El6 (Fig. 4A-H), Furthermore, Ci4
MRNA is expressed in the female urogenital ridges at E1S and
El6, in a sickle-shaped area that includes (he mesenchymal
cells between the miillerian duct and the coelomic epithelium
(Fig. 4A-D). In the male urogenital ridges at EI3, the
expression of Cl4 mRNA is identical to the E15-El6 female
pattern (Fig. 4E,F). However, this male expression pattern has
clearly changed at E16, when Cl4 mRNA is present in a smali
cireular area that includes the degenerating miillerian duct (Fig.
4G,H). No other sites of Ctd mRNA expression above back-
greund were detected in the lower body halves of the embryos
at E15 and Elé.

RNase profection assays were used to study the expression
of C14 mRNA in isolated urogenital ridges and gonads ut E15,
El6 and E19 (Fig. 5). Cld mRNA was defected at much higher
levels in oviry than in testis at all embryonic stages {ested. Al
ElS, Cl4 mRNA expression in the urogenital ridge was
detected at approximately equal levels in both male and female
embryos, However, at EEo, the C1d mRNA Tevel in the male
urogenital ridge is lower than ia the female vrogenital ridge.
Finally, at E19, Cl14 mRNA was not detected in the mate vro-
genital ridge, whereas the Cld mRNA level remains high in the
femuale urogenitat fddge. No Cl14 mRNA was detected in total
RNA isolated from EIY intestine, skin, lung, liver, kidney,
adrenal, stomach, heart, thymus, muscle, und briin (not shown).

Postnatal expression of C14 mRNA in festis and
ovary

Different testicular cell types were iselated, 1o sudy the
cellular tocation of Cl4 mRNA expression in the testis using
RNase protection assay. It was observed that Cld mRNA is
specifically expressed in Sertoli cells, W equal levels in cells
isolated from 21-day-old or mature rats (Fig. 6A), No Ci4d
mRNA was detected in round spermatids and peritubular
myeid cells, ActRIE mRNA, which is expressed at a high level
in round spermatids (de Winter et al., 1992), was used to verify
the integrity of the round sperntutid mRNA. FSHR mRNA,
which is expressed exclusively in Sertoli cells (Heckert and
Griswold, [991), wus used to show the cellular colocalization
of FSHR and Ci4 mRNAs and the absence of Sertoli cell con-
tamination from the other isalated cell types.

Ch4 mRNA expression in total testis is very low at birth,
and increases to a maximum at day 21 of postnatal develop-
ment {Fig. 6B}. Since we found similar tevels of expression in
Sertoli cells frem immature and adult rats (Fig, 6A), the
relative decrease in Cld mRNA expression in totat testis
between days 21 and 63 can be explained by the increasing
pepulation of Cl4-negative spermatids.

In the vvary of adult rats, marked expression of C14 mRNA
was detected, using in situ hybridization, in the granolosa cell
layers of small antrad tollictes (not shown).

DISCUSSION

Bused upen the observation that in adult rats Cld mRNA
expression is most abuadant in the gonads, Cl4 was selected

candidate AMH type Il receptor

and characterized. Cl4 encodes a novel member of the activin
and TGF-§ type I/l serinefthreonine kinase receptor lamily.
Including C14, nine members of this gene family are presently
known: Daf-1 encoding an orphan receptor (Georgi ct al,,
1990), TGF-PRII (Lin et al,, 1992), TGF-BRI (Ebner et al.,
1993), R2, R3 and R4, which are three orphan receptors cloned
through PCR amplification of rat fetal vrogenital ridge cDNA
with a relatively high percentage of similarity to TGF-BRI in
the kinase domain (He et al,, 1993}, and two genes encoding
the different activin type Il receptors, AciRI and ActRHB
(Mathews and Vale, 1991; Attisano et al., 1992). The sequence
identity between ActREl and ActRIIB is 51% in the cxiracel-
lular domsin and 75% in the intraceltular domain, and four
ditferent splice variants of AciRIIB have been described
(Atisano et al., 1992),

There is cemplete stractural homology between Cl4 and the
other members of the serine/threonine kinase receptor family.
The CI4 kinase domain has the highest degree of amino acid
identity with the kinase domain of ActRU (34%%). However, the
ActRII and TGF-BRIT kinase domains are more closely related,
showing 45% amino acid identity to one another. kt has been
shown by Nakamura et al, (1992) that ActRUB is a dual speci-
ficity kinase, which can phosphorylate serine/threonine as well
as tyrosine residues, It remains to be determined whether the
change from the conserved lysine to a serine at position 333 in
the C14 kinase demain has
any significance  with 1 2 3 4
respect to substrate speci-
ficity or kinase activity.

Our  hypothesis  that 14
AMH could be an
important candidate ligand o
. £ GAPDH @@@@

of Cld implics that C14
mRNA should be
expressed in the urogenital
ridge during the induction
of mitlferian duct degener- ci4
ation by AMH, around day

15 of embryonic develop-

ment in the rat (Jost, 1947;

Tsuji et al,, [992). It was

observed that Cl4 mRNA

is expressed in an arca {hat

includes the mesenchymal  ©
cells between the Gt4
miillerian  doct and the
coelomic  epithelivm  at
EfS5, in both male and
female embryos. Recent
results have shown  that
AMH can reduce DNA
synthesis of cultured uro-
genital ridge mesenchymal
cells but not of cultured
milllerian  duct epithelial
cells (Tsuji et al,, 1992),
This suggests that AMH
maost likely elicits its effect
upoa the miilledan duct
epithelium via the sur-
rounding mesenchyme

GAPDH

GAPDH

Fig. 5, Expression of Cl4 mRNA in
different embzyonal tissues at E15,
El6 and E1%. Embryos were
collected at E15 (A); E16 (B) and
EI9(C), and Cl4 mRNA
expression was studied using RNase
protection assuys in: Lane 1, ovary;
2, female vrogenital didge; 3, testis;
4, male urogenitat ridge. Cl4 and
GAPDH indicate the positions of
the respective protected fragments,
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(Tsuji et al,, 1992). Light and electron microscopic studies
have demonstrated that the regression of the miillerian duct
epithelium is closely associated with changes in the surround-
ing mesenchymal cells and changes in the epithetiab-mes-
enchymal interface. One of the observed changes during
miillerian duct regression is the formation of a dense cireular
whorl of mesenchymal cells around the epithelial duct
(Trelstad et al., 1982). These observations on the cellular sites
of AMH action and histologieal changes associated with
miillerian duct regression, correlate with Cl4 mRNA
expression.

The level of Cld mRNA in the urogenital ridges at E16 is
relatively low in male compared (o femade embryos. At E19,
C14 mRNA is expressed ol u high [evel in the female urogen-
ital ridge whereas at this stage it is no longer detected in the
male urogenital ridge. This cormelates with the gradual degen-
eration of the milllerian ducts in male embryos between EI6
and E19 (Trelstad ¢t al., 1982). Furthermore, in the female, the
AMH receptor indeed persists after the critical period of
induction of miillerian duct regression as can be concluded
from the observation that AMH induces the formation of
bulges in the cranial portion of the miillerian duet, in cultured
urogenital ridges that were isolated from female embryos at
E18.5 (Tsuji et al,, 1992).

Using in situ hybridization at E1S and E16, marked Cl4
mRNA expression was deteeted in developing ovaries bud not
in testes. However, using RNase protection assays at E15, E16
and E19, C14 mRNA was detected af low levels in the testis
(und at o high level in the ovary); the RNuse protection assay
appears Lo be more sensitive than in situ hybridization. In view
of this Cl4 mRNA expression in fetul testis, AMH und its
receptor might be involved in normal testis differentiation in
the male. Overexpression of AMH in fransgenic mice can
induce formation of testis cord-like structures in fetal ovaries
(Behringer et al,, [990). Furthermore, AMH exerts an
inhibitory effect on aromatuse activity in cultnred fetal ovaries
(Vigier et al., 1989). Aromatase catatyzes the conversion of
testosterone to estradiol during fernale gonadal development,
and inhibition of ovarian aromatase activity by AMH leads to
production of testosterone rather than estradiol. These biolog-
ical responses to AMH suggest that the AMH receptor indeed
is present in fetal ovaries, where it is probably inactive due to
the abseace of AMH. Following day 3 ol posinatal develop-
ment, AMH is expressed in the ovary where it might play a
role in cocyte maturation {Hirobe et al., 1992; Miinsterbery and
Lovell-Badge, 1991). In agreement with this, we observed
postnatal ovariun expression of Cl4 mRNA in the granulosa
cells of smutl antral lollicles. Future studies will have to
provide more information about the pattern and regulation of
Cl14 mRNA expression in the ovary.

It is not known whether AMH plays a physiological role in
the testis after birth. We have shown that Cl4 mRNA
expression increases in Sertoli cells to o maximum during
postratat testis development, and remaing high in the aduli rat
testis, With respect o testicular production of the ligand, it is
known that testicular AMH mRNA expression decreases after
birth, but persists at a low level throughout adulthoed (Lee et
al,, 1992). Low levels of AMH may exert aulocrine actions
upon Sertoli cefls in immature and mature testis. It is also
possible that testiculur AMH production varies at different
stiges of the spermatogenic eycle and hence Involves local
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concentration pradients. Inkerited defects in the biosynthesis
of AMH do not seem to have a major effect on mele fertility
(Tesso, 1992), but this does not exclude & quantitative defect
in spermatogencsis.  Moreover, other testicular  faclors
(possibly members of the activin snd TGF-§ family of peptide
geowih factors) may partly compensate for a lack of AMH by
binding 1o their specific receptors and activation of similar
intracellular pathways.

The present resulls are in uccordance with - but de not
provide conclusive evidence for - the hypothesis that Cl4
encodes an AMH receptor. Evidence might be provided by
showing AMH binding to cells that are transfected with a Cl4
expression vector., However, atlempts that kave heen made in
the past to show binding of AMH to is receptor on AMH-
responsive cells have been hampered by the fact that radiola-
belling of AMH seems 1o abolish its ubility t bind 1o the
receptor {Donahoe et al., 1977). Furthermore, conclusive
results thai identify a receptor figand throuzh a binding assay
using a cell line that stably expresses the relevant receptor,
might be difficult to obtain if this receptor behaves as a type |
receptor; such a receptor would require couperation with a
specific type U receptor which may not be endogenously
expressed in the cell line used. To resolve these problems, it
will be necessary to develop a binding assay for AMH. Then
the possible existence of different types of AMH receptors can
be studied, and suitable model cell Jines can be developed to
test candidate receptors for ligand binding,.

The persistent miillerian duct syndrome (PMDS) is a rare
form of male pseudohermaphroditism that is characterized by

Fig. 6. C14 mRNA expression in testis. {A) The expression of Cl4,
activin type 1 receptor (ActRI1Y and follicle-stimulating hormone
receptor (FSHR) mRNAs in different testicular cell types,
determined using RNuse protection assays: Lane |, 21-day-old rat
Sertoli cells; 2, adult rat Sertoli
celisy 3, round spermatids
isotated from AS-duy-old rat
testis; 4, peritwbular myoid cells
(PMC) isalated from 21-day-
old rat testis, Cl4, ActRII and
FSHR indicate the positions of
the respective protecied
fragments. (B) C14 mRNA
levels in total testis from rats of
different ages using RiNuse
protectivn assiys. The numbers
above each lane vosrespond to
the postnatial ape in days of the
rats. Cl4 and GAPDH indicate
the positions of the respective
protected fragments. GAPDH
L mRNA levels ure included in
this figure to show that the
mRBRNA was intact,
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the presence of uterus and fallopian tubes in otherwise
normally virilized males (Josso et al., 1991). In some of these
patients it has been shown that the phenotype is caused by a
mutation in the AMH gene (Knebelmann et al,, 1991), bt
other patients express a normal amount of bicactive testicular
AMH (Guerrier et al., 1989). The existence of this type of
PMDS indicates that mutation of the AMH receptor gene(s)
can result in a complele loss of responsiveness to AMH. In the
future, ultimate proof that Cl14 encodes an AMH receptor ean
be obtained through genetic analysis of PMDS, or when knock-
out {ransgenic mice are generated that show the characteristics
of PMDS.
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Chapter 4

Summary

Anti-mullerfan hormone (AMH) induces degeneration of the miillerian ducts during
male sex differentiation, and may have additional functions concerning gonadal
development. In the immature rat testis, there is a marked developmentatl increase
in AMH type I receptor (AMHRII) mRNA expression in Sertoli cells, concomitant with
the initiation of spermatogenesis. AMHRII mRNA s also expressed at a high level in
Sertoli cells in adult rats. To obtain information about the possible functions of AMH
in the testls, we have investigated the postnatal expression patterns of the genes
encoding AMH and AMHRII in the rat testis in more detall.

Using RNase protection assays, AMH and AMHRII mRNA expression was
measured in total RNA preparations from testes or testicular tubule segments, isolated
from control rats and from rats that had recelved various treatments. The testicular
level of AMHRII mRNA was found to be much higher than that of AMH mRNA in aduit
rats. AMH mRNA was detected at a maximal level at stage VI of the spermatogenic
cycle, and at a fow level at the other stages. AMHRH mRNA increases from stage
XIIt, is highest at stages VI and VI, and then rapidly declines at stage VIl to almost
undeteclable lovels at stages IX-XII. It was found that the increase in testicular
AMHRII mRNA expression during the first three weeks of postnatal development also
occurs in sterile rats (prenatally irradialed), and hence, is independent of the presence
or absence of germ cells. Yel, the total testicular level of AMHRI mRNA was
decreased in stetile adult rats (prenatally irradiated, and experimental cryptorchidism),
as compared to intact conirol rats. However, treatment of adull rats with
methoxyacelic acid or hydroxyurea, which resulted in partial germ cell depletion, had
no effect on total testicular AMHRII mRNA expression. It is concluded that a
combination of multiple spermatogenic cycle events, possibly invalving changes of
Sertoli cell structure and/or Sertoli cell-basal membrane interactions, regulate autocrine
AMH action on Sertoli cells, in particular at stage VI of the spermatogenic cycle.

Introduction

Anti-miillerian hormone (AMH), also called miillerian-inhibiting substance
(MIS), is a member of the aclivin and TGFp family of peplide growth/differentiation
factors {Cate et al. 1986). During male embryonic sex dilferentiation, AMH induces
the degeneration of the millerian ducts, which form the anlagen of the uterus, lhe
oviducts and the upper pait of the vagina. AMH is the earliest product known to be
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secreted by felal Serloli cells, starling at day 13 of embryonic development in the rat
(Tran and Josso, 1982; Minsterberg and Lovell-Badge, 1991; Hirobe et al. 1992).
Sertoli cells are the exclusive source of AMH in the male. Granulosa cells also ¢an
produce AMH, but there is no ovarian AMH production during fetal development
{Mlinsterberg and Lovell-Badge, 1991; Hirobe et al. 1992),

Recently, we have isolated a cDNA clone named Ci4, that encodes the
candidate rat AMH type 1l receptor (Baarends et al. 1994). During embryonic
development, C14 mRNA is specifically expressed in mesenchymal cells located
adjacent to the mullerian duct epithelium {Baarends et al. 1994), which is in agreement
with the expecled site of AMH aclion during mllerian duct regression (Tsuji et al.
1992). Furthermore, this gene is expressed in fetal ovarles and testes, and in
granulosa cells and Serlcli cells in postnatal developing and adult gonads {Baarends
etal. 1994), C14 is a member of the family of transmembrane serine/threonine kinase
receptors, which also includes the TGFp and activin receptors (reviewed by Lin and
Moustakas, 1994). Members of the activin and TGFP family signal through
heteromeric complexes compased of type | and type | receptors (Wrana et al. 1994).
The structural characteristics of C14 indicate that it is a type |l receptor, di Clemenle
ot al. (1994) have shown that the rabbit homologue (H1) of C14 specifically binds
AMH. This provides further evidence that C14 and H1 encode, respectively, the rat
and rabbit AMH 1ype |l receplor, Herein, this receptor will be referred to as the AMH
type II receptor (AMHRII}, in analogy to the nomenclature that is used for the TGF[3
receptors. An AMH lype | receptor may aiso exisl. Morsover, the existence of
additional AMH type Il receptors is not excluded,

in addition to its function during miillerian duct regression, AMH may play an
intratesticular role during gonad differentiation. This hypothesis is based on several
observations. First, overexpression of the cDNA encoding AMH In transgenic mice,
not only leads to millerian duct regression in female embryos, but also induces the
formation of testis cord-like structures in fetal ovaries (Behringer et al. 1990). In
transgenic males, high levels of AMH can perturb normal testicular development and
testosterone secrelion, resulting in partial feminization of genitalia (Behringer et al.
1990). Second, the phenotypic sex reversal of fetal ovaries induced by AMH in vivo,
is confirmed by the hormonal sex reversal that has been observed in cultured fetal
ovaries, where exogenous AMH inhibits aromatase activity (Vigier et al. 1989).
Aromatase catalyses the conversion of testosterone lo estradiol during femate gonadal
development, and inhibition of ovarian aromatase activily by AMH leads to production
of testosterone rather than estradiol. Third, the prenatal and neonatal expression of
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AMH is high around the time of mitofic arrest, and decreases during the first 2-3
weeks after birth in rat and mouse, concomitant with the initiation of spermatogenesis
{Kuroda et al. 1920; Minsterberg and Lovell-Badge, 1991). Also, there is a strong
correlation between mitotic arrest at the prespermatogonia stage and expression of
AMH in adjacent somatic cells, in ovotestis which occur in B6Y™™ mice (Taketo et al.
1991). Based on these data, it has been suggested that AMH plays a role in the
mitotic arrest of gonocyles (Cate and Wilson, 1993). Results from lissue culture
experiments of neonatal mouse testes in the presence or absence of exogenous AMH
indicate a related but different function, namely that the malturation from gonocytes to
type A spermatogonta requires AMH (Zhou et al. 1993).

Thus, although there are many indications for a role of AMH in the testis, further
investigation is needed to clarify the exact nature of testicular AMH actions. The
cloning of the AMHRII has provided a new tool to sludy the targels of AMH action.
There is a marked increase in rat testicutar AMHRII mBNA expression, derived mainly
or exclusively from Serioli cells, concomitant with the initiation of spermatogenesis
between birth and postnatal day 21 (Baarends et al. 1994). Furthermore, the level of
AMHRII mRNA in Sertali cells remains high during adult life (Baarends et al. 1994).
This postnatal upregulation of AMHRI is in contrast to the reported decrease in AMH
expression during postnatal testis development (Minsterberg and Lovell-Badge, 1991,
Hirobe et al. 1992; Kuroda et al. 1990). No effects of AMH on adult testis function
have been reporied.

To gain more insight in the possible roles of AMH and its type Il receptor in
postnatal testis development, we have studied the testicular mRBNA expression
patterns of AMH and AMHRII during teslis development in immature rats and during
the spermategenic cycle in adult rats.

Materials and Methods.

Animals and lreatments

Wistar rats were maintained under standard animal house conditions. Four different
experiments were performed to test the effecis of germ cell deplefion on AMH and AMHRIE (C14})
expression in the teslis. In Experiment 1, pregnant rals were y-irradiated (1.5 Gy} at day 19.5 post
coilum, as described by Beaumont (1960). This freatment resuils in a total or near total loss of
gonocytes. Testes from control and irradiated rats were isolated at postnalal days 9, 14, 21, and 70.
One testes of each animal was used for ANA analysis and the other was used for histotogical
abservation.

In Experiment 2, ten adult rals {9-11 weeks of age) were made experimentally crypterchid by
suluring both testes fo the abdominal wall. At 2, 4, 8, 12, and 14 days after the operation, two
cryptorchid animals were anesthesized (the experiment included afso two control rats}). One testis of
each rat was removed and snap frozen for RNA isofation, prior to perfusion of the rat with physiologicat
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saline followed by Bouin's fixative via the aorta. The testis was postfixed overnight in Bouin's fixative
and used for histological examination,

In Experiment 3, twelve adult rats were used, ten of which were treated with a single oral dose
of methoxyacetic acid (MAA) (Janssen Chimica, Beerse, Belgium) (650 mg in 2.9 ml physiological
saline/kg body weight) according to Barilett e! al. {1988). MAA is a germ cell toxican! that leads to
selective loss of pachytene and later spermatocytes at all stages of the spermatogenic cycle other than
early-to-mid stage VIL In MAA-treated rats, spermatogenesls proceeds with normal kinetics, which
results in the absence of specific germ celi types at different time points after MAA treatment, due to
maturation depletion. Two control rals received physioiogical saline alone. At 3,7, 14, 21, and 28 days
after treatment, two MAA-trealed rals (control rats at 3 and 28 days after saline injection) were
sacrificed and the testes were processed as described for Experiment 2.

In Experiment 4, four adult rats were given three i.p. injections with 500 mg/kg body weight
hydroxyurea {Aldrich, Sigma, Boernem, Belgium) in physiological safine (HU} or physiclogical saline
alone (controls) every 16 hours. HU affects cells in the S-phase except for a 4h delay in the G,-S
transition (Oud et al. 1979). This HU injection protocol depletes the testis of some undifferentiated
spermatcgonia and all differentiating spermatogonia types A, Intermediate and B (Oud e! at. 1979).
Five days (115h) after the last injection the animals were saciificed, and the testes were processed as
described for Experiment 2.

Histology
After perfusion fixation and overnight post-fixation in Beouin's fixative, testes were dehydrated

and embedded in paraffin, Eight-um sections were made and stained with periodic acid-Schiff and Gill's
haematoxylin No. 3 (Polysciances Inc., Warrington, USA). From each animal, numerous tubular cross-
sections were examined using light micrescopy, to determine which spermatogenlic cell lypes were
present or depleted.

Tissue and RANA isolation

Seminiferous tubule segments al defined stages of the spermatogenic cycle were collected
according to Parvinen and Ruokonen (1882},

Total tissues or pooled tubule segments were snap frozen in liquid nitrogen and stored at -80
C until used for RNA isolation. Total RNA was isolated using the LiClurea method (Auffray and

Rougeon, 1980}.

RNase protection assay

A Psil fragment containing bp 1243-1640 from C14 was subcloned in pBluescript KS {Stratagene,
Waestburg, Leusden, The Netherlands) and used lo generate [°P}-UTP-labelled antl-sense transcripts
in vitro.  All radiolabelled agenis were from Amersham ('s Hertogenbosch, The Netharlands). A rat
AMH DNA template for in vitro transcription was generated using a DNA amplification reaction (Saiki
ef al, 1988), Rat liver was used for genomic DNA isolation according to Davis et al. (1986). The
primers 5'GCTGCTGCTAGCGACTATGS (forward primer) and 5AGATGTAGGCTAGCAACTGYS'
{reversed primer) were used to amplify bp 38-4G0 of the first exon of the rat AMH gene {(Haqq et al.
1992). An amount of 200 ng of each of the primers was added to the DNA amplification reaction using
700 ng genomic DNA as a template in a standard reaction mixture containing 1.5 mM MgCl,. The
reaction conditions were as follows: a hot start (5 min 95 C), followed by 35 cycles of 1 min 94 C, 2
min 58 G, 2 min 72 C. The DNA amplification reaction generated a fragment of 362 bp, which was cut
with AMhel and subcloned in the Smal site of Bluescript KS. The centrol glyceraldehyde 3-phosphate
dehydrogenase (GAPD) RNA probe was synthesized using a construct containing a 291 bp
XballSaudAl fragment from rat GAPD cDNA (Fort et al. 1985). Approximately 5x10* cpm of either C14
or AMH probe, togsther with 5x10* ¢pm of GAPD probe, was mixed with 5 pg of total ANA in a total
volume of 30 pl hybridizatien mixture containing 40 mM Pipes pH 6.4, 1 mM EDTA, 0.4 M NaCl and
80% {v/v) formamide. Care was taken to use equal amounis of mRNA in each sample through OD
measurement at 260/280 nm of the RNA preparations immediately prior o the RNAse protection
experiment, The hybridizations were performed overnight at 55 C, The RNase protection assay was
performed as described by Baarends et al. (Baarends et al. 1994). The relative amount of protected
mRNA fragments was quantified through exposure of the gels to a phosphor screen (Molecular
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Dynamics, B&L Systems, Zoetermeer, The Netherlands), followed by a calculation of the relative density
of the obtained bands using a phospho-lmager (Molecular Dynamics) and Image Quant computer
analysis software. The ratio between the aibitrary units obtalned for the AMHRII mRNA level and for
the GAPD mRNA level (AMHRII/GAPD) was determined. Control samples of each experiment were
set at a ralio of 1,0,

Results

AMH and AMHRII mRNA expression during posthatal development in control and
prenalally irradiated rat testes
Histological observation confirmed (van Haaster and de Rooi, 1993) that
spermatogenesis advanced from the differentiating spermatogonia type A present at
day 9, to zygotene and early pachytene at day 14 and mid-to-late pachylene
spermatocytes at day 21 in normal testes of immalure control rats. in the prenatally
irradiated testes from the immalure rats, no germ cells were observed, with the
exception of a few degenerating gonocytes on day 9. In the prenatally irradiated adult
rats, normal spermatogenesis took place in approximately 6% of the tubular cross-
gections in one rat, and no germ cells were observed in tissue seclions of another rat.
Using RNase protection assay, AMH mRRNA was detected at low levels at days
8, 14, and 21 in conirol and in prenatally irradiated testes (Fig 4.1). The pattern of
induction of AMHRII mRNA expression between days 9 and 21 was similar in total
testis RNA extracted from conltrol and prenatally irradiated rats (Fig. 4.1). The major
increase in testicular AMHRH mRNA expression was detecled between days 9 and 14,
the AMHRII mRNA level on day 9 seemed somewhat higher in prenatally irradiated
rats compared to control rats. There was no difference in the AMHRIFGAPD mRNA
ratio between control and irradiated rats at day 21 (Fig. 4.2), but the AMHRII/GAPD
mRNA ratio in adull prenatally irradiated testes was decreased compared to the ratio
in control adull rat testes (Fig. 4.2). The level of GAPD mRNA is used as an
approximate measure for the relative amount of somatic cell-derived mRNA in the fotal
lestis RNA preparalions (see Discussion).
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CONTROL PRENATALLY IRRADIATED
9 9 9 14 14 14 21 9 9 9 14 14 14 21

AMHRI!

GAPD

AMH

GAPD

Fig. 4.1: AMHRH and AMH mANA expression in testes from control and prenatally irradiated immalure

rats of different ages.

AMHRIH, AMH and GAPD mRANA expression was studied using RNase protection assays on total
testicular RNA from: control and prenatally irradiated 9-day-old, 14-day-old, and 21-day-old rats. The
numbers above tha lanes indicafe the age (in days) of the rats. Each lane represenis al least one raf.
AMHRIH, AMH and GAPD indicale the posifions of the respeclive profected fragments.

Effect of experimental cryptorchidism on AMHRII mRNA expression in adult rat testes

Histological observation of the Bouin’s fixed testes showed that cryptorchid testes
at 2 days post-operation had normal spermatogenesis, but 5 days post-operation a
depletion of many round and efongaling spermalids was observed. This depletion had
become more complete after 8 days of cryptorchidism, when most tubules contained
only spermatogonia and spermatocytes. At 12 and 14 days after the operation, no
further depletion of germ cell typas was observed. No difference in the AMHRI} and
GAPD mRBNA levsls in the cryptorchid testes were observed al 2 days posl-operation,
compared to conirol testes, Concomitant with the depletion of germ cells at fater time
points, the GAPD mBNA leval increased (per constant amount of total RNA). This
resuited in a decrease of the AMHRII/GAPD mRNA ratio (Fig. 4.3).
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Fig. 4.2: AMHRIl expression in 21d 70
testes from control and
prenatally ifrradfated immaiure cci v 6 G

and mature rals.

AMHRII and GAPD mRNA

expression was siudied using AMHRI
FRNase protection assays on

fotal testicular ANA from: 21-

day-old conirol and prenatally

irradiated rats (left four lanes),

and 70-day-old control and

prenatally frradiated rats (right

four fanes). C, conirol rat GAPD
testes; 1, prenatally lrradialed

rat fesles. Each lane

represents on raf. Top: resulls

of the RNAse proteclion assay. 10
AMHRI and GAPD indicate the

positions  of the respeciive

profected fragments, Bottorn: 0.5
quantitative analysis of the

AMHRI/GAPD mRNA ratios.

The AMHRI/GAPD mANA ratio

ccl 1 CcCGCG It

in the 21-day-old control rat

testis in the first left lane was

sel al 1.0, 21d 70d
Fig. 4.3:  AMHRI mANA C C 2 2 4 48 8 1212 14 14

expression in lotal testes ANA
isolated from control rals and
experimentally cryptorehid rats. AMHRII
AMHRIf and GAPD mBANA
expression was siudfed using
RNase protection assays on
lolal lesticular RBNA  from:
contrel adult rats (C), and
experimentally cryplorchid adult
rats at 2, 5, 8, 12, and 14 days GAPD
post-operation. The numbers
above the lanes and below the
histogram indicate the number
of days post-operation. C,
control rat testis. Each lane 1.0
represenis one ral. Top: resulls
of the RANAse proteclion assay.
AMHRIl and GARD Indlcate the
positions of the respective
protected fragmenis. Bollom:
quantitative analysis of the
AMHRI/GAPD mANA ralios.
The AMHRII/GAPD mRANA ralio
in the control adull rat teskis in
the first left lane was set at 1.0.

CC 2 25 5 8 8 12121414
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AMH and AMHRII mRNA expression during the spermatogenic cycle

The expression of AMH and AMHRII mRNAs showed a marked regulation during the
different stages of the spermatogenic cycle (Fig. 4.4). The expression of AMHRII
mRNA increased from stage Xlll to a maximum al slages VI and Vllab, followed by
a sudden drop in the expression level at slage VIl to a very low ievel at stages 1X-XIl.

The AMH mRNA level was very low compared to AMHRI} mRNA expression.
However, at stages Vllab and Viled, AMH mRNA expression was relatively high,
compared fo a low expression level at the other stages of the cycle.

Expression of AMHRII mRNA in adult testes depleted of specific germ cell types
Three days after MAA treatment, histological examination showed that all pachytene,
diplotene and melotically dividing spermatocytes {with the exception of pachytene
spermatocytes that were assoclated during stage VI), and all round spermatids at
steps 1 and 2 of spermiogenesis, were lost. Seven days after MAA administration,
pachylene spermatocytes associated with stages VI-VII, and XI-XIf were lost, and aiso
the round spermatids at Steps 1-7 of spermiogenesis were depleted. Fourteen days
after MAA administration, Step 1 spermalids, and Steps 5-15 spermatids were [ost
from the seminiferous epithelium. Steps 7, 8, 13 and 16-19 spermatids were lost at
21 days after MAA administralion, but one week later only Steps 17-19 spermatids
were absent. In contrast to the clear effects of MAA on the composition of the
spermatogenic cell population, there was no major change in the AMHRI/GAPD
mMRNA ratio a any of the lime points studied (Fig. 4.5).

Hydroxyurea trealment resulted in the loss of all Intermediate and {ype B
spermatogonia, and preleptotene, leptotene and afmost all zygotene spermatocytes,
4.8 days after the last injection of HU. However, at that time point, we found no
change in the expression of AMHRII and GAPD mRNAs in total testes from HU-
treated rals compared to control rats {Fig. 4.6).
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Flg. 4.4: AMHRI, AMH and GAPD mRNA expression at different stages of the spermatogenic cycle.
AMHRN, AMH and GAPD mRNA expression was siludied using RNase protection assays on tubule
segments that were seclioned and separaled according to the slages of the spermatogenic cycle. The
Roman numerals above the lanes indicate the stage numbers that were coffecled together in each
sample. As a reference lo lhe cell lypes thal are associated at the different slages of the
spermatogenic cycle, and the relative duralion of the stages (represented by the width of boxes 1-14),
a schematic drawing Is presented (adapted from van Pell, 1982) . A, A,. A, single, paired, and
aligned undifferentialed type A spermatogonia; A, In, B, different tvpes of differentiating
spenmatogonia; PL, L, Z, P, D, spermatocytes at the preleplotene, leptotene, zygotene, pachylene, and
diplctene stages of the meiotic prophase; M, spermatocyies undergoing meiotic divisions; 1-19,
spermalids af subsequent steps of spermiogenesis. Note: the observed AMH mANA level results from
exposure of the gel to radiographic film for 14 days, whereas the signal thaf ropresents AMHRI mRNA
expression was oblained after exposture for 24 h.
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DPiscussion

in the testis, AMH is known 1o be secreted specifically by Sertoli cells (Tran
and Josso, 1982), and also AMHRI! expression mainly or exclusively occurs in Sertoli
cells, Using RNase protection, we have shown in previous studies (Baarends et al.
1994) that AMHRII mRNA is absent from total RNA preparad from isolated cell
preparations highly enriched In pachytene spermatocytes and spermatids, or in
interstitial and peritubular myoid cells. Furthermore, preliminary in situ hybridization
results of 21-day-old rat tesles demonstrated that the AMHRII mRNA expression
pattems were similar in testes from control as compared to sterile (prenatally
irradiated) immature rats (not shown), indicating that AMHRI} mRNA expression in
spermatogonia is low or absent, Thus, it canh be suggested that primary effects of
AMH/AMHRI on testis function are autocrine effects on Sertoli cells.

The expression of the mRNA encoding the ligand AMH did not show a major
quantitative change between postnatal days 9 and 21 in control rat testes, and the
absence of germ cells in prenatally irradiated rats did not result in a different
developmental expression pattern. These results are in accordance with the fact that
the most dramatic decrease in AMH mRNA level occurs during the first week of
postnatal testis developrnent in the rat (Milnsterberg and Lovell-Badge, 1991, Hirobe
et al. 1992; Kuroda et al. 1980).

AMHRII mRNA expression occurs in felal and neonatal testes, but the
expression markedly increases during the first three weeks of posinatal development
in the rat {Baarends et al,, 1994; and present resuits). It was found that the
developmental AMHRII mRNA expressicn pattern in the testis, was not distinctly
influenced by induction of sterility by prenatal irradiation, and hence, is independent
of the presence or absence of germ cells.

Concerning the development of Serdolt cell characteristics in testes from
prenatally irradiated rats, it is known that some events are delayed, such as formation
of the blood-testis barrier and lumen formalion (Means et al. 1976). The present
results indicate that the timing of the postnatal increase in AMHRII mRNA expression
in prenatally irradiated rats seems to be slightly advanced rather than delayed.

In adult prenataliy irradiated rats, the absence of germ cells resuits in in a testis
that is relatively enriched in somatic cell types, including Sertoli cells. We have
previously reported that the GAPD mBNA that is detected with the probe used in our
studies is not expressed in rat spermatocytes and spermatids (Baarends et al. 1994).
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Fig. 4.5:  AMHRII mBNA C C 3 3 7 7 141421 2128 28
expression in folal lesles

from control and
melhoxyacetic acld-ireated  ApHRIN
rats.

AMHRIl and GAPD mRNA

expression was sludied

using RNase prolection

assays on fofal teslicuiar

RNA from: control adult rals

(C), and adult rats that had

recelved a single oral dose GAPD
of methoxyacelic acid (MAA)
at 3, 7, 14, 21, or 28 days
after MAA administration.
The numbers above the
lanes and below the
histogram indicate the
number of days after MAA
treatment (C, control rat
testis). Each fane
represents one raf.

Top: results of the ANAse
protection assay. AMHRI
and GAPD Indicale the
positlons of lhe respective C C 3 37 7 14 1421 21 28928
protected fragments.

Bottom: quantitative analysis of the AMHRIVGAPD mRNA ratios.
The AMHRIVGAPD mBRNA ratio in the confrol adult rat teslis in the i 2 s
first left lane was set af 1.0. o

Flg. 4.8: AMHRII mANA expression in total testes from control and AMHRAI
hydroxyurea-treated rals

AMHRI and GAFPD mRANA expression was studied using RNase

profection assays on total lesticular RNA Isolated from a controf

aduit rat (lane 1), and adult rats that were infected with hydroxyurea

(HU) and killed 4.8 days after the last HU injection (lanes 2 and 3}.

Top: resulls of the ANAse protection assay. AMHRI and GAPD GAPD
indicate the positions of the respective protected Iragments,
Boltom: quantitative analysis of the AMHRIVGAPD mRNA ratios.
The AMHRIVGAPD mRNA ratio in the control adult ral feslis in the
first left lane was set at 1.0.

1t 2 3

This is in accordance with results from other investigators (Mori et al. 1992; Welch et
al. 1992) who reported that the germ cells express a teslis specitic GAPD-s gene.
Only the early germ cells express GAPD, whereas this gene is silenced in the more
advanced germ cell iypes that make up the bulk of the germ cells in the adult testis.
Therefore, the GAPD mRNA level can he viewed as an approximate measure for the
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relative amount of somatic cell-derived mRNA. Following this argument, we have used
the ratio between AMHRII mRNA and GAPD mRNA levels, to sludy the level of
AMHRII mRNA corrected for the amount of somatic cell-derived mRNA. Expressed
in this manner, the present results show that the level of AMHRII mRNA expression
in adult Sertoli cells is quantitatively reduced in sterile testes from prenatally irradiated
rats.

Similar to the difference in AMHRII mRNA expression in adult control and
prenatally irradiated rats, pronounced derangement of spermatogenesis upon
expetimental cryptorchidism also resulled in a relative decrease of AMHRI mRNA
expression. The decreased AMHRI! mRNA expression in cryptorchid rat testes may
reflect a direct effect of the abdominal temperature on Serleli cells {Kerr et al. 1979)
or, may be caused by structural changes that occur in Sertali cells as a result of the
disorganization of the spermatogenic epithelium,

To sludy the possible regutation of AMH and AMHRII expression in Sertoli cells
by spermatogenic cells in more detail, the mBNA levels were determined in isclated
tubule segments that were separated according to the stages of the spermatogenic
cycle. It was found that both AMH mRNA and AMHRIl mRNA show a marked
regufation during the spermatogenic cycle. Maximal AMH and AMHRI; mRNA levels
were found at stage VII. AMHRII mRNA leveis are at a minimum during stages IX-XIi.
It has been shown that FSH receptor mRNA (Heckert and Griswold, 1991) and binding
(Kangasniemi et al. 1990} are at a minimum at stage VIi. Since FSH has been shown
to down-regulale AMH expression during early postnatal development (Kuroda et al.
1990}, the nadir in FSH action at stage VIl might be involved in the observed up-
regulation of AMH mRNA expression. Another candidate factor that may modulate the
paitern of AMH mRNA expression during the spermatogenic cycle is steroidogenic
factor-1 (SF-1) (Honda et al. 1993; Lala et al. 1992}, which is an orphan nuclear
receptor that is crucial for adrenal and gonad formation, and regulates the expression
of a number of steroidogenic enzymes (Morohashi el al. 1992; Lynch et al. 1993).
This factor is capable of binding to an upstream conserved slement in the AMH
promoter in vitro (Shen et al. 1994, Hatano et al, 1994). The expression pattemn of
SF-1 in rat embryos suggests that it is involved in a positive regulation of the prenatal
expression of AMH (Shen et al. 1994), although conflicting data are reported indicating
a stimulatory effect of SF-1 on AMH gene transcription in one study (Shen et al. 1994)
and an inhibitory effect in another study (Hagq et al. 1994), using different
experimental approaches /n vifro, It will be of interest to study whether posinatal
expression of SF-1 in Sertoli cells correlates with AMH expression.
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Sertoli cells support spermatogenesis, and at each stage of the spermatogenic
cycle different combinations of spermatogenic cell types are present that require
distinct Sertoli cell actions. The cyclic expression of many Sertoli cell proteins has
been established (reviewed by Parvinen, 1993), providing evidence that spermalogenic
cells influence Sertoli cell function. Therefore, we have studied the effect of depleting
the adult testes of various germ cell types on AMHRII mRNA expression. Treatment
with methoxyacelic acld (MAA) or hydroxyurea (HU) resulted in selective loss of
several lypes of spermatogenic cells. However, in both experimental models, there
was no major change in the testicular AMHRIVGAPD mRNA ratio after treatment,
These results do not identify a single defined group of germ cell types that Is involved
in the up- or down-regulation of AMHRII mRNA expression in Sertoli cells, |1 is of
interest to note that immunchistochemical studies of androgen receptor expression in
Sertoli cells of adult rats showed a marked paltern of androgen receptor protein
expression during the spermatogenic cycle, which was very similar to the pattern of
AMHRII mRNA expression described herein, and which also was not influenced by
trealment of the rats with MAA (Bremner et al, 1994).

Since both AMH and AMHRII mRNA levels are high at stage Vil, actions of
AMH on Sertoli cell function might occur mainly at that stage. There are various
avents that take place at stages VII-VIil of the spermatogenic cycle in which AMH
could have a function. Leptotene spermatocytes leaving the basal membrane starting
to migrate through the blood-testis barrier, the onset of spermalid elongation, and
spermiation of Step 19 spermatids, all oceur at stages VII and VIl (reviewed by de
Kretser and Kerr, 1994).

The mechanism of AMH-induced regression of the miillerian ducts may involve
a secondary effect on the extracellular matrix (Trelstad et al. 1982; Tsuji et al. 1992},
induced by the surrounding mesenchymai cells. Since the spermatogenic events that
take place at stage Vil involve major changes in the structure of Sertoli cells and their
interaction with the basal membrane, it is tempting to suggest that testicular AMH
aclion may involve some effect on the extracellular matrix components in the basal
membrane. As pait of a feedback mechanism, major structural changes in the
tubuies, rather than specific germ cell products, may regulate the cyclic AMH and
AMHRII mRNA expression patterns.

A possible function of AMH can be inferred from the inverse relationship
belween AMHRI! mRNA expression and [°H}-thymidine incorporation during the
spermatogenic cycle, showing minimal [*H]-thymidine incorporation at stage VI! (Soder
etal, 1991). In concordance with this, mitotic divisions of differentiating spermatogonia
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take place at stages X-VI, but not at stages Vil and VIl {Huckins, 1970; Huckins,
1971)}. Factors that have been postulated to stimulate spermatogoniai cell proliferation
{interleukin-1, EGF, Kit ligand, activin), show their lowest expression at stage VI
(Soder et al. 1991; Manova et al. 1993; Barllelt e al. 1930; Klaij et al. 1994). Since
AMH and its receptor are at a maximum at this stage, the inhibition of mitotic divisions
of undifferentiated and/or differentiated type A spermatogonia could be one of the
possible effects of AMH on spermatogenesis.

If AMH plays a role in determining the amount of spermatogonia that enter
spermatogenesis, lack of AMH aclion may result in a subtte change in the balance
between stimulatory and inhibitory effects on spermatogonial proliferation and
degeneration. Activin and Inhibin, lwo members of the activin and TGF{ family of
growth factors, have also been reported to regulate spermatogonial profiferation
{Mather et al. 1990; van Dissel-Emiliani et al. 1989). Several members of the activin
and TGFp family of growth factors show overlapping or counteracting actions. A
redundancy phenomenon may preveni clear loss of function effects when a single
factor is missing.

Natural mutations that block AMH action lead to the persistent millerian duct
syndrome (PMDS), that is characterized by the presence of a uterus and fallopian
tubes in otherwise normal males (Josso et al. 1991). The testes develop normaliy in
these patlents, but do not descent, which resulis in infertility. Behringer et al. (1994)
have recently generated AMH gene knock-out mice. Analogous to the PMDS human
males, male AMH-deficient mice were born with both mullerian duct- and wolffian duct-
derived reproductive organs. The testes in these animals produced functional sperm,
and Leydig cell hyperplasia was the only testicular abnormality that was observed
(Behringer et al. 1994). These resuits indicate that, through an aulocrine action on
Sertoli cells, AMH may negatively regulate Leydig cell proliferation and/or maturation.
The existence of other type 1l receptors for AMH on Leydig cells, however, cannot be
excluded. With respect to the cyclic regulation of AMH and AMHRI mRNA
expression, it is of Interest to note that the morphology of Leydig cells surrounded by
stage Vil seminiferous tubules differs from the morphology of those located near other
stages (Bergh, 1983; Bergh, 1985), and afso the expression of certain genes in Leydig
cells depends on the stages present in the neighbouring tubules (Gizang-Ginsberg and
Wolgemuth, 1285).

The resulis presented herein indicale that there may be a function of AMH in
the adult rat testis. In order to identify the nature of this funclion, fulure studies will
be directed towards the development of strategles that allow modulation of AMH and

87



Chapter 4

AMHRI! aclion at certain time points during postnatal testis development.

in conclusion, a high level of AMHRIF mRNA is an intrinsic feature of mature rat
Sertoli cells, which is down-regulated at stages IX-Xil of the spermatogenic cycle.
AMH mRNA is expressed at a low level in adult Sertoli cells, but specific up-regutation
of this mRNA at stage VIl of the cycle would permil a local autocrine action of AMH.
The postulated functions of AMH with respect to proliferation of spermatogonia and/or
Leydig cells might be explained by effecls of AMH on the extracellutar matrix, thereby
influencing the communication between the different testicular cell types.
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Summary

During fetal development, anti-millerian hormone (AMH)} is produced only by Serioli
cells, but postnatally granulosa cells also produce this peptide growth/differentiation
factor. We have recently identified a candidate AMH type Il receptor (AMHRIN
(Baarends et al. 1994). In the present sludy, posinatal ovarian AMH and AMHRI
mRNA expression was studied by in situ hybridization and RNase protection. In
ovaries from adult rats, AMH and AMHRII mRNAs were found to be mainly expressed
in granulosa cells from preantral and small antral follicles. Corpora lulea and large
antral follicles express little or no AMH and AMHRI} mRNA, and primordial folticles and
oocytes appeared to be AMH and AMHRII mRNA negative. Theca and interstitial
cells express no deteclable amount of AMH mRNA, and little or no. AMHRII mRNA.
The colocalization of AMH and AMHRH mRNAs in granulosa cells of specific follicle
types, suggests that actions of AMH via AMHRII are autocrine in nature. There is a
decreased level of AMH and AMHRII mRNA expression when follicles have bacome
atretic. Both mRNA species are eventually lost from atretic follicles, although AMHRII
mRNA expression seems to persist somewhal longer than AMH mRNA.  During the
estrous cycle, no marked changes in the patterns of AMH and AMHRII mRNA
expression were detected, excepl at estrus, when expression of both mRNA species
in preantral follicles was decreased compared to the other days of the cycle,

At postnatal day 5, {otal ovarian AMH mRNA expression is low, and is located
in small preantral follicles. During the lirst weeks of postnatal development, AMH
mRNA expression in preantral follicles increases, and the later formed smali antral
follicles also express AMH mRNA. In contrast, AMHRI} mRNA is expressed at
postnatal day 5 at a higher leval than AMH mRNA, but cannot be localized to specific
cell types. From posinatal day 15 onwards, AMHRH mRNA expression becomes more
restricted to the preantral and small antral follicles.

Treatment of prepubertal rats with GnRH antagonist (Org 30276) and human
recombinant FSH {Org 32489), or with GnRH antagonist and estradiol benzoate,
resulted in follicle growth, and in an inhibition of AMH and AMHRII mRNA expression
in some, but not all preantral and small antral follicles. These resuits indicate that
FSH and estrogens may play a role in the downregulation of AMH and AMHRII mRNA
expression in vivo, when small antral follicles differentiate into large antral follicles.
Furthermore, the FSH surge on the moring of estrus may inhibit AMB and AMHRII
mRNA expression in preantral follicles, It is discussed that autocrine action of AMH
on granulosa cells of preantral and small antral follicles might result in an inhibition of
follicle maturation and/or play a role in follicte selection.
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Introduction

Anti-millerian hormone (AMH}, also called mdllerian inhibiting substance, is a
member of the activin/TGFp family of peptide growth and differentiation factors (Cate
et al. 1986). During male embryonic/fetal sex differentiation, AMH is synthesized by
the fetal Sertoli cells, and induces the degeneration of the miiilerian ducts, which are
the anlagen of the uterus, the oviducts and the upper pant of the vagina. There is no
ovarian AMH production during normal female fetal development (Mimsterberg and
Lovell-Badge, 1991, Hirobe et al. 1992). However, overexpression of the gens
encoding AMH in fransgenic mice, leads to mullerian duct regression also in female
embryos, and in addition induces the formation of testis cord-like structures in fetal
ovaries (Behringer et al. 1990), indicaling that the fetal ovary is sensitive to AMH. In
cullured felal ovaries, AMH inhibits oogonial replication (Vigier et al. 1987) and
granufosa cell aromatase activily (Vigier et al. 1989; di Clemente et al. 1982).
Aromatase calalyses the conversion of testosterone fo estradiol, and inhibition of
ovarian aromalase activity by AMHM leads to production of testosterone rather than
estradicl. The effects of AMH on the fetal ovary may reflect some function of AMH
during prenatal teslis development, rather than a function during prenatal ovary
development, since the ovary is normally not exposed to AMH prior to birth.

In the female rat, AMH mRNA expression is detecled in ovarian granutosa cells
from postnatal day 3 onwards {Hirobe et al. 1992). Immunochistochemical (Ueno et al.
1989b; Ueno et al. 1989a) and mRBNA /n situ hybridization (Hirobe et al, 1992; Hirobe
ot al. 1994) data have shown specific expression of AMH in granulosa cells during
defined stages of follicle development in the rat. It has been shown that exogenous
AMH inhibits biosynthesis of aromatase (di Clemente et al. 1994a), and decreases the
number of LH receptors (di Clemente et al, 1994a) in cultured rat granulosa cells.
Furthermore, AMH opposes EGF-induced progestercne biosynthesis and proliferation
of cultured human granulosa-futeal cells (Kim et al. 1992; Seifer et al. 1993).
Conflicting data have been reported concerning possible effects of AMH on oocyte
maturation; inhibltion of meiosis by AMH was observed in one case (Takahashi at al.
1986}, but no effect of AMH could be found in another study (Tsafriri et al. 1988).

The marked regulation of AMH expression and the reported effects of AMH in
in vitro culture systems, indicate that AMH may perform certain functions during follicle
development in the postnatal ovary. More insight in these functions could come from
studies on ovarian expression of the receptor for AMH. Recently, we have cloned a
cDNA, named C14, that encodes lhe candidate rat AMH type Il receptor (Baarends
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et al. 1994). C14 is a member of the family of transmembrane serine/threonine kinase
receplors to which also the TGFp and activin receptors belong (reviewed by Lin and
Moustakas, 1994). Members of the activin/TGF[ family of growth and differentiation
factors signal through heteromeric complexes composed of type | and type Il
transmembrane serine/threonine kinase receptors (Wrana et al. 1994). The structural
characteristics of C14 indicate that it is a type i receptor. di Clemente et al, (1994b)
have clened the rabhit homologue (H1) of C14, and have shown that Hi binds AMH.
Together with the observed expression of C14 mRNA in AMH target cells during
embryonic sex differentiation, these data provide evidence thal C14 and H1 encode,
respectively, the rat and rabbit AMH type |l receptor (AMHRI}). The existence of an
AMH type | receptor can be anticipated, but this receptor has not been identified yet.
Herein, C14 will be referred to as the AMH type Il receptor, in analogy to the
nomenclalure that is used for the TGFf} receptors,

In the present study, mRNA in situ hybridization and RNase protection were
used 1o sludy in detail the expression of both AMH and AMHRI mRNA in rat ovaries,
The cellular focalization, temporal expression pattern, and response to hormonal
treatment of AMH and AMHRI! mRNA expression were determined, to identify ovarian
AMH target cells, and to study the regulation of AMH and AMHRII mRNA expression
during posinatal development, the estrous cycle, and gonadotropin-induced follicular
growlth.,

Materials and Methods

Animals and trealments

Wistar rats, locally bred, were maintained under controlled conditions (20-23 C, lights on from
05.00 h to 19.00 h). AMH and AMHRI mRNA expression was studied in ovaries collected from rats at
various reproductive stages. Animals were kilted by an overdose of ether between 09.00 -10.00 h, Four
different experimeants were performed. In Experiment 1, female rats were killed at 5 (8 animals), 10 (4
animals), 15 (4 animals), 20 (2 animals}, 25 (2 animals), 30 (2 animals), and 35 days (2 animals) after
hirth. From each animal, one ovary was snap-frozen in liquid nitrogen and used for RNA isolation, and
the other ovary was fixed overnight at 4 C in Bouing' fixative and used for histological examination and
in sifl hybridization purposes. Frozen ovaries isolated at postnalal days 5, 10, and 15 were pooled.

In Experiment 2, folliculogenesis and ovulalion was induced by injecting (s.c.} 26-day-old female
rats with 10 IJ PMSG followed 56 h later by Injection of 10 [ hCG. Ovaries were isolated 0, 1, 2, 3
and 6 days after PMSG injection. Two animals were used at each time point, and the ovaries were
isolated; one ovary was used for RNA isolation, the other ovary was fixed overnight at 4 C in Bouins’
fixative and used for hislological examination.

In Experiment 3, ovaries were collected from adult rats at different stages of the 5-day estrous
cycle. The stage of the cycle was determined through analysis of dally vaginal smears. Only animals
with a regular 5-day cycle were used. Two animals were studied for each day of the cycle. The
ovaries were fixed overnight at 4 G in Bouins’ fixative and used for histological examination and in sifu
hybridization.
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AMH and AMHRII mANA expression in raf ovary

in Experiments 4 and 5, effects of FSH, hCG and estradlol benzoate (EB) on AMH and AMHRII
mRNA expression were studied in immature rats. GnRH antagonist (GnRHant) (Org 30278), human
recombinant FSH (FSH) {Org 32489), and hCG (Pregnyl) were obtained from Crganon International
{Oss, The Netherlands). Endogenous levels of gonadotiopins were reduced by administration of
GnRHant (500 ug/100 g body welght} at days 22, 24, 26 and 28 (Mei|s-Roelofs et al, 1990}, FSH, hCG
and EB were given at days 26, 27, 28 and 29. FSH and hCG were given twice daily at 09.00 h and
17.00 h; FSH in a total daily dose of 101U, and hCG in a total daily dose of 1 IU. EB was given once
daily in a dose of 100 pgfinjection. The animals were killed al day 30, In Experiment 4, rals were trea-
ted with GnRHant alone, with GnRHant plus FSH, or with GnRHant plus FSH plus hGG. In Experiment
5, rats were lreated with GnRHant afone, with GnRHant plus FSH, with GnRHant plus £B, or with
GnRHant plus FSH plus EB. Two animals were used for each treatment group, and two untreated 30-
day-old female rats were included In both experiments, The ovaries were isolated as deseribed in
Experiment 1.

Isolation of follicles and corpora lutea

From adult rats, the 10 largest follicles at estrus, and the 10 largest follicles and corpora lutea
at proestrus were isolated under a dissection microscope in phosphate buffered saline. The follicles
isclated at estrus are small antral follicles, and those isolated at proestrus are large preovulatory toli-
cles. Twenly corpora lutea, twenty large antral follicles, and forty small antral follicles were pooled in
two fractions each, and snap-frozen in liquid nitrogen far RNA isolation. Half of the total amount of {otal
RNA that was isolated for each sample was used in a single BNase protection assay.

RNA isofation and RNase proteclion assay

Total RNA was isolated using the LiCYurea method (Auffray and Bougaon, 1980}, A Psil fragment
containing bp 1243-1640 from C14 {AMHRIE was subcloned in pBluescript KS (Stratagene; Westburg,
Leusden, The Netherlands) and used 1o generate [**P]-UTP-labelled anti-sense iranscripts in vitro. All
radiolabelled agents were from Amarsham (s Hertogenbasch, The Netherlands). A rat AMH DNA
template for in vitro transcription was generated using a DNA amplification reaction (Saiki et al. 1988),
Rat liver was used for genomic DNA isolalion according to Davis et al. (1986). The primers
5'QGCTGCTGCTAGCGACTATGS' (forward primer) and 5’AGATGTAGGCTAGCAACTG3 (roverse
primer) were used to amplify bp 38-400 of the first exon of the rat AMH gene (Haqqg et al. 1992). An
amount of 260 ng of each of the primers was added o the DNA amplification reaction using 760 ng
genomic DNA as a temp'ate in a standard reaction mixture containing 1.5 mM MgCl,. The reaction
condltions waere as follows: a hot start {5 min 95 C}, followed by 35 cycles of 1 min 94 G, 2 min 58 C,
2 min 72 C. The DNA amplification reaction generated a fragment of 362 bp, which was cut with Nhel
and subcloned in the Smal site of Bluescript KS. The control glyceraldehyde 3-phosphate
dehydrogenase (GAPD) RNA probe was synthesized using a construct containing a 291 bp
XballSau3Al fragment from ral GAPD cDNA (Fort et al. 1985). Approximately 5x10* cpm of either G14
or AMH probe, together with 5x10* cpm of GAPD probe, was mixed with 5 ng of total RNA (unless
otherwise indicated) in a total volume of 30 pl hybridization mixture containing 40 mM Pipes pH 6.4,
1 mM EDTA, 0.4 M NaCl and 80% (v/v) formamide. Care was taken lo use equal amounts of mRNA
in each sample through OD measurement at 260/280 nm of the RNA preparations Immediately prior
to the RNAse protection experiment. The hybridizations were performed overnight at 55 C. The RNase
protection assay was performed as described (Baarends et al, 1994). The relative amount of protected
mANA fragments was quantified through exposure of the gels to a phosphor screen (Molecular
Dynamics; B&L Systems, Zoetermeer, The Netherlands), followed by a calculation of the relative density
of the obtained bands using a phospho-Imager and Image Quani {Molecular Dynamics} as computer
analysis software. The ratio between the arbitrary units obtained for the AMHRIE mRNA level and for
the GAPD mRNA level was determined. The ratios of control samples of each experiment were set

at 1.0.

n situ hybridization

The AMH and AMHRI subclones that were used for BNAse protection assays were also used
to generate sense and antisense [S]-UTP-labelled transcripts in vitro. In situ hybridization procedurg
was performed as described by Zeller and Rogers (Zeller and Rogers, 1991) with some medifications
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(Baarends et al. 1994). Qvarles were embedded in paraffin, and 8 pm sections were mounted on slides
which were coated with 3-amincpropyl-ethoxysllane. After deparaffination sections were treated with
0.2 N HCt {20 min}, digested with proleinase-K {1 ptg/mlin 0.2 M Tris, 2 mM CaCl,; incubation 15 min
at 37 C) and postfixed In 4% paraformaldehyde in 0.1 M PBS, After realment with dithiothreitol and
hlocking non-specific binding with 0.1 M trlethanolamine, followed by 0.1 M triethanclamine and acetic
anhydride, sections were incubated with *S-labelled antisense and sense AMH and AMHRI} cRNA
probes in a final concentration of 5 x 10° cpm/ll. Hybridization was carried out overnight at 55 C in
moist chambers. The hybridization mixture contained: 50% (v/v) deionised formamide, 0.3 M NaCl, 10
mM Tris pH 8.0, 1 mM EDTA, 1x Danhardt's solution, 1 mg/ml yeast tRNA, 50 mM DTT and 10% (wiv)
polyethylene glycol 6000. Slides were washed four times In 2x §SC, 55% (v/v) formamide, at 55 C for
15 min, then treated with RNAse solution (40 pg RNAse A/ml, 700 U RNAse T/ml, in 0.3 M NaCl, 5 miv
EDTA, 10 mM Tris} for 156 min at room temperature, and washed again two times in 2x S8C (55 C, 30
min}, and two times in 1x S8C, 65% (v/v} formamide {55 C, 30 min), After dehydration, slides were
dipped in Kodak NTB-2 emulsion and dried at room temperature for 3 hours, followed by exposure at
4 C for 1 week. After developing, the sections were counterstained with haematoxylin and mounted.

Histology
Histological examination of the follicles was based on sections, stained with haematoxylin and

eosin, adjacent to sections used for in situ hybridization. Healthy and atretic follicles were grouped in
primordial follicles (< 50 pm), small preantral follicles (50-200 1m), large preantral follicles (201-274
pm}, small antral follicles (276-450 pm} and large antral follicles (>450 umy}. Fellicular size was calcuta-
led from two perpendicular diameters of the follicle. Atretic and heallhy follicles were distinguished
according to criteria described by Osman {Osman, 1985).

Resuits

AMH and AMHRII mRNA expression in prepubertal rat ovaries

At day 5 of postnatal development, the ovaries contained only primordial follicles and
follicles with a single layer of granulosa cells (primary follicles) (Fig. 5.1A). The
granulosa cells of some primary follicles that were present at day 5 expressed AMH
mRNA (Fig. 5.1B). Al days 10 and 15, AMH mRBNA expression became mote
pronounced in granulosa cells of small preantral follicles, Qocyles and interstitial
tissue wers AMH mBNA negative (below the level of detection). AMHRII mRNA
expression was detected in an evenly distributed pattern al days 5 and 10 (Fig. 5.1C}).
From day 15 onwards, AMHRII mRNA expression became mainly restricted fo the
granulosa cells of primary and preantral follicles (not shown).

At day 20, AMH mRBNA positive follicles were mainly found in the peripheral
region, whereas AMHRII mRNA positive follicles were also present in the center of the
ovary (Fig. 5.2B,C). At days 25-35, AMH and AMHRIl mRNA expression was high,
and most of this expression colocalized to the same follicles. The expression of both
mRNAs was highest in preantral follicles. Small antral follicles also expressed some
AMH and AMHRII mRBNA from day 25 onwards (Table 5.1). The signal was lost in
larger antral follicles (Fig. 5.2E,F).
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Fig. 5.1: Localization of AMH and AMHRIH mRNA expression in ovaries of 5-day-old rats, using in situ
hybridization.

A: ovarian section stained with haematoxylin and eosin; B: AMH mRNA expression patlern; C: AMHRI
mANA expression; D: negative conlrol, hybridized with AMHRI senss RNA (B,C, and D are darkfieid
views). Note the presence of AMH mRANA in primary follicles and the even distribution of AMHRII
mANA over the whole ovary. Bar represents 200 pm.
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Preantral atretic follicles expressed less AMH and AMHRI mRNA than heallhy follicles
of the same size class, but the expression seemed to increase somewhat with
increasing age (Table 5.1).

In general, AMH mRNA produced stronger signals than AMHRI mRNA. The
AMH and AMHRIlI cRNA antisense probes are comparable with respect to probe
length and percentage of G/C residues. However, # is difficult to compare the
absolute levels of AMH and AMHRII mRNA due to two major differences between the
expression patterns of these mRNAs First, in small preantral follicles, AMHRII mRNA
is evenly expressed in the granulosa cells of single positive follicles, whereas AMH
mRNA expression is not always evenly distributed, but sometimes highest in the
granulosa cells immediately surrounding the antrum and/or the cocyte (compare Fig.
5.2E with Fig. 5.2F). Second, a low level of AMHRII mRNA expression in interslitial
cells at some stages of ovarian development is not excluded, whereas there was a
clear contrast between AMH mRNA positive follicles and AMH negative interstitium in
all studied ovarian sections.

RNase protection results showed, that there was a small increase in lotal
ovarian AMHRII mRNA expression between days 10 and 15 (Fig. 5.3). From day 15
onwards, the total ovarian AMHRII mRNA expression was maintained within the same
range. Compared to AMHRII mRNA expression, there was a more pronounced
increase in the fevel of total ovarian AMH mMRNA expression between days 5 and 15,
and subsequently between days 26 and 30 (Fig. 5.3).

Fig. 5.2: (Next page} Localization of AMH and AMHRI! mANA expression during posinatal ovary
development, and in adult cycling rals, using in situ hybridization.

The left figures (A,D,G) are ovarian seclions stained with haesmaltoxyiin and eosin. The middle and right
figures show darkifeld views of AMH (B,E,H) and AMHRH (C,FI} mRANA expression in adjacent
sections. A,B,C: 20-day-old rat ovary, showing AMH mRNA expression in preaniral follicles, mainly
located in the peripheral area, and AMHRI mRNA expression In preantral follicles, both in the
peripheral as well as in the central ovarian region; D, E, F: 30-day-old rat ovary, showing colocalization
of follicutar AMH and AMHRII mRNA expression. Note the presence of AMH and AMHRII mANA
axpression in preantral follicles, and the absence in large antral follicles. Also, small anlral folficles are
Indicated that show expression of AMH mANA mainly in granuiosa cells surrounding the oocyte; G,H,I!
adulf rat ovary (al proestrus), showing abssnce of AMH and AMHRI mRNA expression in preovulatory
follicle and corpus luteum. HF, healthy follicle; AF, atretic follicle; SPF, small preantral follicle; LPF,
large preantral follicfe; CL, corpus fuleum, Bar represents 200 ym.
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Table 5.1: Expression of AMMH and AMMRII mRNAs in ovaries of prepubertal rats, as measured by in sifu hybridization

Day 20

Day 25 Day 30 Day 35
n AMH AMHRH n AMH AMHR n AMH AMHRII n AMH AMHRII

Healthy preantral (30 O+ + 31 + 4+ (¢4} ++ +H++ (24) ++ +t+

small antral {2} 0 0 (19) O/ O/ [EM 0 + ] - +H+

fargo antral - - - B 2 o] il 3 0 4
Atretic preariral (1 0 o] {11) 0 0/ 8) + + =4 He H+

smalt antral - - (6] 0 0 6) Of: 0/t (4} 0 o]

large antral - - - - . -

- = follicle not prasent

0 = no silver grains above background, & = moderate expression, + = clear expression, ++ = highest expression

Numnber of follicles (n) is given in parentheses
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Expression of AMH and AMHRII mRNAs during the estrous cycle

In situ hybridization resuils showed, that in adult rats, AMH and AMHRIl mRNAs
colocalized mainly in granulosa cells of healthy preantral and small antral follicles
(Table 5.2, Fig. 5,.2H,{). [n large antral follicies the AMH and AMHRII mRNA signal
was not above background, and corpora lutea and primordial follicles also were
negative (Fig. 5.2H,1}. Both AMH and AMHRII mRNA expression was gradually lost
from atretic folficles, with AMHRII mRNA persisting somewhat longer than AMH mRNA
(Table 5.2). There were no marked changes in the follicle types that express AMH
and AMHRI mRNA during the estrous cycle (Table 5.2}, except at estrus, when the
granulosa cells of some of the preantral follicles expressed little, or no, AMH and/or

AMHRII mRNA.
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Age (days)
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Fig. 5.3: Expression of AMH and AMHRII mRANAs in total ovaries during postnalal development.
AMH, AMHRII, and GAPD mRNA expression was sludied using ANase protection assays on total ANA
from whole ovaries, from rals of different age. The numbers above each lane in (A) and below the
histogram in (B) correspond to the age of the rals in days.

A: resufls of the RNAse protection assay. AMH, AMHRI, and GAPD indicate the positions of the
respective protected fragments. Each lane represents at feast one ral, B! quaniitative analysis of the
AMH/GAPD (open bars) and AMHRIVGAPD (closed bars) mRNA ralios. Values at days 5, 10, 15, and
25 are derived from one ral, or from a number of rals whose ovaries were pooled before RNA isolation;
values at days 20,30, and 35 are the mean and individual values from 2 rats. The AMH/GAPD and

AMHRI/GAPD mRANA ratios in the 5-day-old rats were set at 1.0
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RNase protection assays, performed with total RNA from isolated antrat follicles
and corpora lutea, showed that AMH and AMHRI mRNA is cleatly expressed in small
antral follicles. Using this method, AMH and AMHRII mRNA expression was also
detected in large antral follicles as well as in corpora luiea, albeit at a very low level,
not detectable by in situ hybridization {Fig. 5.4).

Expression of AMH and AMHRII mRNAs during PMSG-induced follicle growth and
after subsequent hCG-induced ovulation, in ovaries of immature rais

Treatment of 30-day-old rats with PMSG followed 56 h later by hCG injection, resulted
in the presence of a large number of antral follicles at 24 and 48h, recently ovulated
follicles at 72h, and fully developed corpora lutea 7 days after start of PMSG treat-
ment. AMH and AMHRH mRNA levels in total ovaries were decreased four to five-fold
at 24h and at 48h, compared to untreated rats. A further decrease (two to three-fold)
was seen at 72 h, followed by a small increase in the levels of AMH and AMHRI
mRNAs at 7 days {Fig. 5.5).

1.20
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1.00-
SASALALACLCL
0.80
K]
AMH @
<«  0.60
UZ:
E
0.40
GAPD 0.20
o.00 U ‘
SA LA GL
Fig. 5.4: Expression of AMH and AMHRI mRNAs in isolated
AMHRI anlral folflcles and corpora lufea.
AMH, AMHRII, and GAPD mRNA expression was sludies
using RNase proleclion assays on lotal RNA from isofated
corpora lutea (CL ), small antral follicles (SA} and large antral
follicles {LA), The source of the ANA Is indicated above the
lanes in (A} and below the histogram in (B).
A: resulfs of the RNase profection assay. Each lane
represents a number of pooled folifcles or corpora lutea.
GAPD AMH, AMHRII, and GAPD indicate the posilions of the

respeclive protected fragments. B: quantifative analysis of
the AMH/GAPD {opan bars} and AMHRII/GAFD {closed bars)
mRNA ralios. The bar/dots represent the mean and
individual values of two different isolated follicle fractions.
The AMH/GAPD and AMHRIVGAPD mRNA ralios in the
smalf aniral follicles were set al 1.0.
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Fig. 5.5: Expression of AMH and AMHRII mANAs In total ovaries from immalure rats treated with
PMSG and hCG.

AMH, AMHRI, and GAPD mRNA expresslon was studied using RNase protection assays on tolal RNA
from whole ovaries, from rals al different time points after PMSG lrealment (at (=0h) folfowed by hCG
treatment (at 1=56h}). The numbers above each lane in (A) and balow the histogram in (B) correspond
lo numbar of hours after start of the lrealrment.

A, resulls of the ARNAse prolection assay. Each lane represents one ral. AMH, AMHRII, and GAPD
indicate the positions of the respective protecied fragments. B: quantitative analysis of the AMH/GAPD
{open bars) and AMHRII/GAPD (closed bars} mRNA ratios, The bar/dols represent the mean and
individual values of two rats, The AMH/GAPD and AMHRIVGAPD mANA ratios at t=0 wera sef at 1.0,
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Hormonal regutation of AMH and AMHRII mRNA expression

GnRHant treatment (see Materials and Methods) resulted in an inhibition of follicular
development. The ovaries of GnRHani-ireated rals contained mainly preantral follicles
and a few smalfl antral follicles (Fig. 5.6A). Combined treatment with GnRHant and
10 IU F8H resulted in the presence of small antral follicles (not shown), while
combined treatment with GnRHant and 100 pg EB resuited in follicle growth with little
antrum formation (Fig. 5.6D). Treatment with GnRHant plus FSH plus hCG, or
GnRHant plus FSH plus EB, resulted in ovaries containing many large antral follicles
(Fig. 5.6G}.

The patterns of AMH mRBNA localization in healthy follicles were similar in
ovaries isolated from GnRHant-treated rats and controi 30-day-old rais, whereas the
AMHRII mRNA signal in the healthy preantral follicles was slightly decreased in the
GnRHant-treated ral ovaries (Table 5.2 and Table 5.3). AMH and AMHR!H mRNA
expression in preantral atrelic follicles was lower in GnRHant-treated rats compared
to control 30-day-old rats. Moreover, no, or very litlle, AMH and AMHRHI mRBNA
expression was detected in atretic follicles In ovaries of rals from all other treatment
groups. In some ovaries, AMH mRNA expression was restricted to follicles located
in the periphery of the ovary, similar to the expression pattern found in 20-day-old rats.
This pattern was found in several ovaries from different treatment groups, but no
correlalion between this expression patlern and hormonal treatment was found (see
for example Fig. 5.6E,F)}.

In ovaries from rats treated with GnRBHant plus FSH, small preantral follicles
clearly expressed AMH mRNA, whereas the expression was inhibited in large preantral
follicles, and/or located in the granulosa cells closest to the oocyte. AMHRI mRNA
expression in both small and large preantral follicles was highly variable; some follicles
still expressed a high level of AMHRI mRNA whereas other follicles were AMHRII
mRNA negalive. In healthy small antral follicles no AMH mRNA was observed.
AMHRII mRNA expression in small antral follicles was lower, and showed more
variation, than in similar follicles present in ovaries from GnRHant-{reated rats.

Fig. 6.6: (Naxf page) Localization of AMH and AMHRII mRNAs in immature raf ovaries after hormonal
treatment using in sifu hybridization.

The lelt figures (A,D,E) are ovarian sections stained with haematoxylin and eosin. The middle and right
figures show darkfield views of AMH (B,EH) and AMHRII (C.F,l) mRNA expression in adjacent
sections. A,B,C: ovary from GnRHani-trealed rat (AMH and AMHRII mRNA expression s colocalized
in preantral and small antral follicles); D,E,F: ovary from GnRHant plus EB-treated rat (AMH and
AMHRI mRNA expression is lost from a number of healthy preaniral follicles; note the periphoral
localization of AMH positive follicles and even distribution of AMHRI mRNA expressing follicles); G,H, I
ovary from GnRHant plus FSH plus hCG-freated raf (numerous large aniral fofficles are present,
showing no AMH and AMHRII mRNA expression). AF, alrelic follicle. Bar represenits 200 pym.
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Combined {reatment with GnRHant plus EB resuited in an inhibition of AMH and
AMHRH mRNA expression in a number of preantral and smail antral follicles. Both
AMH and AMHRII mRNA expression were highly variable, and no consistent
morphologic difference between AMH andfor AMHRII mRNA positive and negative
follicles was observed.

Ovaries isolated from rats treated with GnRHant plus FSH plus hCG, or
GnRHant plus FSH plus EB contained many large follicles which did not show any
AMH and AMHRII mRNA expression. The few preantral follicles that were present
had no or variable AMH and AMHRH mRNA expression, similar to the mRNA
expression detected in GnRHant plus FSH-trealed rat ovaries (Fig. 5.6G-I).

RNase protection assays of total RNA isolated from ovaries from the different
treatment groups showed that the tolal ovarian levels of AMH and AMHRI} mRNAs
were increased in ovaries from GnRHant-treated rats compared to controt 30-day-old
rats. All combined hormonal freatments resulted in decreased levels of total ovarian
AMH and AMHRIl mRNA expression, compared to GnRHant treatment alone (Fig.
5.7); the relative decrease of AMH mRNA was more pronounced than the decrease
of AMHRI!I mRNA expression.

Discussion

The specific patterns of AMH mRNA and prolein expression during postnatal ovary
development in mouse and rat (Miinsterberg and Lovell-Badge, 1981, Hirobe et al.
1992; Ueno et al. 1989a; Ueno et al. 1989h; Hircbe et al. 1994) and the expression
of AMHRII mRNA in adult rat ovary (Baarends et al. 1994; di Clemenle et al. 1994b),
have provided indicalions that AMH may play a role in the hormonal network that
regulates ovarian functions.

In the experimenis reported herein, we have made use of mRNA in situ
hybridization and RNase protection assay, {o determine the ovarian AMH and AMHRII
mRNA expression patterns in detall. The in situ hybridization results provide
information about the celiular location of AMH and AMHRBI mBNA expression. RNase
protection assay is more sensitive and quantitative than in sifu hybridization, and was
used {o determine the relative levels of AMH and AMHRI! mBNAs in isclated follicles
and corpora lutea, and fo study quantitalive changes in total ovarian levels of AMH
and AMHRII mRNAs during ovarian development and in immature rat ovaries following
hormonal lreatment. Comparison of in situ hybridization results and RNase proteclion
results, combined with the morphologic characterization of the ovaries, are essential
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to obtain complete information about the AMH and AMHRII mRNA expression patierns
and their regulation.

In situ hybridization revealed that AMH and AMHRI mRNAs in the rat ovary are
specifically expressed in granulosa cells. Oocyles, theca and interstitial cells, express
no, or a very low amount of AMH and AMHRII mRNAs. In analogy fo the proposed
autocrine action of AMH on Sertoli cells in postnatal rat testes (Baarends et al. 1994),
these results indicate that most actions of AMH via AMHRII In the ovary will be

autocrine in nature,
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Fig. 5.7: Expression of AMH and AMHRII mRNA In total ovarfes from immalure rats after hormonal
freatment.

AMH, AMHRII, and GAPD mRNA expression was studiad using RNase protection assays on fofal RNA
from whole ovaries, from immalure rats after different treatments. Ovaries were fsolated from: 1,
control 30-day-old rats; 2, GnRHant-lrealed rats; 3, GnRHant plus FSH-freated rats; 4, GnRHant plus
F8H plus hCG-treated rals {not shown; results of this group were very similar lo the mANA expression
data obtained for group 6); 5, GnRMHant plus EB-lreated rats; 6, GnAH plus FSH plus EB-trealed rals.
A: results from the RNase protection assays. Each lane represents one ral. AMH, AMHRI, and
GAPD indicate the positions of the respeciive protected fragments. B: quanlitative analysis of the
AMH/GAPD (open bars) and AMHRHIGAPD (closed bars) mRNA ratios. The bar/dots represent the
mean and individual values of two rats. The AMH/GAPD and AMHRIVGAPD mRNA ratios from controf

30-day-old rats were sel al 1.0.
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Table 5.2: Expression of AMH and AMHRII mRNAs in follicles during the estrous cycle in ovaries of adult rats, as measured by

in sity hybridization

Proastrus Estrus Mstestrus Diestrus-1 Diestrus-2
n AMH  AMHRII n AMH  AMHRII n AMH  AMHRI n AMH  AMMRII n AMB  AMHRII
|
Healthy preantral (18} +H+ ot &n 0f4 Of 4+ 41)  +++ ++ (16} + + 28) i +
small antral 5) + + (8) + e (13) O 4 {5) H+ 4+ 4) 0~ 0+
large antral (4l] 0 0 - - - - 2 o 0 (2) 0 0
Atratic preantral 3) 0 0 3) 0 ES (1} 0 + ) + + - -
small antral 4) 0 0 [ il 0/t - - (4) 0 + ()] 0 [/
large antral - - €] 0 0 - - - - - -

- = follicle not present

G = ne silver grains above background, = = moderate expression, + = clear expression, ++ = high expression

Number of foliicles (n) Is given in parentheses
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During follicle development, AMH and AMHRII mRNAs are expressed mainly
in preantral and small antral follicles, resulting in a marked colocalization of the two
mRNAs. Primordial and large antral follicles, as well as corpora futea, are AMH and
AMHRI! mRNA negative (below the limit of detection). AMH mRNA is expressed in
some preantral atretic follicles, but rarely in antral atretic follicles. Also AMHRII mRNA
expression gradually disappears in atretic follicles, although this mRNA persists
somswhat longer than AMH mRNA. [t is of interest to note, that AMHRII mRNA is
always evenly distributed in the granulosa cell layer, whereas AMH expression is often
restricted to granulosa cells surrounding the oocyle and/or the antrum in some follicle
types. This pattern of AMH mRNA expression is found mainly in follicles that start
expressing AMH mRNA (small preantral follicles) and in follicles that loose AMH
mRNA {large preantral follicles, atretic follicles), in prepubertal as well as in adult rat
ovaries. This AMH mRNA distribution pattern may reflect functional differences
between the granulosa cells surrounding the antrum/oocyte, and the peripheral
granulosa celfs, such as differences in proliferation capacity and steroidogenic activity
(reviewed by Hirschfield, 1981, and Richards, 1994).

During the first two to three weeks of postnatal development, AMH and AMHRII
mRNA expression patterns differ slightly from the above described adult patierns.
AMH mRNA is not expressed prior to birth, and becomes detectable after birth when
the first preantral follicles have developed (Hirobe et al. 1992; and present results).
Thereafter, AMH mRNA expression gradually increases in preantral fellicles. When
small antral follicles appear, these show low AMH mRNA expression. AMHRII mRNA
expression is high in felal ovaries {Baarends et al. 1994}, and is expressed in an
evenly distributed manner, covering the ovary, at postnatal day 5. From day 15
onwards, AMHRII mRNA expression becomes restricted to granulosa cells, and is
found in the follicle types that also express AMHRII mRNA in the adult ovary.

Hirobe et al. (Hirobe et al. 1992) have also reported data conceming AMH
mRNA expression data in 35-day-old rat ovaries, that are consistent with our findings.
However, in a more recent report (Hirobe et al. 1994), Hirobe and co-workers show
an intense hybridization signal representing AMH mRNA, in cumulus celfs and juminal
granulosa cells in follicles farger than 500 um, which is lost just prior to ovulalion. We
also find that AMH mRNA, when ils expression decreases, becomes reslricted to
lurminal granulosa cells and the granulosa cells closest o the oocyte, but we observe
that this signal is lost in follicles larger than 450 um. Pecreased AMH and AMHRII
mRNA expression in large antral follicles compared to small antral fallicles was also
observed using RNase protection assay. Residual AMH and AMHRII mRNA
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expression observed in large antral follicles and corpora lutea using RNase protection,
may represent low fevels of mRNA that are evenly distributed and thersfore not
detected using in situ hybridization. Il is not clear what causes the disagreement
concerning AMH mRBNA expression in large follicles, allhough it cannot be excluded
that a difference in the part of the AMH gene that was used as a probe, in the present
experiments and by Hirobe et al. (Hirobe et al. 1994), may result in detection of
different spliced forms of AMH mRNA.

Based on the results presented in this paper, we conclude that both AMH and
AMHRII mRNA expression are tumned on in granulosa cells of small preantral follicles,
increase lo maximal levels in large preantral follicles, and decrease In small antral
follicles. Subsequently, both AMH and AMHRI! mRNA expression decrease to
undelectable levels as the follicles develop a large antral cavity and start to undergo
the final stages of follicular maturation. Using RNase protection, which is more
sensitive than in sifu hybridization, it was shown thal the expression levels of AMH and
AMHRII mRNAs in large antral follicles are approximately 2.5 and 3-fold lower,
respectively, than in small antral follicles, and are even further reduced, but still
delectable, in corpora lutea,

Marked coregulation of AMH and AMHRII mRNAs is also observed in total RNA
preparations from ovaries isclated from immature rats that were treated with PMSG
and hCG. After PMSG treatment, the ovarles consist mainly of large antral follicles
{at 24 h) and preovuiatory follicles {at 48h), which results in relatively low levels of
AMH and AMHRII mRNAs at these lwo time points. After ovulation {72h after PMSG),
the signal decreases even further, reflecting lhe low fevels of AMH and AMHRII
mRNAs in corpora lutea. Total ovarian AMH and AMHRII mRNA expression have
somewhat increased again after 7 days, which may reflect AMH and AMHRII mRNA
expression in small preaniral follicles that have starled to grow.

The expression of AMH and AMHRI mRNAs appears to be tightly coupled {o
follicle differentiation. This indicates that focal changes in the environment surrounding
the follicle, and/or in the responsiveness of granulosa cells to certain faclors, may play
a major role in the regulation of both AMH and AMHRIl mRNA levels. During the
estrous cycle, a change in the patterns of AMH and AMHRII mRNA expression is
observed at estrus, when AMH and AMHRII mRNA expression is losl from several but
not all preantral follicles. FSH has been reported to downregulate AMH mRNA
expression in neonatal rat teslis (Kuroda et al. 1990). Furthermore, resulls obtained
in this report using GnRHant plus FSH-lreated female rats, indicate that FSH may also
downregulate ovarian AMH as well as AMHRI! mRNA expression (see below).
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Table 5.3: Expression of AMH and AMHRII mRNAs in ovaries from rats treated with GnRH antagonist in various combinations

with FSH, estradiol benzoate (EB), and hCG.

GnR*ant GnRHant @nRHant GnRHant GnRHant
+FSH +EB +FSH +hCG +FSH +EB
n AMH  AMHRI n AMH  AMHRII n AMH  AMHRI n AMH  AMHRI n AMH AMHRII
1

Mealthy  preantral 1)  +e+r v 64) O 0+ (52) O+ Gt (35 o+ Of+ 20 o+ o/
small antral  (5) + + (38) 0 ot (8 0 o (285} 0 0 (12} 0 o
large antral - - 2) 0 1] - - (18) ¢ [ {3) 0 o}
Atretic preantral {21 0/ O {18) 0 ] (14} o] % ] o} 0 {3) 0 0
small antral (4} o o123 (19) Iy 0 3 0 0 (17 0 0 ® o 0
large antral - - 8) 4] 1] - - (14} 0 0 @ 0 0

- = follicle not present
0 = no silver grains above background, + = moderate expression, + = clear exprassion, ++ = highest exprassion

Number of follicies {n} is given in parentheses
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Thus, it could be postulated that the FSH surge on the morning of estrus may cause
a decrease of ovarian AMH mRNA expression and perhaps aiso of AMHRII mRNA
expression. Estrogens might also be involved in downregulation of AMH and/or
AMHRI! mRNA expression in the ovary. Estrogen is locally produced, and the results
presented In this paper show that AMH and AMHR!II mRBNA levels during follicular
development decrease at the time that follicular estrogen output increases (Uilenbroek
and Richards, 1979). Furthermore, it has been reported that estrogens regulate AMH
actions during sex differentiation in chickens {Hutson et al. 1982), and, mice treated
with high doses of synthetic estrogens in ufero develop abnormalities (Newbold et al.
1984), that may be partly caused by impaired AMH function. Since AMH inhibits
astrogen synthesis in cultured granulosa cells through inhibition of expression of
aromatase mRNA and protein (di Clemente et al. 1994a), estrogenic regulation of
AMH and/or AMHRII mRANA expression could be parl of a feedback mechanism.

The possible roles of estrogens and gonadotropins in regutation of AMH and
AMHRI} mRNA exprassion in the ovary were investigated. For this, 30-day-old rats
were treated with GnRHant to inhibit endogenous gonadotropin secrelion
{Meijs-Roelofs et al. 1990). Ovaries from these rats contain numerous preantral
follicles; such follicles express high amounts of AMH and AMHRII mRNAs in control
rat ovaries. In sftu hybridization results showed that there was a small decrease of
AMHRII mRNA expression in preantral follicles of GnRHant-treated rats, compared to
control rats. This may indicate that gonadolropins are required for the maintenance
of AMHRII mRNA expression in preantral follicles, Alternatively, the decreased
AMHRI} mRNA expression may be due to a direct action of GnRHant upon ovarian
cells by blocking the GnRH receptor, which is expressed in the granulosa cells of most
follicle types (Whitelaw et al. 1995).

The resuits from combined treatment of GnRHant with FSH and/or EB, indicate
that high doses of either FSH or EB are capable of inhibiling AMH and AMHRII mRNA
expression in preantral and small antral follicles. Inhibition of AMH mRNA expression
may result from a direct effect of estrogens on AMH gene transcription, The AMH
promoter has been characterized in several species (Guerrier et al. 1990; Haqq el al.
1992; Cate et al. 1986; Shen et al. 1994), and a number of possible regulatory
sequence elements have been described {Haqq et al. 1993; Guerrier et al. 1990; Shen
et al. 1994). The human AMH gene promoler contains a putative estrogen responsive
element (Guerrier et al. 1990). When several coples of this 35 bp fragment are
inserted in front of a basal promoter-reporter gene construct, the estrogen receptor
binds to this construct, and activates transcription in vitro (Guerrier et al. 1990).
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However, these results could not be obtained with a 182 bp fragment, containing the
putative estrogen responsive element. Whether this element and surrounding
sequences are involved in downregulation of AMH mRNA expression in vivo remains
o be delermined. No putative FSH-regulated AMH gene promoter elements have
been described.

The increased AMH and AMHRIH mRNA levels in GnRHant-treated rats, as
determined by RMNase protection assay, are in accordance with the observed
enrichment, when compared fo control rat ovaries, in AMH and AMHRII mRNA positive
follicles. Also, RNase protection assay results of the other hormonal treatment groups
reflect the sum of the effects on follicle population and mRNA downregulation by FSH
and EB.

In adult ovaries, AMH and AMHRIl mRNA expression decrease in granuiosa
cells of those follicles, which are al a decisive step of their development; many small
antral follicles become atretic, and only a few survive and are selected o differentiate
to the preovulatory stage. During this period, the sensitivity of the follicles to FSH
increases {Richards, 1980), which results in increased aromatase aclivity and
increased synthesis of estrogens. Based on the present results, it could be suggested
that increased sensitivity of granulosa cells to FSH in small antral follicles, Is the initial
cause of downregulation of AMH and AMHRIl mRNAs, resulting in a diminished
inhibitory effect of AMH on aromatase activity. The subsequent increased estrogen
production could then result in a further decrease of AMH and AMHRII mRNA
expression.

Total ovarian AMH mRNA expression increases during the first 15 days of
postnatal development. Concomitantly, FSH levels increase to a high maximal level
around day 15 (Meijs-Roelofs et al. 1973). Binding of FSH to granulosa cells is very
tow untit day 17, and increases thereafter (Uilenbroek and van der Linden, 1983).
Thus, it cannot be excluded that a low sensitivity of immature granuiosa celis to FSH
during the first iwo weeks of postnatal development allows AMH mRNA expression to
increase. Belween days 25 and 30, although FSH binding increases, FSH levels
decrease, which might result in a further increase in AMH mRNA expression. The
change in the pattern of AMHRII mRNA expression around postnatal day 15, from an
evenly distributed pattern to a more restricted pattern, cannct be explained by changes
in FSH and/or estrogen levels, or by known changes in the sensitivity of ovarian cells
to these hormones, and is thus most likely caused by other factors.

Recently, Behringer et al. (Behringer et al. 1994) have generated AMH knock-
out mice. Female AMH deficient mice develop normally, wilh ovaries that are
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morphologically similar to the ovaries of conirol animals, and the mice are fertile and
produce phenolypically normal progeny. Although this indicates that AMH may not be
essential for ovarian function, functional redundancy between AMH and other
members of the activin and TGFp family of growth and differentiation factors may
mask some of the ovarian functions of AMH in the AMH knock-out mice. Indeed,
follicular expression patterns of activins, inhibins, TGFPs, and some of their receptor
types, are partially overlapping with AMH and AMHRII mBNA expression (Meunier et
al. 1988, Woodruif et al. 1988; Teerds and Dorrington, 1992; Cameron et al. 1994).
Furthermore, detailed studies of multiple paramelers related to ovarian function
throughout the reproductive life-span of the AMH knock-out female mice, might provide
some clues concerning long-term ovarian functions of AMH,

The results presented hersin provide evidence that granulosa cells of preantral
and small antral follicles are major target cells of AMH. Together with the reported
inhibitory effects of AMH upon granulosa cell proliferation (Kim st al. 1992; Seifer et
al, 1993), aromatase activity, and LH receptor expression (di Clemente et al. 1994a},
it is an intriguing possibility that AMH is involved in preventing premature follicte
maturation, rather than playing a direct role in oocyte meiotic maturation. H is also
possible that AMH function involves a role in selection of follicles that do not undergo
atresia. Little is known about the mechanism that determines whether a follicle will
undergo atresia, or eventually ovulate (reviewed by Hsueh et al., 1994). Many follicles
become atretic when they reach the smalt antral stage, and the FSH-surge at estrus
is thought to be essential for survival of those follicles at the large preaniral/small
antral stage which are destined to ovulate at the next proestrus. FSH-regulated
survival of follicles may involve downregulation of AMH and AMHRII mRNA expression
at estrus. In this respect, it is of interest fo note that androgens are thought 1o be
atretogenic, and that androgen receptor immunohistochemical staining data indicate
that the ovarian androgen receptor expression pattern is markedly simitar to the AMH
and AMHRIl mRNA expression patterns in adult rats (Tetsuka et al. 1995). Future
experiments can be directed lowards the study of functional interactions in the ovary,
between AMH and other members of the activin/ TGF family, and between AMH,
eslrogens, and androgens.
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Summary

The androgen receplor (AR) is activated upon binding of testosterone or dihydrotestosterone and exerls
regulatory effects on gene expression in androgen target cells, To study transcriptional regutation of the rat
AR gene itself, the 5” genomic region of this gene was cloned from a genomic library and the promoter
was tdentified, S1-nuclease protection analysis showed two major transcription start sites, located between
1010 and 1023 bp upstream [rom the translation initiation codon. The area surrounding these start sites
was cloned in both orientations in @ CAT reporier plasmid, Upon (ransfegtion of the constructs into COS
cells, part of the promoter stimulated transcription in an orientation-independent manner, but the full
promoter showed a higher and unidirectional activity. In the promoter/ reporler gene constructs, lranscrip-
tion initiated from the same positions as in the native gene. Sequence analysis showed that the promoter of
the rat AR gene lacks typical TATA and CCAAT box elements, but one SP1 site is located at about 60 bp
upsircam from the major start site of transcription, Other possible promoter ¢lements are TGTYCT
sequences at positions —174 to — 179, —434 to —439, —466 to —471, and —500 to — 505, resembling
half-sites of the glucocorticoid-responsive element (GRE), Furthermore, a homopurine stretch containing a
total of 8 GGGGA elements and similar to sequences that are present in several other GC-rich promoters,
is located between —89 and ~— 146 bp upstream from the major start site of Lranscription.

Introduction

Following differentiation of the testis, andro-
gen action is essential for development of the male
reproductive tract, virilization and full initiation
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terdam, P.O. Box 1738, 3000 DR Rotterdam, The Netherlands.
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and maintenance of spermalogenesis (Griffin and
Wilson, 1989). The androgenic hormones testos-
terone and dihydrotestosterone exeri Lheir effects
on gene expression through binding to the andro-
gen receptor (AR). The AR helongs to the family
of ligand-activated transcription factors thai in-
cludes the other steroid hormone receptors as well
as the thyroid hormone, the retinoic acid and the
vitamin D, receplors. The progesterone and ghico-
corticoid receptor are structurally most closely
related to the AR (Tilley el al,, 1989).



Recently, the cDNAs encoding the human and
rat AR have been cloned {Chang et al, 1988;
Lubahn et al, 1988; Trapman et al, 1988). The
rat AR mRNA is approximately 10 kb, conlaining
large 5" and 3" untranslated regions (UTRs) of
approximately 1 and 7 kb respectively. The open
reading [rame encodes a protein with 902 amino
acid residues. The rat and human AR mRNAs
show a high degree of sequence similarity in the
coding regions and the 5° UTRs.

The regulation of AR protein levels may con-
stitute an important level of control at which the
physiological effects of testosterone can be mod-
ulated. In the testis, AR protein is expressed in
Sertoli cells, Leydig cells and peritubular cells, but
not in the developing germ cells (Grootegoed et
al., 1977, Buzek and Sanborn, 1988). Recently, it
has been shown that both follicle-stimulating
hormone (FSH) and testosterone can stimulate
AR protein levels in cultured Sertoli cells from
immature rats (Verhoeven and Cailleau, 1988; Blok
et al, 1989). However, only FSH stimulated the
amount of AR mRNA, whereas testosterone had
no effect on mRNA expression (Blok et al,, 1989),
In other tissues, including prostate, kidney, brain
and epididymis, the AR mRNA content is down-
regulated by testosterone (Quarmby et al,, 1990).

The cellular amount of AR mRNA may be
regulated at the level of transcription, but also
through alteration of its stability. To study a pos-
sible regulatory effect of testosterone and FSH on
the rate of AR gene lranscription, the AR gene
promoter should be defined. Here we report the
identification and characterization of the rat AR
gene promoter,

Materials and methods

Isolation of 5' genomiic rat AR clones

A rat genomic library was constructed by ¢lon-
ing rat DNA that had been partially digested with
Mbol into the BwnmHI site of AEMBL3, This
library (1.7 X 10® independent plaques) was
screened using human AR probes corresponding
to the 5' region of the human AR firsi exon
{Faber et al., 1989). Hybridization was carried out
using standard methods (Maniatis et al, 1982)
under conditions of low stringency. Positive clones
were selected and rescreened 1o obtain purified

rat androgen receptor gene promoter

single plaques. Five independent clones were iso-
lated: GrAR2, 3, 4, 6, 7.

Subcloning and sequencing

Several restriction fragments derived from
GrAR2 were subcloned into pGEM7 (Promega,
Madison, WI, 11,8, A} using standard techniques
(Maniatis et al., 1982), Partial overlapping clones
were sequenced by dideoxy-chain termination
(Sanger et al, 1977) in two orientations using T7
polymerase (Pharmacia, Uppsala, Sweden). Dou-
ble-stranded plasmid DNA was used as a tem-
plate. The promoter/reporter gene constructs were
prepared as follows: The genomic HindII frag-
ment {—296/+ 120) was cloned in the Hindlil
site of the polylinker from the pCATENH vector
(Promega) in the antisense direction (HASCAT),
pGEMT7H3.1, containing the HindIIl fragment
(—296/+ 120), was partially cut with Nkel,
treated with Klenow enzyme and dNTPs to pre-
pare blunt ends, followed by a complete HindlIIl
digestion. Subsequently, the appropriate HindIII-
Nhel fragment {296/ + 97) was isolated from
low-melting-point agarose. The fragment was
ligaled into pCATENH which had been cut with
Xbal and blunt-ended with Klenow enzyme fol-
lowed by a second digestion with HindI
(HSCAT). The Ps:T fragment (— 507/ 912} was
cloned into the Pst1 site from pCATENH in the
antisense direction (PASCAT). pGEMT7E3, con-
taining the EcoRI fragment (—570/+ 1005}, was
cut with Kpal, treated with T4 polymerase and
dNTPs to creale blunt ends, followed by digestion
with Pstl. The Kpnl-Pst] fragment was isolated
from low-melting-point agarose and cloned into
pCATENH (PSCAT), which had been cut with
HindIH, blunt ended with Klenow and digested
with Pst1, The insertion of the correct fragment in
the desired orientation was checked by restriction
enzyme digestion.

RNA isolation

Frozen tissues and coltured cells were lysed and
homogenized in 3 M LiCl /6 M ureum, and feft on
ice for several hours. The RNA was pelleted
through witracentrifugation (25 X 10° rpm, 25 min,
SWd0 rotor). The pellet was dissolved in 0.1%
(w/v} sodium dodecyl sulfate (SDS) and proteins
were removed by repeated phenol extraction and a
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single proteinase K treatment in 0.1% {w/v) SDS,
After precipitation the RNA was dissolved in a
small volume of water and the amount of RNA
was determined by spectrophotometric optical
density (OD) measurcrnent at 260 am. RNA was
stored in 0.3 M NaAc/70% ethanol at —20°C.

Si-nuclease profection assay

pGEMH3! was cut with HindIll, dephos-
phorylated and end-labeled with T4 polynucleo-
tide kinase and [y-?PJATP according to Maniatis
et al. (1982). The Hindlll fragment was subse-
quently isolated from low-melting-point agarose
and dissolved in 0.3 M NaAc (pH 5.2). Approxi-
mately 0.5-1 % 10° cpm were precipitated with the
appropriate amounl of total RNA. After centrifu-
gation, the pellet was dissolved in hybridization
buffer containing 80% (v/v) deionized formamide,
40 mM Pipes (pH 6.3), 04 M NaCl and 1 mM
EDTA according to Favaloro et al. (1980), The
samples were denatured for 3 min at 90°C fol-

fowed by an overnight hybridization at 55°C.
Si-nuclease (Boehringer Mannheim, Mannheim,
F.R.G.) digestions (Favaloro et al, 1980) were
carried out for 1 h at 37°C or for 3 h at 20°C,
with similar results. The protected DNA [rag-
ments were analyzed on a 6% or 8% polyacryl-
amide sequencing gel.

Cell cuiture and transient transfection assays

COS cells were grown in Dulbecco’s modifica-
tion of Eagle’s medium (Gibco BRL, Grand Is-
tand, NY, U.S.A), supplemented with 10° U/l
of penicillin, 100 mg/1 streptomycin and 5% fetal
call serum. All cultures were maintained at 3°C
under an atmosphere of 5% CO, in air. Before
transfection, cells were plated in 6 cm diameter
culture dishes (Nunclon, Roskilde, Denmark) at
approximately 10% confluence and cultured for 24
h. Transfections were carried out according to
Graham and van der Eb (1973) using 10 pg of
plasmid DNA per dish. The cells were shocked 24
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Fig. 1. Schemaltic representation of isolated lJamhda clones, containing genomic rat AR sequences (GrAR2, 3, 4, 6, 7). Part of GrAR2
is shown in more detail, The 5" end of the published rat AR ¢DNA (Lubahn et al,, 1988} is indicated. The horizontal arrows show the
sequence strategy. The horizontal line above the restriction map of GrAR2 represents the probe that was used for the Sl-nuclease
protection assays. The asterisk indicates the site used for end-labeling by [v->2P] ATP. A = San3A, E= EcoRl, H= Hindlll,
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h later for 2 min with 15% glycerol in phosphale-
buffered saline (PBS), and 48 h after transfection
the cells were harvested and broken by three cycles
of freezing and thawing. After centrifugation, su-
pernatants were assayed for CAT activity as de-
scribed by Gorman et al, (1982). A transfection
with pSV2CAT was included in each experiment
as a control to compare the transfection efficien-
cies of the different experiments.

Results

Isolation and characterization of 3’ genomic rat AR
clones

A rat liver genomic Ebrary was screened with
human AR cDNA probes representing the 5" end

rat androgen receptor gene promoter

of the AR mRNA. Five independent overlapping
clones were isolated as presented in Fig. 1. GrAR2
contained the farthest 5° extending sequences and
this clone has been used for subsequent studies.
Based upon hybridization results, we have sub-
cloned and sequenced several restriction frag-
ments derived from GrAR2, The sequencing
strategy is also shown in Fig. 1 and the obtained
sequence is presented in Fig. 2. The 3" end of this
sequence (117 bp) is identical to the published 5
end of the rat AR ¢DNA (Lubahn ¢t al., 1988).

Identification of the 5’ end of the rat AR mRNA
In order to locate the cap site of the rat AR

mRNA we have performed S1-nuclease protection

assays. A genomic Hindlll fragment that sur-

-570

-510

-450

-390

=330

=270

-210

~150

+231

+91

GAATTCCCCATCTACGCTACTGEACCGATCTCAAAGGTTTCTCCAAGAGTTGCTTTIGGCTG

CAGCTTGTTCTITAATCTCTTIGEGACTCICCCTTCTGCTREIOCTGETGGGC CCTGGGGA

GAGGGTACCTARGAMIANTTCGTAGCCGGTACTTCTAATGCCCCTTCCICCTCGGAGAAT

CTCTTTTGGGATTGGGTTCAGGAATGAAATCOGGCOTG TGCTAACCTTTTGAGGAGCCGG

TAGGCTIGTCTGITAAAAAATCCCTCCAAGTTAAACCTTCTGCTTTGGAGTCTARAGCCS

GETTCCCAAAAACARCTGGTATTIGCCGAAAAGGGGTCTTCAGAGGCTACAGGGAGTCCT

TCCAGCCTTCAACCATACTACGCCACGACTATGTRCTCTARAGCCACCCTGOGCTAGCTT

HOMOPURINE-STRETCH
GAGGGEAGGEEAGARNGARGGAARGGREMIGGEAGGGRALRGRGNGGEANGGGEAR]

GC~-BOX
AGGAARGEREGTCGCARGGCAGCGAGRODEGDEGEEGOEGEACCGACTCACARACTGTTG

*k &k

CATTTGCTTTTCCACCTCCCAGOGCCCCCTOGEAGATCCCTAGGAGCCAGCCTGCTGGGA
+1

GAACCAGAGEGTCCGGAGCAMCCTGGAGGCTGAGAGGGCATCAGAGGGGARAAGACTGA

GCTAGCCACTCCAGTGCCATACAGAAGCTT

Fig. 2. Sequence of the 5' genomic region of the rat AR gene containing putative promoter elements, The +1 position is defined at
the major transcriptional start site, The asterisks above the sequence indicate the other start sites, Putative promoter etements are
bold-faced: TGTYCT and AGAACA, the homopurine stretch and the GC box. The possible splice acceptor site is underlined and

the transcribed sequence is overlined,
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Fig. 3. Sl-nuclease protection assay of the 5” genomic Hindiil

fragment. Protected fragments obtained with 50 pg of total

testis RNA (lane 1), and 50 pg of total spleen RNA (tane 2)

are shown. The triangle indicates intact probe, and arrows

indicate the major bands. The numbers on the right represent
the lengths of the marker DNA in bp.

rounds the 5’ end of the ¢DNA was used as a
probe (Fig. 1). Total RNA preparations from 21-
day-old rat testis or spleen were hybridized to the
end-labetled DNA probe, and subsequently the
S1-nuclease digestion was carried out; Fig. 3 shows
the resulting protected DINA fragments after anal-
ysis on a denaturing polyacrylamide gel.

Using total testis RNA, two pronounced bands
were observed (Fig. 3; lane 1). The 5" ends of the
two major bands map just upstream from the 5
end of the published rat AR ¢DNA which is
located in Fig. 2 at position + 5. Using total RNA
derived from spleen, an AR-negative tissue
(Lubahn et at, 1988), no labeled DNA fragments
protected from Sl-nuclease digestion were de-
tected, The S1-nuclease digestion has been carried
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out at 37°C as well as at 20°C, and similar results
were obtained al both temperatures {not shown).

We have also performed primter extension anal-
ysis as described by Krug and Berger (1987), to
identify the transcription start sites using another
method. However, this method did not yield re-
sults, most likely because the RNA was present in
a conformation which interfered with AMV re-
verse transcriptase activity,

Structure of the 5' genomic region of the rat AR
gene

The finding that different bands were obtained
with the S1-nuclease protection assay strongly im-
plies the presence of multiple start sites of tran-
scription, a featvre that is common to most pro-
moters that lack a TATA box. In concordance
with this, sequence analysis of the 5’ genomic
region shows that no typical TATA or CCAAT
box is present (Fig. 2). However, several structural
elements indicative of a promoter can be indi-
cated, The genomic region from —1 to ~300 has
an overall G/C content of 58%, and one SP1 site
(GGCGGG) is located around position —60
within an uninterrupted stretch of G,/C residues.
Furthermore, a homopurine siretch containing a
total of eight GGGGA elements is located be-
tween — 89 and — 146 bp upstream from the major
slart site of transcription. These GGGGA se-
quences might represent promoter elements (see
Discussion}.

Other possible promoter elements in this region
are the TGTYCT consensus clements that are
presenl at positions —174 to —179, —434 (o
—439, —466 1o —471, and —500 to — 505, and
which can be considered as glucocorticoid-respon-
sive element (GRE) ‘half sites’. The GRE consists
of a palindromic pair of hexameric TGTYCT se-
quences separated by three nucleotides {Klock et
al., 1987). It should be noted that the 5' genomic
region alse contains & possible splice acceptor site
(Fig. 2.

Functional promoter activity in the 5 genomic re-
gion of the rat AR gene

From the above described results, it is not clear
whether the protecled bands are derived from
different start siles of transcription, or might re-
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Fig. 4. Promoter constructs cloned into the pCATENH vector. The promoter fragments and the genomic region from which they

were derived are shown. Arrows pointing to the rght indicate the sense orentation. A schematic drawing of the pCATENH vector

shows the relative positions of the polylinker {open box), the CAT gene, and the SY40 enhancer {closed boxes). Resiriction enzyme
abbreviations are as in Fig, 1.

sult from the wse of a splice acceptor siter The
sequence 5'TTTCCACCTCCAG3  is located in
the area that contains the supposed start sites of
transcription (Fig. 2) and is in accordance with a
possible intron/exon splice acceptor site. Conse-
quently, further experimental evidence was needed

to determine that the region shown in Fig. 2
indeed represents the rat AR gene promoter.
Promoter trap constructs were used to test the
functional capacity of the putative promoter. The
cloning vector pCATENH (described in Materials
and Methods) contains the CAT reporter gene and

M

C CATENH

HSCAT HASCAT PSCAT PASCAT

Fig. 5. Rat AR promoter activity in COS cells, CAT activity in COS cells which were transfected with: no DNA {M; lane 1),

PSV2CAT (C; lane 2), pCATENH (fanes 3 and 4), HSCAT (lanes 5 and §), HASCAT (lanes 7 and 8), PSCAT (lane 9 and 10),

PASCAT (lares 11 and 12). The S denotes the position of the substrates in the chromatogram, and the A is located al the position of
the acetylated products of the enzymatic reaction,
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a SV40 enhancer sequence, but no promoter, Two
types of constructs were made, which contained
the putative promoter sequences and flanking re-
gions in either the sense or antisense orieniation
with respect to the CAT reporter gene. A sche-
matic representation of the different constructs is
shown in Fig. 4. After transfection into COS cells,
the stimulatory efiect of the different 5" genomic
fragments on the rate of CAT gene transcriplion
was determined by performing CAT assays (Fig.
5). pSV2CAT, the positive control plasmid that
contains a SV40 enhancer and promoter, showed a

—400

300

—200

Fig. 6. Analysis of transcriptional start sites in promoter/
reporter gene constructs. The probe shown in Fig. I was
hybridized to RNA extracted from: COS cells transfected with
PSCAT (lane 1; 20 pg), COS cells transfected with PASCAT
(lane 2; 20 pg), and total testis (lane 3; 60 pg). The trianpte
peints to the intact probe and the arrows indicate the major
protected frapments. The numbers on the right indicate the
lengths of the marker DNA in bp.
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high CAT activity as compared with pCATENH.
The construct HSCAT as well as the antisense
analogue HASCAT stimulated the transcription of
the CAT gene several fold, as compared
to the background activity of the parent vector
pCATENH. These constructs contain about 300
bp of possible promoter sequences and approxi-
mately 100 bp of the 5° UTR. The larger con-
struci, PSCAT, that extends 150 bp further up-
stream and 850 bp further downstream than
HSCAT and HASCAT, resulted in a somewhat
higher CAT expression relative to HSCAT and
HASCAT. In contrast, PASCAT, identical to
PSCAT bul containing the promoter in the anti-
sense orientation, did not show stimulation of
CAT activity.

To investigate whether transcription of the pro-
moter/CAT reporter gene constructs starts at the
same sites as the transcription of the wild type AR
promoter, we performed Sl-nuclease proteciion
assays with RNA extracted from the transfected
COS cells, using as a probe the genomic HindilE
fragment that had also been used to locate the cap
site in our previous experiment, The assay was
performed on total cellular RNA derived from
COS cells transfected with either the PSCAT
(sense) or PASCAT (antisense) construct (Fig. 6).

Using the sense and anti-sense rat AR genomic
sequence constructs, stable transcripts were ob-
tained in both orientations, although CAT-gene
derived sequences are only included in the PSCAT
transcripts. This experiment was performed to
show that the 5" ends of the protected fragments
in RNA from the transfected cells mapped at
exactly the same positions as thosg observed using
RNA from rat testis (Fig. 6; lane C). It can be
concluded, therefore, that the promoter ‘region in
PASCAT as well as PSCAT directs transcription
from the correct initiation sites and on the correct
DNA strand,

Discussion

Steuctural features of the rat AR gene promoter
From the present results it is concluded that
the minimal promoter of the rat AR gene is focaled
within the area from position +100 to — 300 in
the 5’ genomic region of the rat AR gene. The
sequence upstream of position +1 is not effi-



ciently transcribed into mRNA as shown by S1-
nuclease protection analysis, A regulatory func-
tion of the largely untranscribed sequence —1 to
—300 is reflected in the presence of known se-
quences in this area that have been proven to be
functional elements of other promoters,

First, a GC box {(GGCGGQG) is located around
position —60. This sequence is identical to a re-
cognition site for the transcription faclor SP1 that
has been shown to aclivate ithe transcription of
several genes (Saffer and Singer, 1984).

Second, a homopurine streich of 67 bp, located
between positions —79 and — 146, Within this
region a total of eight repeats of the sequence
GGGGA is present. Several other genes also con-
tain purine-rich sequences in the promoter
{Christophe et al,, 1989; Claessens et al,, 1989%;
Watson and Milbrandt, 1989; Young et al., 1989),
some including the GGGGA element (Watson
and Milbrandt, 1989; Young et al, 19389), No
functional role has yet been assigned to this se-
quence motive, although homopurine stretches are
known to contain sites that are sensitive 1o Si-
nuclease digestion indicating an irregular DNA
strecture (Claessens et al, 1989; Young et al,
1989), The GGGGA element could very well rep-
resent a regulatory protein binding site. For exam-
ple, the franscription factor ETF can bind to
sequences that contain CCCC or GGGG repeats
separated by one nucleotide. Through binding to
these consensus repeats, ETF specifically enhances
transcription from promoters which do not con-
tain a TATA box (Kageyama et al, 1989). The P2
promoter of the c-mye gene also contains a GG-
GGA element which is involved in protein bind-
ing and promoter function. The sequence element
GGGGAGGGA, located 48 bp upstream of the
start site of transcription in the c-mye P2 promo-
ter, can be specifically bound by protein in a gel
retardation assay and is capable of increasing the
promoter activity (Hall, 1990).

Finally, TGTYCT elements are present at four
different positions between —174 and —505 in
the promoter region. A glucocorticoid responsive
element (GRE) consists of a palindromic pair of
the hexameric TGTYCT sequence, separated by
three nucleotides (Klock et al., 1987), In a random
distribution, the TGTYCT sequence would be ex-
pected to occur approximately once in every 10°

rat androgen receptor gene promoter

bp. It might be suggested that this non-palindromic
sequence, either as repeat, or together with flank-
ing sequences, might also have some function in
steroid hormone responsive promoters in general,
In this respect, il is of interest that TGTYCT
sequences are present in the promoter of the
androgen-dependent prostatic binding protein
genes Cl, C2 and C3 (Claessens et al,, 1989a),
Furthermore, fragments from the promoter and
first intron of the C3 gene that contain this con-
sensus sequence have been shown to bind AR-
stercid complex (Rushmere et al., 1987). Only the
intren-derived sequence could confer androgen re-
sponsiveness to a heterologous promoter and this
effect could be annulled by & single point muta-
tion in one of the two TGTYCT motives that were
located in this area (Claessens et al,, 1989b),

Recently, we have also cloned the human AR
gene promoter (Faber et al, manuscript in prep-
aration), Comparison of the rat and human se-
quences indicates that the AR promoter shows a
similar structural organization in these two species.
The major start sites of iranscription are located
at the same positions within a region that shows a
hiph degree of sequence similarity. The human AR
gene promoler also contains one SP1 site and a
homoepurine stretch, but no other conserved ele-
ments are located within 570 bp upstream from
the major transcription start site.

Twe major start sites of transcription and a putative
splice acceptor site are located within the same
regioi

The results of the Sl-nuclease protection assay
indicated the presence of two major start sites of
transcription between 1010 and 1023 bp upstream
from the translation initiation codon. However, it
is important to exclude that the results reftect the
presence of an intron/exon boundary (splice
acceptor site), or that the results are derived {rom
non-specific hybridization, This is indicated by the
following. First, the two major bands were not
found when spleen derived RNA was used. Sec-
ond, RNA from COS cells expressing the promo-
ter-trap constructs PSCAT and PASCAT, resulted
in the same S1-nuclease protection patlern as that
obtained using total testis RNA, In PSCAT and
PASCAT, the possible splice acceplor site is sep-
araled from any possible splice donor site in the
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genome, It can be concluded therefore, that the
two double bands observed in the Sl-nuclease
assay are derived from hybridization of the probe
toc AR mRNAs, and represent two start sites of
transcriplion.

The minimal promoter of the rat AR gene is located
within the 5’ genomic region between positions
+ 100 and — 300

Promoter trap constructs were used to test the
functional capacity of the DNA sequences sur-
rounding the start siles of transcription to act as a
promoter. By cloning 5’ genomic sequences in
cither the sense or antisense orieniation, ad-
ditional information aboul the direction of tran-
seription initiation should be obtained. The frag-
ment that spans the region from —296 to +120
{constructs HSCAT and HASCAT) aciivates tran-
scription in an orentation-independent manner.
This is not surprising from what is currently known
about the characteristics of promoters lacking
typical TATA or CCAAT box sequences, also
cafled housekeeping or GC-rich promoters, The
transcription factors SP1 and ETF can activate
transcription on both DNA strands (Saffer and
Singer, 1984; Kageyama et al, 1989) and the
upstream half of the calcium-dependent protease
{CANP) gene promoter shows activity in either
orientation (Hata et al., 1989).

However, a larger construct of the rat AR 5’
genomic region appears to function in one direc-
tion only. This can be concluded from the ob-
servation that the transcriptional activity is stimu-
lated by PSCAT that contains the promoter frag-
ment in the sense orientation, but not by the
PASCAT antisense construct. PSCAT and
PASCAT contain a promoter fragment which in-
cludes additional regulatory up- and downstream
sequences as compared to the H{A)SCAT con-
structs.

The start sites of transcription that were func-
tional in the promoter / reporter gene constructs in
the transfected COS cells were found to map at
exactly the same positions as the start sites that
were identified using testis RNA. Hence, the pro-
tected DNA fragments that were obtained with
RNA transcribed from both the sense and anti-
sense constructs can only be the result of tran-
scription initiation. Intron /exon splicing could not
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have resulted in the same protecled fragments
from either orientation of the promoter fragment,
unfess the splice denor site would be present in
the genomic fragment, However, this is very un-
likely not only because we have shown that the
different constructs resulted in transcription start-
ing at the rat AR gene promoter, but also because
there is no splice donor consensus sequence pres-
ent in the tested promoter reporter gene con-
strcts.

No consensus cyclic AMP responsive element
(CRE) is located within or near the AR gene
promoter regien. Fhis may point (o a complex and
indirect regulatory mechanism for the effect of
FSH on AR mRNA expression in Sertoli cells; the
transcription of several CRE-containing genes in
Sertoli cells is stimulated by FSH and for dbcAMP
(Hatl et al., 1988; Klaij et al., 1990). By transfec-
tion of AR promoter/reporter gene constructs
into Sertoli cells, the upstream regions and possi-
ble regulatory elements of the rat AR promoter
will be functionally analyzed.

In conclusion, the rat AR gene promoter lacks
TATA and CCAAT hox elements, but it contains
one SPL site and several other possible binding
sites for transcription factors. Part of the promeo-
ter can function in an origntation-independent
manner, but the full promoter shows a higher and
unidirectional activity.
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Note added in proof

The findings described in the present paper are
in agreement with recently published data con-
cerning the promoter of the human androgen re-
ceptor gene (Tilley et al., J. Biol. Chem. 265 (1990)
13776-13781).
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Chapter 7

7.1 Introduction

It was Jost who defined, almost 50 years ago, that two testicular hormones, viz.
testosterone and another factor (now known as AMH}, are required for sex
differentiation during male fetal development (Jost 1947). The fetal functions of AMH
and testosterone in sex differentiation, have been elegantly demonstrated using animal
model systems and naturally occurring mutations in men. The phenotype that is
caused by inactivating androgen receptor mutations has been analysed in the
testicular-feminized mouse {He et al. 1991} and also in humans, where the condition
is known as the (complste) androgen insensitivity syndrome (see also Chapter 2).
Lack of AMH action |eads 1o the persistent miillerian duct syndrome, which is a rare
cause of male pseudohermaphroditism, Overexpression of the human AMH gene in
transgenic mice also generated much information about possible functions of AMH in
males and females (Behringer ot al. 1980; Lyet et al. 1995). More recently, Behringer
et al. {Behringer et al. 1994), generated AMH knock-out mice, and mice that are both
AMH and androgen receptor deficient. In the AMH knock-out mice, the millerian
ducts persist not only in females but also in males. If, in addition, the androgen
receptor is deficient, both XX and XY mice show persistent mudllerian ducts, and
absence of wolffian ducts. Furthermore, through these experiments it was shown that
correct and full differentiation of the wolffian and millerian ducts aleng the male or
female pathway, requires complete regression of the mdllerian or wolffian ducts,
respectively {Behringer et al. 1994). Thus, full development of either the wolffian or
the miillerian ducts are mulually exclusive. processes, regulated by AMH and
teslosterone.

There are several other observations that support a functional interaction
between AMH and iestosterone during sex differentiation (Heller et al. 1992; Ichas et
al. 1994). However, little is known about possible postnata! interactions between AMH
and testoslerone. Il is generally accepted that synthesis of androgens by Leydig cells
of the teslis and by theca cells of the ovary is essential for postnatal gonadal
development and aduit gonadal functions. However, the postinatal role of AMH in the
gonads is not clear.

Through the cloning of the anti-mdlierian hormone receptor type Il (AMHRIl)
(Chapler 3}, and subsequent study of the regulation of exprassion of AMH and this
receptor {Chapters 4 and 5), results have heen obtained that indicate that AMH may
function in the gonads of both sexes after birth. The cloning of the androgen receptor
promoter (Chapter 8) has generated information about the DNA regions that may be
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important in the regulation of androgen receptor expression,

This chapter aims io integrate the results which have been described in the
previous chaplers, with data from the literature, o define the putative mechanism of
AMH/AMH receptor interaction and possible functions of AMH in the gonads.
Furthermers, the roles of the principal regulators of gametogenesis, LH, FSH,
testosterone and estrogen, in the regulation of AMH, AMHRE, and androgen receptor
expression in the gonads will be discussed. Finally, aspects of AMH expression and
function that may be of clinical significance are described.

7.2 AMH and AMH receptor interaction

The existence of AMH was first suggested by Jost (Jost, 1947), and the cloning
of the cDNA in 1986 {(Cale et al. 1986} revealed that AMH is a member of the
activi/TGFP family. [Initially it was thought that, in contrast to the other family
members, AMH existed as a homodimer of two 70 kDa subunits which were not
cleaved. Subsequently, Pepinsky et al. (1988) showed that 5-20% of recombinant
human AMH expressed in COS cells was cleaved at 109 amino acids from the
carboxy! terminus, generating a dimeric 110 kDa N-terminal fragment, and a dimeric
25 kDa C-terminal fragment, that remain non-covalently associated. Plasmin treatment
of purified recombinant human AMH generates the same cleavage products, The N-
and C-terminal fragmenis have to remain associated to obtain full bioactivily (Wilson
el al. 1993). This is in contrast to the funclional characteristics of TGFp, of which the
C-terminal fragment is the active hormone. |f associated, the N- and C-terminal TGFj
fragments form a latent complex (Gentry and Nash, 1990). The dimeric C-terminal
AMH fragment is capable of inducing millerian duct regression, and exhibits about half
sc-calied maximal activity {activity observed with the combined N- and C-terminal
fragments} in the fetal aromatase assay (Wilson et al. 1993). It has been suggesled
that in vivo, AMH is not cleaved until it binds to the receptor complex in the membrane
(Wilson et al. 1993). in the past, these aberrant characteristics of AMH may have
contributed to the difficulties that were observed when attempts were made to iodinate
AMH in order to identify the AMH recsptor type(s). lodination of AMH resulted in loss
of bioactivity of the hormone, indicating thal the molecules were no longer intact {Lee
and Donahoe, 1993). Other strategies, involving the production of anti-idiotypic
antibodies, or biotinylation of AMH, were reported {o be unsuccessful with respect to
binding to known AMH-target cells (Lefévre et al. 1989). Generation of AMH receptor
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antibodies was hampered by difficulties in obtaining purified AMH receptor positive cell
preparations (Lefévre et al. 1989), However, AMH binding to mammalian cells has
been reporied in several cases. MacLaughlin et al. (1992b}, reported binding of an
AMH anti-idiotypic antibody to tumor cell lines {including A431) which previously had
been claimed to he AMH-responsive (Chin et al. 1991} (see also Paragraph 7.4).
MacLaughlin et al. {1992b} also showed displacement of iodinated AMH binding to a
200 kDa receptor on A431 cells with uniabelfed AMH and with the anti-idiotypic
antibody. Using a different technigue, Callin et al. {1992) showed binding of AMH to
the miillerian ducts in cultured rat urogenital ridges, and to cultured fetal rat lungs.
More recenlly, this group (Catlin et al. 1993) used fluorescein isothiocyanate labelling
of AMH to show binding of AMH 1o A431 cells, and iodinated C-terminalt AMH to
identify a 88 kDa receptot on A431 cells with a Kd of 5.8 nM. All these reports tacked
data showing specificity of binding of AMH with respect to other members of the TGFB
family, Thus, the specificity of AMH binding to these cells remains dispulable.

The cloning of a candidate AMH receptor as reported in this thesis (Chapter 3),
and, more recently, also by di Clemente et al, (1994b), has provided a new tool to
study AMH-receptor interaction. Based on the amino acid sequences of the rat and
rabbit AMH receplors, the ¢cDNAs most likely encode type Il receptors. Binding of
AMH to the type It receptor, independent of the presence or absence of a type |
receptor, would be expected to be possible, if the known binding characteristics of the
TGFp and activin type Il and type | receptors (see Chapter 2) are generally applicable.

Fig. 7.1. (Next page) Hypothetical evolutionary relationship dendrograms of several members of the
aclivin/TGFR family of growth and differentiation factors, and thelr type | and type I recopiors.

The dendrograms were constructed according fo Fitch and Margoliash (Fitch and Margoliash, 1967)
using the PHYLIP software package.

A} Hypolhetical evolutionary relationship dendrogram of the C-terminal mature fragmenls of human
AMH (Cato of al, 1986}, TGFB1,2,3 (Derynck et al. 1385; de Martin et al 1987; Derynck et al. 1988),
inhibin-o. (inh),-BA (ActA), PB {AciB) and -RC (AclC) (Mason et al. 1988; Mason et al. 1983, Hitten et
al. 1995}, and bone morphagenelic proteins 2,3,4,5,6,7 (BMFP2-7} (Wozney et al. 1988; Celeste et al,
1990) and D. melanogaslter Decapeniaplegic (DPP} (Padgett et al. 1987).

B} Hypothetical evolutionary reiationship dendrogram of the rat and rabbit AMH ltype Il receptors
{ratAMHRII and rabAMHMAII) (Baarends et al, 1994; di Clemente et al. 1994b), human TGFB fype If
receplor (TGFBRIN (Lin et al 1992) and aclivin receplor-like kinases 1,2,3,4,5,6 (Alk1-6) (type |
receplors) (ten Dijke el al, 1933), mouse aclivin receptor lype If {(ActRIl) (Mathews and Vale, 1991} and
1IB {ActRIIB) (Attisano et al. 1992), C. slegans DAFT (type [ receptor) (Georgi et al. 1990), and DAF4
(tvpe Il receptor, binds bone morphogenelic proteins) {Estevez et al. 1993} and D. mefanogasrer SAX
and TKV (iype | recepiors for decapentaplegic} (Neilen et al. 1994).
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We have generated CHO cell lines expressing large amounts of rat AMH type
Il receptor mRNA, and used iodinated AMH {recombinant, plasmin-cleaved} in a
routine binding assay. No specific binding of AMH could be detected using up to 1nM
of labelled AMH {non-specific binding was determined using a 100-fold excess of non-
labslted AMH). Since we had no means to determine the bioactivity of the
radiolabelled ligand, no definite conclusions could be drawn. Di Clemente et al.
{1994b) performed a similar experiment, on COS cells transiently expressing the rabbit
AMH type li receptor, using iodinated AMH that still contained 70% of its ability o
repress aromatase activity of fetal rat ovaries. A low level of specific binding of
labelled AMH was observed at concentrations ranging from 0.5-2.0 nM. Saluration of
binding was not obtained at reasonable ligand concentration, making meaningful
estimales of binding parameters problematic. However, these data were substantiated
by showing that expression of a truncated receptor form, which lacked the ligand
binding domain, did not result in binding, Furthermore, incubation of celis transiently
expressing rabbit AMHRII with iodinated AMH, followed by autoradiography, revealed
specific binding. No AMH binding was observed in control cells, or when TGFp type
Il receptor or truncated AMH type lf receplor were used for transfection. Thus,
although no normal binding curve of AMH to its type Il receptor has been generated
to date, the data of di Clemente et al. (1994b), together with the structural
characteristics and the expression pattems of the rat and rabbit AMH type Il receptor,
indicate that this receptors is competent for AMH binding.

The aberrant structural characteristics of AMH described herein, may result in
a receptor binding mechanism that differs from TGFp and activin. Binding of these
fatter two factors to their type Il receptors can unequivocally be demonstrated with Kds
ranging from 100-800 pM {Attisano et al., 1992 and 1993). Aberrant characteristics
of AMH and AMHRI may be deduced also from the relatively distant positions of AMH
and AMHRII in hypothetical evolutionary relationship dendrograms (Fig. 7.1).

It remains to be shown that an AMH type | receptor also exists. It has been
suggested (He st al. 1993; Wang et al. 1994) that one of the activin type | receptors,
Alk-2, might also function as an AMH type 1 receptor. This assumption is based upon
the observation that Allk-2 mRNA is expressed in the mesenchymal cells that surrouind
the mitilerian ducts in the rat, during the critical period of induction of millerian duct
regression (He et al. 1993). Since Alk-2 can interact with activin as well as bone
morphogenetic protein type Il receptors in vivo (ten Dijke et al. 1994), it seems likely
that this type | receptor may associate with different type Il receptors, depending on
the cell type in which it is expressed. However, postnatal expression of Alk-2 mRNA
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in the rat ovary {specific expression in oocytes) (He et al. 1993) does not correlate
with AMH type [l receptor expression (specific expression in granulosa cells; Chapter
5). Also, activin and AMH have opposile sffects upon FSH-induced aromatase activily
in granulosa cells (Hutchinson et al. 1987; di Clemente et al, 1994a), which makes it
unlikely that they share the same lype | receptor in this cell type, since it Is the type
| receptor that most likely determines the intracellular signal specificity (Wrana et al.
1994). These data indicate that a separate AMH type | receptor most fikely exists,
although it cannot be excluded that Alk-2 may function as an AMH type | receptor
during miflerian duct regression. Candidate AMH type | receptors may be identified
in AMH target cells (Sertoli/granuiosa cefis} through PCR-based strategles using
conserved sequences of the known type | receptors. The development of a bioassay
to monitor AMH receptor complex aclivation is important for the subsequent
identiffication of AMH type | receptors. Such a bioassay may be obtained by
expressing a construct of an AMH responsive promoter linked to a reporter gene, in
a cell line that also expresses the AMH type |l receptor. Colransfection of ¢cDNAs
encoding candidate type | receptors, followed by addition of AMH to the cells, could
then lead to identificalion of possible AMH type | receptors. The aromatase gene or
LH receptor gene promoters may be useful as AMH responsive promoters, since AMH
inhibits MRNA expression of these lwo genes in cultured granutosa cells (di Clemente
ot al. 1994a).

The present discussion of the possible mechanism of AMH receptor aclivation
is based on current knowledge of activin and TGF[} receptors. However, in view of
the specific charactetistics of AMH and its type |l receptor {see above) unexpected
findings concermning AMH receptor aclivation are anticipated.

7.3 AMH and androgens in the gonads

Gonadotropins and steroid hormones are principal regulators of gonadal funclions,
Apart from these hormones, a vast number of locally synthesized peptide
growth/differentiation factors provide spacific micro-environments, and probably aliow
differential effects of gonadotropins and steroids on gametogenesis depending on the
stage of development or cyclic changes. Such a regulatory network may show much
redundancy, resulting in compensation of the absence of a single factor by the
establishment of a different balance between the actions of the remaining regulators,
that stiil allows the formation of mature eggs and sperm. AMH may be one of the
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growth/differentiation factors that contributes to the regutation of postnatal gonadal
funclions, The study of the regulation of AMH and AMHRH mRNA expression during
postnatal gonadal development (Chapters 4 and 5) has revealed possible siles of
gonadal actions of AMH. This paragraph compares the expression pattems of AMH,
AMHRII, and the androgen receptor, in testis and ovary. Analogies in expression
pattems may provide additional clues, not only about the targets of AMH, but also
about the possible nature of AMH actions, and about functional interactions with
androgens. Furthermore, the regulalion of AMH, AMHRII and the androgen receptor
by gonadotropins and steroids is discussed.

7.3.1 Comparison of AMH, AMHRI, and androgen receptor expression in ovary
and testis

During fetal development in the rat, AMH mRNA expression is high in testis but absent
from the ovary {Hirobe et al. 1992), whereas AMHRII mRNA is low in testis but high
in ovary (Baarends ef al. 1924). Although the presence of another AMH-like ligand
that Interacts with AMHRI! in fetal ovaries cannot be excluded, it seems unlikely that
the high fetal AMHRII mRMNA expression in ovary has any functicnal significance. This
may indicate that a common factor, present in both testis and ovary, initially stimulaies
fetal AMHRI} mRNA expression, and that the fetal testicular AMHRII mRNA level is
downregulated by a male specific factor,

During early postnatal development in the rat, AMH mRNA expression is
oppositely regulated in ovary versus testis, resulting in relatively high levels of AMH
mRNA towards puberty in ovary and a low level in teslis (Hirobe et al. 1992; Hirobe
et al. 1994) {Chapter 5) (Fig. 7.2). Total ovarian AMHRI! mRNA expression remains
similar during postnatal development (Chapter 5), whereas total testicular AMHRI
mANA levels markedly increase during the first three weeks of postnalal testis
development (Chapters 3 and 4) (Fig. 7.2). Detailed observation of AMHRII mBNA
expression in ovary and testis by means of in sifu hybridization revealed that an even
distribution of AMHRII mRNA expression during the first weeks of postnatal
davelopment, in granulosa and Sertoli cells, precedes a more restricted expression
pattern in specific ovarian follicles and during specific stages of the spermatogenic
cycle {Chapter 5, and unpublished results). A similar biphasic pattern has been
described for expression of androgen receptor protein in testis (Bremner et al. 1994).
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in the adult rat, there is a striking coregulation of AMH mRNA, AMHRII mRNA,
and androgen receptor protein in both granulosa cells and Sertoli ¢ells during follicle
development and the spermatogenic cycle, respectively; although, the androgen
receptor, is also expressed in other gonadal cell types (Chapters 4 and 5; Bremner et
al. 1994; Tetsuka et al. 1995).

AMH 9

Relative mRNA level

Smem—— AMHRIGT

\'\
.~

AMHRII?

E14 BIRTH 7 14 21 28 35
Days of age

I

Fig. 7.2 Relative levels of AMH and AMHRI mBNA expression during gonadal development in the ral,
The mRNA levels are estimated per constant amount of lotal ovarian (indfcated by $) or testleular
(indicated by &} RNA. The figure gives an impression of dala described in Chaplers 3, 4 and 5, and
of data described by Kuroda et al. (1990), Haqqg et al. (1992), and Hirobe et al. (1992).
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7.3.2 Hormonal regutation of AMH, AMHRII, and androgen receptor expression
in ovary and testis

in the testis, the expression of a number of genes in Sertoli cells is known to be
regulated by FSH and testosterone, Only a few genes, such as ¢-inhibin, c-fos, jun-B,
tissue plasminogen activator, and TSC-22, are known 1o be directly regulated by FSH
al the transcripttonal level (Hall et al. 1988; Klaij et al. 1990; Hamil et al. 1994; Hamil
and Hall, 1994). c-Myc mRNA expression is induced by testosterone in immature rat
Sericli cells in vitro, and this induction also ocours when protein synthesis is inhibited
(Lim et al. 1994), indicating that c-myc is a candidate androgen responsive gene in
immature Sertoli cells. No other primary androgen responsive genes in the testis have
been described. In order to get more insight in the mechanism by which FSH and
testosterone regulate spermatogenesis, we have tried to isolate candidate androgen-
and/or FSH-regulated cDNAs from Sertoli cells, by using different molecular
techniques, such as subtractive hybridization and differential screening. One FSH-
regulated cDNA (LRPR1)} (Slegienhorst-Eegdeman et al. 1295) was idenlified. The
AMHRII cDNA was isolated as a candidate androgen-regulated gene (Chapter 3). The
promoter of the androgen receptor was isolated to study gehomic regions that might
be responsible for regulation of androgen receptor mRNA by testosterone and FSH
{Chapter 8).

Regulation of AMH and AMHRII expression in the festis

FSH injection decreases testicular AMH mRNA and protein tevels in neonatal
rats {Kuroda et al. 1980), indicating that FSH may, at least in part, be responsible for
the postnatal decrease in testicular AMH. In aduil rats, downregulation of AMH protein
at defined stages of the spermatogenic cycle by FSH is compatible with expression
pattems of AMH mRNA (Chapter 4) and FSH receptor mRNA (Heckert and Griswold,
1991). The negative correlation between AMH and testosterone levels during human
postnatal development (Rey el al. 1993), may lead to the suggestion that AMH
production at puberty in boys is negatively regulated by testosterone also.
Furthermors, in patients suffering from the androgen insensitivity syndrome (see also
Chapter 2), AMH levels are elevated during the first postnatal year and after puberty
(Rey et al. 1994). In testis of rats treated with testosterone at day 19 of fetal
development, AMH mRBNA levels were not changed when estimaled two days later,
and AMH immunohistochemical data indicated that testosterone may regulate AMH
cleavage, rather than AMH synthesis (Kuroda et al. 1991).
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No effects of testosterone on AMH mRNA or protein in adult animals or humans have
been describad.

¢ ¢ T T F F FT FT

AMHRIN

GAPD

Fig. 7.3 Regulatlon of AMHRI mRNA expression by FSH and testosterone in cultured immature Sertol
cells,

Partially purified Serlolf cells were isolated according fo Themmen et al. (1991) from 14-day-old rais
and cuftured for three days in Eagle’s minimal essenlial medium (MEM) + 1% (v/v) felal calf serum.
At day four, medium was changed infa MEM, 0.1% (w/v) bovine serum albumin, insulin (5ug/mi) and
refinol (0.3uM) {control medium), with or withouf 1uM testosierone andfor 500 ng/m! FSH (NIH 516},
and the cefls were kept in culture for an additional 24 h. Subseguent RNA isolalion and RNase
profeclion assay were performed as described In Chapler 3. RNase profection was performed using
total RNA from Serioli celis cullured in control medium only (C), plus FSH (F), plus testosterone (T),
and plus FSH and testosterone (FT). AMHRIl and GAPD indicate the positions of the respeclive
protected fragments. A GAPD probe was used lo verify whether equal amounts of mRNA were used
in each lane.

The expression of AMHRII mRNA in cultured Sertoli cells, isolated from 21-day-
old rats, Initlally seemed to be androgen responsive, but this could not be confirmed
in later experiments {Chapter 3). Also In vivo, depletion of testosterone through the
use of the Leydig cell toxicant ethane dimethane sulfonate (EDS), did not result in any
major change in fotal testicular level of AMHRII mRNA as compared to control aduit
rats, at three or five days after EDS administration (unpublished resufls), AMHRII
mRNA expression in cuitured Serioli cells isclated from immature or adult rats rapidly
decreases during the first few hours after isolalion of the ¢ells. After culiuring teslis
tubufes from 14-day-old rais for several days, AMHRII mRNA is still detectable, and
stimulation with FSH for 24 h results in an increase in the AMHRII mRNA level.
Again, no effect of testosterone was observed (Fig. 7.3). These results indicate that
AMHRIt mRNA expression is stimulated by FSH in vitro. Whether FSH also regulates
testicular AMHRII mRNA expression in vivo, is not clear, During the prepubertal
phase in male rats, FSH ievels increase (de Jong and Sharpe, 1977; Ketelslegers et
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al. 1978), concomitant with the most pronounced increase in AMHRII mRNA
expression in Sertoli cells (Chapters 3 and 4). We also observed a normal pattern of
AMHRII mRNA expression during the first three weeks of postnatal testis devetopment
in sterile {prenatally irradiated) rats (Chapter 4), that have been reported to have a
normal paltern of FSH secretion during this period (Means et al. 1976).

A)

CONTROL PTU

3 5B 7 9 1216202630 3 5 7 9 12 16 20 26 30

AMHRIl
GAPD
B)

CONTROL T3

5 7 9 12 16 5 7 9 12 16

AMHRIT
GAPD

Fig. 7.4 Effects of experimentally induced neonatal hypothyroldism and hyperthyroidism on the
developmental expression paltern of AMHREI mRNA in rat testis.

Hypothyroidism was induced throligh adminisiration of 8-propyl-2-thlouracil (PTU) from birth untif 26
days of age, as described by van Haaster et al. {1992), To induce hyperthyroidism, newborn rats were
freated with T3 from birth to 16 days of age, as described by van Haaster et al. (1993). Tolal testicular
ANA was isolated at 3, 5, 7, 8, 12, 16, 20, 28, and 30 days after birth of control and PTU-treated rats,
and at 5, 7, 8, 12, and 16 days after birih of control and T3-lrealed rats, A} RNase protection assay
results from controf and PTU-treated rat lestes, B) RiNAse protection results from control and T3-treated
rat testes. The numbers above each lane correspond lo the age In days of the rals. AMHRI and
GAPD indicate the positions of the respective prolected fragments. A GAPD probe was used lo verify
whether equal amounts of mANA were used in each fane.
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Hypothyroidism, induced during the prepubertal period by administration of 6-
propyl-2-thiouracll (PTU), retards morphological differentiation of Sertoli cells, and
prolongs the period of proliferation of these cells {van Haaster et al, 1992), The
postnatal induction of total testicutar AMHRII mRNA expression was delayed in PTU-
treated rats as compared to controls (Fig. 7.4a). Furthermore, in the opposite
situation, when high neonatal triiodothyronine (T,) levels are present, Sertoli cell
differentiation is advanced (van Haaster et al. 1993}, and AMHRII mRNA expression
reached ils maximum at day 16, as compared {o day 20 In control rats {Fig. 7.4b}.
The altered temporal AMHRII mRNA expression patterns after PTU and T, treatment
are most likely not caused by actions of FSH, since a moderate reduction of the FSH
level was observed, both after PTU and after T, treatment {van Haaster et al. 1992;
van Haaster et al. 1993). However, FSH may be required to induce the expression
of sufficient amounts of AMHRII mRNA, It will be of interest to study AMHRII mRBNA
expression in vivo, after FSH treatment of immature male rats, which are known to
respond to an exira dose of FSH (Bick et al. 1992b; Slegtenhorst-Eegdeman et al.
18856). In the adult rat testls, the situalion is less clear. The stage specific expression
of AMHRII mRNA during the spermatogenic cycle is at a maximum when FSH
receptor expression is minimal, indicating an inhibitory rather than a stimulatory sffect
of FSH on AMHRII mRNA expression in aduit rat Sertoli cells.

Reguiation of androgen receptor expression in the testis

Although testosterone can downregulate transcription of the gene encoding its
own receptor in a number of lissues (Shan et al. 1990; Quarmby et al. 1990; Blok et
al, 1992a), it is not clear whether this also occurs in testis (see also Chapter 1), FSH
stimulates the transcription of the androgen receptor gene in Sertoli cells in culture
{Blok et al. 1989; Blck et al. 1992b), and high doses of forskolin or dibutyryl cAMP can
stimulate androgen receptor gene transcription in other cell lines {Mizokami et al.
1994; Lindzey ef al. 1993). The cloning of the rat {Chapter 6; Song et al. 1993)
human (Tilley et al. 1990; Faber et al. 1991b) and mouse (Faber et al. 1991a)
promoters of the respective androgen receptor genes has provided tools to study the
mechanism of regulation of androgen receptor gene transcriplion in different animai
species. The androgen receptor promoter contains two major transcriptional start sites
in rat, mouse and human, that each require specific nearby sequence elements.
Downreguiation of androgen receptor transcription by testosterone in a number of
human cell lines concerned both transcriptional start sites in a similar manner {Wolf
et al. 1993). For each specles, sequence elements that are essential for basal

143



Chaplter 7

transcription have been identitied (Tilley et al. 1990; Faber et al. 1991a; Faber et al.
1991b; Blok et al. 1992¢; Song et al. 1993; Mizokami et al. 1994) (summarized in Fig.
7.5). Furthermore, different sequence elements that are responsible for the stimulation
of transcription by cAMP/FSH have been localized in the mouse, rat and human
androgen receptor promoters (Blok et al. 1992¢, Lindzey et al. 1993; Mizokami et al.
1994). No consensus CRE sequences are present in any of the studied promoters,
but the human and mouse promoters contain sequences that are very similar to the
consensus CRE, and those sequences are thought to mediate at least part of the
stimutatory effects of cAMP (Mizokami et al. 1994; Lindzey et al. 1993). However,
these elements are not conserved between the mouse, rat, and/or human androgen
receptor promoters (Fig. 7.5).

HUMAN CRE ATG
!
2327
ATG
MOUSE -an'l CTE |
.498
ATG

RAT 4] BES | ’F |

-2656

Fig. 7.6, Comparison belween the androgen receplor gene promoters of human, molse and ral.
The promoters of the human (Tillay et al. 1980; Faber ot al. 1991b), mouse (Faber ef al. 1981a} and
ral (Chapter 6; Song et al. 1993) androgen receptor genes are shown. The arrows indicate that all
three promolers contain iwo major transcriptional start sites. Each of these promolers conlains several
GGGGA repeats (indicated by the black boxes; the function of these repeats is unknown). The SP1
binding-site, Indicated by open bars, is thought to be an important elerment of the basal promofer.
Other elemsnis that have been shown lto stimulate (box marked +) or inhibit (box marked -} the basal
leve! of transcription are indicaled. Some of the identified cAMP/FSH response elements resemble the
consensus CRE (TGACGTCA) (indicated by CRE), and other DNA reglons that are also involved in
mediating (part of} the response fo FSH and/or cAMP are indicated by "CRE",
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Little is known about the regions of the androgen receptor promoter that are
responsible for the downregulalory action of testosterone in certain tissues.
Transfection of a rat androgen receptor promoter-reporer construct, comprising
approximately 8 kb of promoter sequence and almost the complete 5' UTR, into the
human prostate cancer cell line LNCaP, followed by addition of testosterone, did not
result in any changes in reporter gene expression (Blok et al. 1992¢c). However,
cotransfection experiments of a mouse androgen receptor promoter-reporter construct
and a mouse androgen receplor exprassion vector in a quail cell line, showed that
dihydrotestosterone could reduce basal and forskolin-induced expression of the mouse
androgen receptor {Lindzey el al. 1993). Deletion of a putative androgen response
element had no effecl on this suppression. Thus, it is unclear which regiens in the
androgen receplor promoter of the different species confer androgen-mediated
transcriptional downregulation.

The above described functional analysis of the androgen receplor promoter
indicates that the posinatal increase in teslicular AR mRNA level may be an FSH
regulated event. In contrasl, the expression patiemns of the FSH receptor and the
androgen receptor in adult Sertoli cells are negatively correlated during the
spermatogenic cycle (Kangasniemi et al. 1990; Heckert and Griswold, 1991),
suggesting that stimulatory effects of FSH on androgen receptor expression in adult
rat Sertoli cells might be unlikely. With respect to the in vivo regulation of testicular
androgen receptor mRNA expression by androgens, the situation is also complicated.
In adult rals, testoslerone withdrawal through the use of EDS does not affect testicular
androgen receptor mRNA levels and total androgen binding (Blok et al. 1992a), but
androgen receptor immunostaining is reduced (Bremner ot al. 1994).

Regulation of AMH, AMHRII, and androgen receptor expression in the ovary

Since manipulation of the levels of gonadotropins and steroids in the ovary often
results in rapid changes in follicle development, it is difficuit to decide whether changes
In ovarian levels of gene products are due to direct hormonal effects, or to a change
in the numbers of follicle types that are present. Therefors, in situ hybridization and
immunochistochemistry are of great imporlance to study effects of hormones on
follicular development and gene expression, The expression patterns of AMH,
AMHRI, and androgen receptor in granufosa cells during follicular development
(Chapter 5; Tetsuka et al. 1995) are consistent with a role of these gene products
during the follicular phase that precedes the FSH-induced follicular maturation. For
AMH and AMHRII mRNAs, we have shown that their expression can be
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downregulated by FSH and estradiol benzoate in large preantral follicles {Chapter 5),
Fig. 7.6 Hlustrates possible interactions between AMH and FSH, that could be involved
in regulation of aromatase and LH receptor expression during different phases of
follicular developmeni. This model is based on the observation that the FSH-
sensitivity of granulosa cells increases as a follicie starls to develop a large antrum
(reviewed by Richards, 1994). Little is known about the significance of androgen
receptor expression in the ovaty, and no effects of androgens on the ovarian
expression of androgen receptor, or any other gens, have been described,

Future studies of the AMHRII gene promoter (Visser et al., personal communication)
may provide addilional insight into the mechanism of regulation of AMHRI} gene
transcriplion in ovary and testis. Comparison bstween the AMH, AMHRII, and
androgen receptor gene promoters may reveal possible common regulatory sequances
that are responsible for the unique coregulation of these three genes (see 7.3.1) in
adult Sertoli and granulosa cells.

7.3.3 Possible functional significance of AMH expression in the gonads, and
interactions between AMH and androgens

Granulosa and Sertoli cells are thought to be derived from a common precursor cell
(Chapter 1). In this respect, it is not surprising that there are a number of analogies
in the expression of AMH, AMHRII, and androgen receptor in these two cell types.
Whether the analogies also extend to the functions of the genes in these cells,
remains a maiter of speculation. The fact that the three genes are coregulated in
adult Sertoli and granulosa cells, indicates that the functions of AMH and testosterone
may be interdependent and may even overlap. The developmental change in the
AMHRII mRNA expression pattern from an even distribution to a more specific paitern
in both ovary and lestis, may indicate separate functions of AMH during the
prepubertal and adult phases, The same suggestion can be made with respect to
distinct functions of the androgen receptor, since this gene displays a similar biphasic
developmental expression pattern in rat testis (Bremner et al, 1994},

AMH may be involved in regulation of Leydig cell proliferation, through an effect
on Sertoli cells, possibly involving the extraceliular matrix (Chapter 4). There are two
distinct growth phases of Leydig cells, leading to two different Leydig cell populations,
termad fetal and adult Leydig cells {reviewed by Huhtaniemi, 1994). Fetal Leydig cell
proliferation is maximal between E17.5-E19.5 (Tapanainen et al. 1984} in the rat.
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From postnatal day 15 onwards, the adult L.eydig celf population is formed and Leydig
celt numbers increase steadily until 60 days after birth (Tapanainen et al. 1984). An
inhibitory effect of AMH on the adult number of Leydig cells, Is exemplified by the
Leydig cell hyperplasia in AMH knock-out mice (Behringer et al. 1994), and by the
severely decreased androgen preduction by Leydig cells of adult transgenic mice
expressing a relatively high level of human AMH {Lyet et al. 1995). Whether these
effects reflect a function of AMH during the immature or the adult phase, remains to
be established.

In the adult testis, maximal levels of AMH mRNA, AMHRI mBNA, and
androgen receptor protein during the spermatogenic cycle are found at the stages that
have been defined as being androgen dependent (reviewed by Sharpe, 1994).
Possibly, AMH contributes 1o one of the Serloli cell functions that depend on
androgen.

In the adult ovary, there might be a role for AMH in the inhibition of follicular
maturation or in follicle selection, through autocrine mechanisms. This assumption is
based on the expression pattems of AMH and AMHR{l mRNAs, and con the in vitro
effects of AMH on granulosa cells (Chapter 5) (Fig. 7.6). It is not known whether AMH
has effects on the number of theca cells during follicle development in the ovary,
analogous to the possible effects of AMH on Leydig cell nhumbers in the testis. The
expression pattern of the androgen receptor in granulosa cells during follicular
development indicates that any effect of androgens on granulosa cell functions also
would fake place prior to final follicle maturation.

In order to gain more Iinsight into the possible effects of AMH on Leydig cell
and/or theca cell dsvelopment, the ontogeny of these cell numbers in AMH
overexpressing and AMH knock-out mice should be studied, to determine during which
phase of postnatal teslis and/or ovary development AMH may influence Leydig and/or
theca cell numbers. Indications about possible effects of AMH on adult Leydig cell
numiers may he cbtained through study of long-term AMHRII mRNA expression using
in situ hybridization, or observation of the effect of manipulation of AMH action, during
Leydig cell regeneration in EDS-treated adult rais.

Manipuiation of the levels of AMH and/or AMHRI al precise time points during
postnatal gonad development may provide addilionat information about effects of AMH
on Leydig or theca cells. Furthermore, other genes that are involved in gonadal
function, such as androgen receptor, FSH receptor, LH receptor, activin, inhibin, and
aromaiase, may be affected by AMH, and must be studied as well.
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Fig. 7.6 Schemalic Hllusiration of hypothelical regulatory interactions between AMH, FSH, and
estrogens in grantiosa cells during follicle development,

in this hypothetical modal, the following processes may occur:

SA: In large preaniral and small aniral (SA) follicles, both AMH and AMHRII mRNAs are expressed at
a high level. The AMHRII participates in repressing aromatase activity and LH receplor expression
during thess stages of foliicle development.

LA: The granulosa cells of large antral (LA) follicles have becorna more sensitive to FSH, thus allowing
downregulation of AMH and AMHRI mANA expression by FSH. Aromatase acfivity and LH receptor
expression are no longer downregulated, and FSH stimulates both aromatase and LH receptor
exprassion. Furthermore, androgen synthesls by the theca celis has Increased. Together this results
in an Increased estrogen oulput, which leads to a further downregulation of AMH and AMHRII mRNA
expression via an aulocrine elfect of estrogens on the granulosa celfs.

Granulosa cell-derived proteins are boxed, stippled lines indicate that the amounl of protein Is relatively
fow. - + nagalive, positive regulation of the faclor indicaled by arrow; arrows also indicate
hormone/receptor inleraclion; stipled arrow, hormone sigr.. is not {or not efficiently) lransduced; open
arrow, enzymatic conversion of androgen (A) into estrogen (E); AMHM, anti-millerian hormone; AMHR,
AMH type Mype Il receplor complex; FSH, follicle-stimutating hormone; FSHR, FSH receptor; LH,
lutelnizing hormone; LHR, LH recsplor.

148



Discussion

The possible role of the extracellular matrix in AMH action deserves further
study. It is known that the basement membrane (composed of extracellular matrix
components) that sturrounds the spermatogenic epithelium plays an important role in
maintenance of the differentiated function of Seroli cells. Furthermore, a number of
growth factors are sequestered in basement membranes, and their action may be
dependent on interaction with extracellular mairix components (reviewed by Dym,
1994}, Qur observation that cultured Serloli cells rapidly lose AMHRII mRNA,
indicates that the expression of this gene may be dependent on the maintenance of
the columnar shaps and polarity of the Sertoli cell, and/or the presence of an
extracellular matrix. The production rate of several Sertoli cell gene products is known
to be increased when the cells are cultured in the presence of extracellular matrix
{reviewed by Dym, 1994), Immature or adult Serfoli cells cultured on top of
reconstituted basement membrane may provide an adequate model systern to
investigate the interaction between the extracellular matrix and AMH action.

The exiracellular matrix may aiso affect local concentratiocns of AMH. The
concentration of AMH in small bovine follicles is 0.29 nM (Vigler et al. 1984}, whereas
the ED,, of AMH effects on aromatase activity and LH receptor expression in vifro is
7 nM (Wilson et al. 1993; di Clements et al. 1994a). In this respect, it will be of
interest to study whether local accumulation of AMH occurs, and whether the presence
of extracellular malrix can influence AMH dose-response curves for cultured cells,

7.4  Clinical applications of AMH and AMHRII

Mutations in the gene encoding AMH are an important cause of the persistent
milllerian duct syndrome (PMDS) (Chapter 2). [t will be of inferest to study whether
any of the AMH positive cases of PMDS are due to mutations in the human AMHRH
gene.

The development of sensitive immunocytochemical techniques has allowed
detailed measurements of normal levels of AMH between birth and aduithood in
humans {Baker et al. 1980; Jossc el al. 1990; Hudson et al, 1990; Baker and Hutson,
1993). Between 4 and 12 months of age, relatively high serum AMH levels are
detecled in boys. The levels gradually decrease during childhood and become very
low around puberly in males. In girls, AMH becomes first detectable around puberty,
but the serum AMH concentralions remain low during the repreductive years in
females, and are comparable to those observed in the adult male (Hudson et al,
1990). Measurement of serum AMH levels can be helpful in the diagnosis and
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management of intersex and gonadal abnormalities (Gustafson et al. 1993). For
example, serum AMH concentrations can be used to confirm the presence of testicular
tissue in patients with anorchia and/or intersex anomalies (Josso et al. 1991;
Gustafson et al, 1993}, Also, elevation of serum AMH appears to be a marker of
androgen resistance in sexually ambiguous gensetic male infanis {Rey st al. 1994). In
cases of certain gonadal tumors, such as AMH secreting granulosa cell tumors, it has
been shown that serum AMH concentrations decrease after surgical removal of iumor
tissue, and if tumor recurrence occurs AMH levels rise correspondingly (Gustafson et
al. 1992), Thus, AMH measurements may serve as a predictive marker of persistent
or recurrent disease. AMHRI mRNA is expressed at a high level in the mesenchyme
surrounding the miillerian duct during fetal development and in fetal and aduit ovaries
and testes (Chapters 3-5). Study of the expression of AMHRII mRNA or protein in
gonadal tumors, or in tumors from mllerian duct derived tissues, may provide
informalion about the possibilities {o use AMHRIl expression to identify the cellular
origin of a tumor, and may help to select tumors that might be responsive to growth
Inhibitory actions of AMH.

AMH has been reported to act as an antitumorigenic agent. Panially purified
bovine AMH inhibited the growth of certain cancer cells in vivo and in vitro {Donahos
et al. 1981; Fuller Jr et al. 1982; Fuller Jr et al. 1985}, However, when purified
recombinant AMH became available, these results could not be reproduced, and only
minimal antiproliferative effects were observed (Wallen et al, 1989). Subsequently, it
was reponrted (Chin et al. 1991; Ragin et al. 1992} that madification of the purification
protocol of the recombinant AMH resulted in the elimination of factors produced by the
AMH expressing CHO cells that stimulate tumor growth, and that recombinant AMH
purified in this manner inhibited growth of a number of tumor cell lines of millerian
duct/coelomic epithelium origin (Chin et al. 1991) and ocular melanoma cell lines
(Parry et al. 1992). However, parilally purifisd recombinant AMH is generally a more
polent inhibitor (Chin et al. 1991), and the antiproliferative activity of AMH remains
preparation dependent. MacLaughlin et al. {1992a} suggest that this may be due to
the fact that the fumor cell lines lack the ability to cleave AMH to a biologically active
conformalion {see Paragraph 7.2). These authors report that the purified 26 kDa C-
terminal AMH dimer induces reproducible dose-dependent inhibition of the growth of
A431 cells (derived from a squamous cell carcinoma of the vulva) {(MacLaughlin et al.
1992a), but extremely high concentrations (1jtg/ml-40uM} of the C-terminal AMH
were used in these experiments. Thus, consistent inhibition of tumor growth by
purified racombinant AMH at concentrations comparable to those needed for miiiterian

150



Discussion

duct regression has not been shown. Recenlly, di Clemente et al. (1994b} have
reported that A431 cells do not exprass the human homologue of the rabbit and rat
AMHRIL It will be of interest to study whether any of the other tumor cell lines that
have been repoited to be AMH-responsive, express AMHRIL. If such celi lines exist,
it will be possible to study whethar the antiproliferative effects of the AMH-preparalions
are mediated via the AMHRII, or whether cross-reaction with another receptor is
involved.

The possible implications of the postnatal AMH and AMHRIH mRNA expression data,
as discussed in this chapter, support the concept that AMH functions not only during
fetal sexual differentiation, but also during postnatal gonad development, This shouid
stimulate research that aims to define the exact nalure of these functions, and to
identify regulatory interactions between AMH and FSH, LH, testosterone, and/or

estrogens.,
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Summary

The fetal testes produce two hormones that are essential for correct male sex
differentiation. The first hormone, anti-miillerian hormone (AMH), is a dimeric
glycoprotein, which induces the regression of the milllerian ducts (the anlagen of the
fallopian tubes, the ulerus and upper part of the vagina). The other hormone, the
steroid hormone teslosterone, stimulates development of the wolffian ducts into
epldidymides, vasa deferens and seminal vesicles. The situation is reversed in
femeles: ovaries develop instead of testes, and the absence of AMH and testosterone
leads to millerian duct development and wolffian duct regression. The principal
regutators of postnatal gonadal development are follicle-stimuiating hormone (FSH)
and luteinizing hormone (LH). LH stimulates the gonadal synthesis of androgen
{testosterone) which is converted to estrogen in the ovary. The gonadal actions of
gonadotropins {FSH, LH) and steroid hormones (androgen, estrogen} are modulated
by a vast number of locally acting factors. Members of the activin/TGFp family of
growth and differentiation factors, including AMH, are probably some of the most
impontant focal factors. This thesis focuses on structural and regulatory aspecls of the
receptors for AMH and testosterone.

In the General Introduction (Chapter 1} the regulation of sex determination, sex
differentiation, and pre- and postnatal gonadal development are described, wilh
emphasis on the roles of testosterone and AMH in these processes. Chapter 2 glves
an overview of the receptor mechanisms that are used by gonadotropins, steroid
hormones, and members of the activin/TGFp family of growth and differentiation
factors. Furthermorse, some naturally occurring, or experimentally induced mutations
in the genes encoding these hormones or their receptors are described, to illusirate
their importance in sex differentialion and gonadal development.

The ¢loning of a candidate rat AMH type Il receptor {AMHRII, initially named
C14) is described in Chapter 3. This receptor is a member of the family of
transmembrane serine/threonine kinase receptors, and is specifically expressed from
embryonic day 14 in the rat in the gonads and in the mesenchymal cells surrounding
the mlllerian duct. Thereafter, the expression gradually disappears from the male
urogenital ridge, and persists in the female. After birth, expression of AMHRI! is
mainly confined to ovary and testis. The struclure of the receptor, and its specific
expression in AMH target cells, strongly suggest that AMH is the ligand.

In Chaplers 4 and 5, the posinatal expression patterns of AMH and AMHRII
mRNA In the gonads are studied in detail, using RNase protection assays and in sifu
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hybridization. In the male, AMH and AMHRII mRNA are specifically expressed in the
Sertoli cells of the testis. The total testicular AMHRII mRNA expression level
increases during the first three weeks of postnatal development, whereas during the
first week of this period, there is a sharp decline in the amount of AMH mRNA. This
leads {o an AMHRII mRNA level in the adult teslis that is much higher than that of
AMH mRNA. However, the expression pattern of both genes in Sertoli cells during the
spermatogenic cycle shows a maximum at Stage VII. Thus, autocrine actions of AMH
on Seitoli cells may be of paricular importance duting Stage VIl Depletion of specific
groups of germ cell types, ranging from intermediate spermatogonia to malure sperm,
does not affect the total lesticular level of AMHRIl mRNA expression. However,
AMHRI mRBNA levels are decreased in testes from adult prenalally irradiated adult
rats, and also in experimentally cryptorchid rat testes. This indicates that a
combination of spermatogenic cycle events, possibly involving changes of Serioli cell
structure andfor Sertoli cell-basal membrane interactions, regulate autocrine AMH
action on adult rat Sertoli cells.

In the ovary (Chapter 5), AMH and AMHRI mRNA expression is found 1o be
mainly restricted to the granulosa cells of preantral and small antral healthy follicles,
except during the first two weeks of postnatal ovary development, when AMHRII
mRNA is expressed in an evenly distiibuted manner, and AMH mRNA expression is
lower than in adult rat ovary. Estrogen and FSH can downregulate AMH and AMHRI
mRNA expression in granulesa cells of gonadotropin-releasing hormone antagonist-
treated immature rat ovaries. The results suggest that, similar to the above described
autocrine action of AMH on Seroli cells of the testis, AMH acts in an autocrine manner
on granulosa cells of the ovary. The pattern of AMH and AMHRII mRNA expression
during follicular development may be regulated in part by the combined action of FSH
and estrogen. As follicles reach the small antral stage, the sensilivily of granulosa
cells to FSH and estrogen production increase, which subsequenily may result in
downregulation of AMH and AMHRI} mRNA expression. The function of AMH in
preantral and smail antral follicles may involve inhibition of follicle maturation, and/or
AMHM may play a role in follicfe selection.

Chapter 6 describes the isolation of the rat androgen receptor promoter. This
promoter contains two major transcriptional start sites, separated by 11 bp, which are
preceded by an SP1 site located approximately 80 bp upstream. Androgen can
downregulale androgen receptor gene transcription in several tissues, and FSH can
stimulate androgen receplor gene transcription in immature rat Sertoli cells. However,
ho consensus androgen/giucocorticoid response elements or cyclic AMP-response
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elements are preseni. The possible localization and functional significance of
promoler elements that may confer androgen or cAMP/FSH regulation on the
androgen receptor gene is discussed in Chapler 7.

Chapter 7 also describes the possible mechanism of action of AMH, based on
the results described in this thesis, and the current knowledge about the mechanism
of action of other members of the activi/TGFp family of growth and differentiation
factors. Furthermore, the expression pattems of AMH, AMHRII and the androgen
receptor in the gonads are compared and discussed in the light of regulatory
interactions between AMH, gonadotropins, androgen and estrogen. Suggestions about
the possible postnatal functions of AMH are given. Finally, the possible clinical
significance of AMHRIl and AMH is discussed.
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Samenvatting

Tijdens de ontwikkeling van een zoogdier-embryc worden structuren gevormd waaruit
in een lalere fase de geslachisorganen ontstaan. Eén van deze structuren is de
ongedifferentieerde gonade, het orgaan waaruit een eierstok (ovarium) of een zaadbal
(testis) wordt gevormd. De geslachisbepaling vindt in deze ongedifferentieerde
gonaden plaats: wanneer de cellen een X en een Y chromosoom bevatten, zal zich
een testis ontwikkelen, Echier, wanneger het Y chromosoom afwezig is, wordt uit de
ongedifferentiesrde gonade een ovarium gevormd. Eén gen op het Y chromosoom
is verantwoordelijk voor het in gang zetten van testisdifferentiatie. Vervolgens
produceren de foetale testes in mannelijke embryo's twee hormonen waarvan de
werking essentieel is voor een juist verloop van de manneliike geslachtsdifferentiatie.
Het eerste hormoon, het anti-miillerse gang hormoon {AMH), is een eiwithormaon dat
zorgt voor het ten gronde gaan van de milllerse gangen. In het vrouwelijke embryo
wordt geen AMH gevormd, en daar ontwikkelen de miillerse gangen zich tol de
silsiders, de haarmoeder, en het bovenste deel van de vagina. Het tweede hormoon
uit de testis, teslosteron (een sleroidhormoon}, bewerkstelligt de vorming van de
bijballen, de zaadleiders en de zaadblazen, uit structuren die de woiffse gangen
genoemd worden. De wolffse gangen degenereren in de vrouwelijke embryo’s, omdat
daar vrijwel geen teslosteron aanwsezlg is.

De verdere ontwikkeling van ovarium en testis na de geboorte is ook afhankelijk
van hormonen. In de hypofyse, een aanhangsel van de hersenen, worden de
gonadofropinen follikel-stimulerend hormoon (FSH) en luteinizerend hormoon (LH)
gevormd. Via de bloedbaan bereiken deze hormonen de testes of ovaria (de
gonaden). FSH en LH oafenen hun werking uit op specifieke cellen in de gonaden.
FSH stimuleert de Sertoli cellen in de testis en de granulosa cellen in het ovarium.
Sertoli cellen ondsrsteunen en reguleren de vorming van zaadcellen, terwijl granulosa
cellen een groot deel van de follikel vormen waarin de eicel zich bevindt. LH is
belangrijk voor de ontwikkeling van de stercidhormoon producerende cellen; de Leydig
cellen in de testis en de theca cellen in het ovarium. LH stimuleent deze celtypen tot
het maken van androgenen, waarcnder testosteron. In het ovarium worden
androgenen omgezet in oestrogenen. De werking van LH en FSH wordt waarschijnlijk
beinvioed door een aantal okaal werkende stoffen, zoals AMH en soorigelijke
groeifactoren (leden van de activine/TGF} familie van groei- en differentiatiefactoren).

Het in dit proefschrift beschreven onderzoek omvat studies naar de regulatie
van de werking van AMH en testosteron in de gonaden na de geboorte. Hierbij is
vooral onderzoek gedaan aan de structuur en regulatie van de receptoren voor deze
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hormonen. Receptoren zijn eiwitmoleculen die zich op of in een lichaamscel bevinden
en het hormonale signaal in een cellulaire respons vertalen.

De Algemene Introductie {Hoofdstuk 1) omvatl een beschrijving van de regulatie van
geslachisbepaling, geslachtsdifferentiatie, en de ontwikkeling van de gonaden, zowel
voor als na de geboorte, Hierbij is extra aandacht geschonken aan de rof van AMH
en testosteron bij deze processen. In Hoofdstuk 2 worden de verschillende
mechanismen beschreven waarvan de hierboven beschreven hormonen gebruik
maken om signaal-overdracht in cellen te bewerkstelligen. Het befang van elk van de
hormonen enfof hun receptoren wordt gsillustreerd door het feit dat verandering
(mutatie} in één van de genen die coderen voor deze hormonen of hun receptoren kan
leiden tot ernstige verstoringen van de gonadeontwikkeling en/of
geslachtsdifferentiatie.

Hoofdstuk 3 beschrijft de clonering van een stukje DNA {¢cDNA) dat codeert
voor een kandidaat AMH type 1l receptor (AMHRI) in de rat. De strucluur van deze
raceptor en de specifieke aanwezigheid van het boodschapper RNA (mRNA) dat
codeert voor het AMHRI! eiwit in de cellen rondom de miillerse gang en in de foetale
gonaden, geven sterke aanwijzingen dat AMH Inderdaad de belangrijkste activator van
deze receptor is.

De aanwezigheid {expressie} van AMH en AMHRII mRNA in ovaria en testes
van de rat na de geboorte is nader onderzocht in experimenten beschreven in de
Hoofdstukken 4 en 5. Hierbij werd gebruik gemaakt van lechnieken zoals RNase
protectie en in situ hybridizatie. In de testis komen het AMH en AMHRIl mRNA
specifiek fot expressie in Sertolf cellen. Dit wijst op esn mogelijk autocriene werking
van AMH. Kort na de geboorte neemt de hoeveelheid AMH mRNA in de teslis af,
terwiji de AMHRI mRNA expressie toengemt. Dit leidt tot een hoog AMHRII mRNA
niveau en een laag AMH mRNA niveau in festes van een voiwassen rat. De
expressie van beide genen is echter niet constant, maar hangt af van de aanwezigheld
van bepaalde met de Serloli cel geassocieerde spermatogene cellen, tijdens de
spermatogenese,  Veranderingen in de associalie tussen Settoli cellen en
spermatogene cellen zijn cyclisch, en er zijn 14 (I-XIV) verschiliende stadia
gedefinieerd in deze zogenoemde spermatogenetische gyclus. AMH en AMHRII
mRNAs zijn beiden maximaal tijdens Stadium VII. Athoewel totale afwezigheid van
spermatogene cellen leidt tot een verlaging van de AMH en AMHRI mRNA expressie
in de volwassen testis, bleek het niet megelijk om een specifieke groep spermatogene
celtypen te definiéren die betrokken is bij de (cyclische) regulatie van AMH en AMHRII
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mRNA expressie. Mogelijk zijn vooral de structuur van Sertoli cellen en de interactie
met de basale membraan, regulerende factoren voor AMH en AMHRII mRNA
expressie in de Serioli cellen,

in het ovarium van de rat komen AMH en AMHRIl mRNAs voornamelijk tot
expressie in de granulosa cellen in bepaalde stadia van follikelontwikkeling, in
preantrale en klsine antrale follikels (Hoofdstuk 5). Tijdens de eerste twee weken na
de geboorte is het expressiepatroon iets afwijkend: AMHRII mRNA s over het gehele
ovarium aanwezig, terwiil de AMH mRNA expressie van zeer laag stijgt to een hoog
niveau in het ovarium van een volwassen rat. Overeenkomstig met de werking in de
leslis, oefent AMH mogelijk ook in het ovarium een autocriene functie uit, in dit geval
op de granulosa cellen, Twee hormonen, FSH en oestrogenen, bleken de expressie
van AMH en AMHRII mRNAs te kunnen verlagen in ovaria van immature ratten die
behandeld waren met een antagonist van hel iuteiniserend hormoon-releasing
hormoon. Deze antagonist verlaagt de endogene FSH en LH niveaus en daardoor
ook de produktie van oestrogenen. Deze resuitaten suggereren dat FSH en
oestrogenen mogelijk betrokken zijn bij de regulatie van AMH en AMHRI mRBNA
expressie in ovaria van normale ratten, Functies van AMH in het ovarium kunnen
betrekking hebben op processen zoals f{ollikelselectie en de remming van
follikelmaturatie.

Hoofdstuk 6 beschrijft de clonering van de promotoer van het androgeen receptor
gen, De plaatsen in het DNA van de promotor waar transcriptie kan opstarten zijn
vasltgesteld, en tevens werd het functioneren van de promotor in vitro bepaald. Verder
is op basis van de DNA base volgorde van de promotor onderzochi, welke gebieden
betrokken zouden kunnen ziin bij de regulatie van transcriptie van het androgeen
receptor gen door androgenen en door FSH.

In de Algemene Discussie (Hoofdstuk 7) wordt hel mogelijke
werkingsmechanisme van AMH beschreven, op basis van gegevens uit dit proefschrift
en gegevens uit de literatuur omirent het moleculaire werkingsmechanisme van andere
teden van de aclivine/TGF familie van groei- en differentiatiefactoren. Verder worden
de expressiepatronen van AMH, AMHRII en de androgeen receptor in de gonaden
vergeleken, en besproken in het kader van regulerende interacties fussen AMH,
gonadotropinen, androgenen en osestrogenen. Er worden enkele suggesties gedaan
omtrent de mogelijke postnatale funclies van AMH, Tot slot wordt de klinische
relevantie bediscussiéerd van AMH en de AMHRIL.
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