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Abstract

ABSTRACT

Janne Hakkarainen

REGULATION OF GONADAL STEROID SYNTHESIS AND REPRODUC-
TION: NOVEL ROLES OF HYDROXYSTEROID (178) DEHYDROGENASE
1

University of Turku, Faculty of Medicine, Institute of Biomedicine, Physiology,
Drug Research Doctoral Programme (DRDP), Turku, Finland

Annales Universitatis Turkuensis, Medica-Odontologica, Turku, 2017

Estrogens and androgens are critical regulators of several physiological processes,
including development and reproduction. In addition, these hormones play key
roles in several physiological complications and diseases, such as infertility, endo-
metriosis, breast cancer and prostate cancer. According to the classical view ster-
oid hormone actions are thought to be regulated by systemic hormone levels,
where endocrine glands produce the hormones and blood circulation delivers the
hormones to target organs. However, accumulative evidence has shown that the
control of steroid hormone actions is also regulated at the level of target cell me-
tabolism. Due to the crucial roles of steroid hormones in physiological functions
and in the etiology of several diseases, a better understanding of steroid hormone
metabolism is needed.

In this study, we generated a conventional global knockout mouse model, Hy-
droxysteroid (17f) dehydrogenase 1 (HSD17B1KO), to achieve a better under-
standing of enzymatic regulation of steroid hormone actions and of the role of the
HSD17B1 in the development of reproductive organs and fertility in females and
males. This study revealed that a lack of the enzyme does not have an impact on
fetal or pubertal development in either males or females. However, steroid synthe-
sis is affected in both females and males, and enzyme deficiency leads to severely
impaired fertility in females and infertility in males. Thus, this study indicates that
the HSD17B1 enzyme plays a critical role in regulating steroid hormone synthesis
and actions, and that a lack of the enzyme has a profound influence on mouse
gonadal function in both males and females.

In summary, the produced knockout mouse model provides a tool and knowledge
to understand steroid hormone synthesis and actions in reproductive tissues.

Keywords: HSD17B1, reproduction, estrogen, androgen
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TIIVISTELMA

Janne Hakkarainen

LISAANTYMISELINTEN HORMONISYNTEESIN JA LISAANTYMISEN
SAATELY: HYDROKSISTEROIDI (17p) DEHYDROGENAASI 1:N UUDET
TEHTAVAT

Turun yliopisto, Ladketieteellinen tiedekunta, Bioldédketieteen laitos, Fysiologia,
Ladketutkimuksen tohtoriohjelma (DRDP), Turku, Suomi

Annales Universitatis Turkuensis, Medica-Odontologica, Turku, 2017

Estrogeenit ja androgeenit ovat tarkeitd sdatelytekijoitd useissa erilaisissa fysiolo-
gisissa tapahtumissa, kuten kehityksessé ja lisdéntymisessd. Liséksi hormonit ovat
avainasemassa monissa sairauksissa, kuten hedelmittomyydessd, endometrioo-
sissa, rintasyOvisséd ja eturauhassyovéssd. Hormonitasojen séddtelyn on yleisesti
ajateltu tapahtuvan systeemisesti siten, ettd umpieritysrauhaset tuottavat hormonit
ja verenkierto vélittdd ne kohdekudoksiin. Yha kasvava méaara tutkimuksia on kui-
tenkin osoittanut, ettd hormonitoimintaa sdddelldan myds kohdesolutasolla. Koska
hormonit ovat térkeitd monille fysiologisille toiminnoille ja useiden sairauksien
etenemiselle, syvempdd ymmarrystd hormoniaineenvaihdunnasta tarvitaan.

Tassd tutkimuksessa olemme tuottaneet hydroksisteroidi (178) dehydrogenaasi 1-
poistogeenisen hiirimallin. Tdiméin mallin avulla pyrimme ymmartdméan nykyistéd
paremmin hormonisynteesin entsymaattista saatelya seké timén entsyymin vaiku-
tusta kehitykseen ja lisidntymiseen. Téssd tutkimuksessa olemme osoittaneet, ettd
HSD17B1-entsyymin puutteella ei ole vaikutusta siki6kautiseen tai puberteetin ai-
kaiseen kehitykseen. Kuitenkin HSD17B1:n poisto on vaikuttanut kummankin su-
kupuolen hormonituotantoon, sekd lisdksi naarashiirten hedelmaillisyys alentui
huomattavasti ja uroshiiret olivat tdysin hedelméttomis. Tutkimustuloksemme
osoittavat, ettd HSD17B1-entsyymilld on tirked merkitys hormonisynteesin siéte-
lyssé ja hormonitoiminnassa, ja HSD17B1-entsyymin puutos vaikuttaa merkitté-
vasti hiiren lisddntymiseen seki uroksilla ettd naarailla.

Yhteenvetona voidaan todeta, etté kehitetty poistogeeninen hiirimalli mahdollistaa
yhden lisdéntymiselimissd hormonisynteesiin ja hormonitoimintaan vaikuttavan
entsyymin tutkimisen ja tiedon lisidmisen hormonisynteesin saatelysta.

Avainsanat: HSD17B]1, lisddntyminen, estrogeeni, androgeeni
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1 INTRODUCTION

It has been estimated that infertility affects approximately 15 % of couples globally
(Agarwal et al., 2015; Sharlip et al., 2002). Several factors can cause infertility,
such as genetic and environmental factors. Moreover, defects in hormonal balance
and the steroidogenic pathways contribute to the infertility problems in females
and males (Hotaling and Patel, 2014; Luciano et al., 2013).

In addition to reproduction, steroid hormones are essential for several biological
functions, such as development, puberty, metabolism and overall homeostasis. Re-
productive physiology, which includes ovarian development and growth, the men-
strual cycle, folliculogenesis and pregnancy maintenance in females and testicular
development and growth and spermatogenesis in males, requires steroid hormonal
actions. Steroid hormones are produced by the gonads and adrenal glands. Gonadal
steroid hormones comprise estrogens, androgens and progestins. One of the en-
zyme families involved in steroid hormone synthesis is the hydroxysteroid (17p)
dehydrogenase (HSD17B) family. These enzymes are involved in the conversion
between low potency 17-ketosteroids and high potency 17p-hydroxysteroids. The
type 1 HSD17B (HSD17B1) converts estrone (E1) to estradiol (E2) and andros-
tenedione (A-dione) to testosterone (T), and HSD17B1 has been shown to be ex-
pressed in the gonads and extragonadal tissues. In females, the main targets of
gonadal steroid hormone actions include the ovary, uterus, mammary gland and
central nervous system (CNS), while in males the main target organs are the testes,
prostate and CNS. Steroid hormones act through nuclear receptors, particularly the
estrogen, androgen and progesterone receptors, to control transcription of target
genes (McKenna, 2014). In addition to direct regulation of target genes, steroid
hormone actions are directed through receptors localized at the plasma membrane,
where they induce cellular kinase cascades resulting in transcriptional and non-
transcriptional actions (Levin, 2011).

In the present study, we generated a global knockout mouse model of hydroxys-
teroid (17f) dehydrogenase 1 (HSD17B1KO) to study the role of HSD17B1 in
steroid hormone biosynthesis and reproduction. The results from the present study
demonstrate that HSD17B1 is necessary for normal female and male reproductive
function and for gonadal steroid hormone synthesis. Loss of HSD17B1 causes
premature luteolysis of the corpus luteum (CL) in female HSD17B1KO mice and
improper maturation of Sertoli cells in male HSD17B1KO mice, thus resulting in
an inability to maintain pregnancy and a disruption of spermatogenesis in females
and males, respectively.
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With deeper knowledge of hormonal biosynthesis in the gonads, we can gain a
better understanding of reproduction and determine how to treat infertility prob-
lems more precisely. In addition, with a better understanding of the regulation of
steroid hormone actions, we will be able to develop better drugs for steroid hor-
mone-dependent diseases.
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2 REVIEW OF THE LITERATURE

2.1 HSD17B1

2.1.1 HSDI17B enzymes in reproductive tissues

Functional reproduction requires estrogens and androgens. Steroid hormones are
primarily produced in the ovaries and testes, and through the circulatory system,
they reach their target organs and cells. In addition to the traditional idea of steroid
hormone action, more precise regulation, known as intracrine regulation of steroid
action, has been suggested to regulate steroid concentrations at the level of the
target organs and cells (Saloniemi et al., 2012). In this form of regulation, steroid
hormone concentrations are controlled by the steroidogenic enzymes in the target
cells themselves.

Hydroxysteroid (178) dehydrogenases comprise one of the enzyme families in-
volved in steroid metabolism. These enzymes regulate the latter phases of the for-
mation of androgens and estrogens by catalysing the conversion between 17-keto
steroids and 17B-hydroxysteroids (Peltoketo et al., 1999). The enzyme family con-
sists of 14 members in mammals, and these members compose a short-chain de-
hydrogenase/reductase family (SDR), with the exception of type 5 enzyme, which
belongs to the aldoketo reductase gene family (AKR1C3 in humans and AKR1C6
in mice, Saloniemi et al., 2012). Several members of the HSD17B family, such as
HSD17B1, HSD17B2, HSD17B3, HSD17BS5, HSD17B7 and HSD17B12, have
been shown to be expressed in reproductive organs (Table 1.). However, these en-
zymes are not expressed merely in reproductive tissues but are also expressed in
several peripheral tissues. It has been demonstrated in vitro that HSD17Bl1,
HSD17B2, HSD17B7 and HSD17B12 are associated with estradiol biosynthesis
and that HSD17B3 and 5 are associated with testosterone biosynthesis (Geissler et
al., 1994; Jokela et al., 2010; Lin et al., 1997; Liu et al., 2007; Luu-The et al., 2006;
Nokelainen et al., 1998; O’Shaughnessy et al., 2000; Puranen et al., 1999; Wu et
al., 1993).
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Table 1. List of HSD17B enzymes expressed in reproductive organs.

Expression

HSD17B Human Mouse Reference

Typel  Ovary, placenta  Ovary, testis (Fournet-Dulguerov et al., 1987;
Ghersevich et al., 1994a; Nokelainen
et al., 1996; O’Shaughnessy et al.,
2000; Tremblay et al., 1989)

Type2  Placenta, uterus  Placenta (Moghrabi et al., 1997; Mustonen et
al., 1997a, 1998a)

Type3  Testis Testis (Geissler et al., 1994; Mustonen et
al., 1997a; O’Shaughnessy et al.,
2000)

Type 5  Testis, prostate Testis (Azzarello et al., 2008; Mustonen et

al., 1997a; Penning et al., 2001)
Type 7  Ovary, testis, pla- Pregnant ovary, placenta, (Krazeisen et al., 1999; Nokelainen

centa, prostate testis et al., 1998)

Type 12 Ovary, placenta,  Ovary, testis, prostate, ute- (Blanchard and Luu-The, 2007;
uterus, testis, rus Kemildinen et al., 2016; Luu-The et
prostate al., 2006; Sakurai et al., 2006)

The type 1, 7 and 12 of HSD17B enzymes are expressed in the ovaries (Duan et
al., 1997; Kemildinen et al., 2016; Luu-The et al., 2006; Nokelainen et al., 1996,
1998; Pelletier et al., 2005; Sawetawan et al., 1994). The expression of HSD17B7
is highest in the ovaries of pregnant mice, and HSD17B7 has been shown to local-
ize to the corpus luteum (Nokelainen et al., 1998, 2000). Both HSD17B7 and
HSD17B12 have been shown to convert E1 to E2, but human HSD17B7 has also
been linked to cholesterol biosynthesis, which was also demonstrated in the
HSD17B7KO mouse model (Jokela et al., 2010; Liu et al., 2007; Luu-The et al.,
2006; Nokelainen et al., 1998). HSD17B12 is localized in theca cells, granulosa
cells, oocytes and the surface epithelium in mouse ovaries (Kemildinen et al.,
2016). Luu-The et al. and Liu et al. demonstrated in in vitro that the HSD17B12
enzyme possesses an E1-to-E2 conversion ability (Liu et al., 2007; Luu-The et al.,
2006). However, the main function of HSD17B12 appears to be in fatty acid syn-
thesis, as has been shown with the HSD17B12KO mouse model (Kemildinen et
al., 2016). In contrast to the type 1, 7 and 12 HSD17B enzymes, HSD17B2 has
been associated with dehydrogenase activity and shown to inactivate E2 to E1 and
T to A-dione (Puranen et al., 1999; Wu et al., 1993). Hsd17b2 is expressed in sev-
eral tissues, such as the placenta, uterus, intestine, liver and kidney. (Moghrabi et
al., 1997; Mustonen et al., 1997a, 1997b, 1998b).

HSD17B3 and 5 are mainly associated with T biosynthesis (Geissler et al., 1994;
Lin et al., 1997; O’Shaughnessy et al., 2000). HSD17B3 is mostly expressed in the
Leydig cells of the testis in both humans and mice; however, HSD17B3 has also
been demonstrated to be present in human platelets, whereas HSD17B5 expression
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is more widely distributed in tissues such as the kidney, prostate and testis in hu-
mans and mostly expressed in the liver with minimal expression in the testis in
mice (Azzarello et al., 2008; Geissler et al., 1994; Gnatenko et al., 2005; Khanna
et al., 1995; Labrie et al., 1997; Mustonen et al., 1997a; O’Shaughnessy et al.,
2000).

2.1.2 HSDI17BI1 gene and expression

2.1.2.1 Human HSD17B1

Human HSD17B1 is coded by two genes (I and II) located in chromosome 17q12-
21 (Luu-The et al., 1990; Peltoketo et al., 1988; Simard et al., 1993; Winqvist et
al., 1990). The two genes are located in tandem on chromosome 17, and they ex-
hibit an 89 % sequence similarity to each other (Luu-The et al., 1990; Peltoketo et
al., 1992). HSD17B1 I contains a premature in-frame stop codon in the third exon,
which has been identified as a pseudogene (Luu-The et al., 1990; Peltoketo et al.,
1992). HSD17B1 II (referred hereafter as HSD17B1) includes six exons and five
introns that produce two transcripts (1.3 kb and 5.0 kb, Yates et al., 2016, Ensembl
release 89, human GRCh38.p10, Luu-The et al., 1989a, 1990). The shorter tran-
script starts 9 — 10 nucleotides upstream from the in-frame ATG initiating codon,
whereas there are at least 814 noncoding nucleotides at the 5 end of the longer
transcript (Luu-The et al., 1989, 1990). The 1.3 kb transcript is expressed in the
placenta, ovaries and breast tissue, while the longer transcript is expressed more
widely in tissues such as the myometral, endometrial, prostate and abdominal fat
tissues (Luu-The et al., 1989, 1990; Poutanen et al., 1992).

2.1.2.2 Mouse HSD17B1

In contrast to human HSD17B1, the mouse Hsd17b1 gene encodes one transcript
(Yates et al., 2016, Ensembl release 89, mouse GRCm38.p5). The transcript is
1339 bp long, and the Hsd17b1 gene is located on chromosome 11 (Yates et al.,
2016, Ensembl release 89, mouse GRCm38.p5). Mouse Hsdl7b1 in females is
mainly expressed in the ovaries but also in uterus and adrenal glands. In males,
Hsdl17b1 is expressed in the testis and liver (Nokelainen et al., 1996).



16 Review of the literature

2.1.3 HSDI17BI protein

2.1.3.1 Human HSD17B1

HSD17B1 was discovered by Langer and Engel in 1958 and purified by Jarabak
et al. from the human placenta in 1962 (Jarabak et al., 1962; Langer and Engel,
1958). Human HSD17B1 comprises of 327 amino acids with a calculated molec-
ular weight of 34 853 Daltons (Da), and the protein exists as a homodimer (Lin et
al., 1992; Luu-The et al., 1989; Peltoketo et al., 1988). The HSD17B1 protein core
comprises seven-stranded aligned B-sheets (BA to BG) that are enclosed by six a-
helices (aB to aG) (Ghosh et al., 1995). The BA to BF segment forms a Rossmann
fold with a nicotinamide adenine dinucleotide (NAD) binding site (Ghosh et al.,
1995). HSD17B1 utilizes NAD(H), NADP(H) and their reduced counterparts as
cofactors but has been shown to prefer NADP(H) (Jarabak and Sack, 1969). The
active site of human HSD17B1 contains three a-helices and a helix-turn-helix mo-
tif, which limits access to the active site and affects substrate specificity (Ghosh et
al., 1995). These helices are not found in other short-chain dehydrogenases. Stud-
ies by Puranen et al. have indicated that the 148 — 268 amino acid region is respon-
sible for different substrate specificities in the human and rat HSD17B1 enzymes
(Puranen et al., 1997). The most prominent difference between human and rodent
HSD17B1 is evident in the 148 — 191-amino-acid region. Compared to human
HSD17B1, the differences in the amino acids in this region in the rodent enzyme
alter the steroid-binding site of the enzyme to be more receptive to androgens
(Puranen et al., 1997).

2.1.3.2 Mouse HSD17B1

The mouse HSD17B1 protein was cloned 1996 by Nokelainen et al. (Nokelainen
et al., 1996). The mouse Hsdl7bl gene codes a 344-amino-acid protein with a
molecular weight of 37 055 Da (Nokelainen et al., 1996; Yates et al., 2016, En-
sembl release 89, mouse GRCm38.p5). The overall similarity to human HSD17B1
is 63 %, with the highest similarity (81 %) occurring in the first 200 amino acid
residues (Nokelainen et al., 1996). The mouse HSD17B1 contains typical SDR
family residues in positions 10 and 156 (Gly-Xaa-Xaa-Xaa-Gly-Xaa-Gly and Tyr-
Xaa-Xaa-Xaa-Lys, respectively), and the primary structure contains a cAMP-de-
pendent (cyclic adenosine monophosphate) phosphorylation site that is also pre-
sent in the human HSD17B1 sequences (basic-basic-Xaa-Ser, Nokelainen et al.,
1996; Peltoketo et al., 1988).
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2.1.4 Function of HSD17B1

HSDI17B1 catalyses the conversion of El to E2 in both humans and mice
(Nokelainen et al., 1996; Poutanen et al., 1993; Puranen et al., 1997). Sf9 insect
cells expressing human or mouse HSD17B1 have been used to demonstrate that
both the human and mouse proteins produce E2 with equal efficiencies. However,
S19 cells with human HSD17B1 produced T from A-dione with a low capacity,
whereas Sf9 cells with mouse HSD17B1 produced T with the same efficacy as E2,
demonstrating the different substrate specificities of human and mouse HSD17B1
(Nokelainen et al., 1996). The different substrate specificity of mouse HSD17B1
was further analyzed by adding an excessive amount of A-dione into the E1-to-E2
conversion and E1 into the A-dione-to-T conversion. A ten-fold higher amount of
A-dione did not affect the conversion rate of E1 to E2 of human HSD17Bl1,
whereas the conversion rate of E1 to E2 of mouse HSD17B1 was reduced by 43
% with a five-fold higher amount of A-dione, and 59 % with a ten-fold higher
amount of A-dione. Androgen conversion (A-dione to T) by mouse HSD17B1 was
also observed to be affected by excessive amounts of E1, by 43 % when a five-
fold higher amount of E1 was and 70 % when a ten-fold higher amount of E1 was
used (Nokelainen et al., 1996).

2.1.5 Regulation of HSD17B1

Human HSD17B1 expression is regulated by several different factors. cAMP reg-
ulates human HSD17B1 expression, but the findings are controversial. In cultured
granulosa-luteal cells and choriocarcinoma cells, cAMP increases human
HSD17B1 expression, while in cytotrophoblast cells, the expression of HSD17B1
is decreased (Tremblay et al., 1989). Due to these controversial findings, it has
been suggested that cAMP-mediated regulation of HSD17B1 mRNA expression is
cell-type dependent (Ghersevich et al., 1994b; Lewintre et al., 1994; Tremblay et
al., 1989). Rat Hsdl7b] expression and activity are also cAMP-regulated; both
expression and HSD17B activity are increased in diethylstilbestrol (DES)-treated
rat granulosa cells in response to cAMP (Ghersevich et al., 1994b, 1994c). In ad-
dition, rat Hsd17b1 mRNA expression is positively regulated by follicle-stimulat-
ing hormone (FSH), estrogens and androgens (Ghersevich et al., 1994b, 1994c).
Estrogens and androgens are suggested to enhance FSH effects, whereas FSH ac-
tions occur through cAMP (Ghersevich et al., 1994b, 1994c¢). Negative regulation
of Hsd17b1 expression by human Chorionic Gonadotropin (hCG) has been ob-
served in rat ovaries.
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In addition to the above-mentioned factors, several other regulators of HSD17B1
have been identified. Progestin increases the human HSD17B1 protein concentra-
tion in T-47D human breast cancer cell line (Poutanen et al., 1990). Furthermore,
positive regulation of HSD17B1 by retinoid acids has also been observed in cho-
riocarcinoma, cytotrophoblast and breast cancer cells (Piao et al., 1995; Zhu et al.,
2002). Positive regulation of mouse Hsd17b1 expression by Activin A has been
observed in gonadotropic cells and granulosa cells (Bak et al., 2009). Other posi-
tive regulators, such as epidermal growth factor (EGF), transforming growth factor
(TGF) alpha, insulin-like growth factor (IGF) 1 and 2, tumor necrosis factor (TNF)
alpha, and interleukins (Ils) 6 and 11 have been identified in humans (Duncan et
al., 1994; Lewintre et al., 1994; Salama et al., 2009; Singh and Reed, 1991). The
GATA motif has been observed to be a negative regulator of human HSDI7B1
expression in choriocarcinoma cells (Piao et al., 1997). In contrast to human
HSD17B1 regulation, TGF alpha and EGF decrease HSD17B activity in rat gran-
ulosa cells (Ghersevich et al., 1994b; Kaminski et al., 1997).

2.2 Sex determination and its regulation

Sex determination is a biological event that determines the development of sexual
characteristics. In both mice and humans, primary sex determination is chromoso-
mal (XX in females and XY in males). During the early stages of fetal develop-
ment, a bipotential gonad together with two sets of embryonic internal genitalia
and undifferentiated ambisexual external genitalia, is developed (Quigley, 2006).
Development of the gonads, ovaries or testes, begins with the differentiation of the
bipotential gonad, which starts at week 6 of development in humans and embry-
onic day 10.5 in mice (Eggers and Sinclair, 2012).

2.2.1 Genetic regulation of fetal testis development

The main trigger for testis development from the gonadal primordium is activation
of the sex-determining region Y gene (Sry, Fig. 1). In the individual with the XY
chromosomes, activation of the SRY gene results in the initiation of cascades re-
sponsible for testicular development (Lovell-Badge, 1992; Sinclair et al., 1990).
One of the first effects of SRY is the initiation of somatic cell migration from the
mesonephros into the XY gonads, which is necessary for the formation of testicular
cords (Quigley, 2006; Tilmann and Capel, 2002). Loss-of-function of or mutations
in the SRY gene cause sex reversal from male to female, and ectopic expression of
this gene in XX individuals results in female-to-male reversal (Jager et al., 1990;
Maier et al., 2003). Similar to the loss-of-function mutation in humans, deletion of
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the Sry gene from the mouse Y chromosome results in male-to-female sex reversal
with complete female external and internal genitalia in knockout male mice (Kato
et al., 2013). Studies of the mouse Sry gene have revealed that expression of the
gene is momentary in the bipotential gonads (Koopman et al., 1990) and that ex-
pression of Sry initiates the expression of the sex-determining region Y-Box 9
(Sox-9) gene in both humans and mice (Koopman et al., 1990; McClelland et al.,
2012).

Primordial gonad
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Developing
testis /
Paracrine
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Germ cells
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Figure 1. Model of testis determination. During the development, bipotential gonad
with XY chromosomes begins to express Sry, which induces upregulation of Sox-9 and
inhibits Wnt4 expression. SOX-9 induces the differentiation of Sertoli cells from support-
ing germ cells. Sertoli cells form the seminiferous tubules and promote the differentiation
of Leydig cells from the interstitial cells. Leydig cells begin to secrete testosterone, which
is controlled by SF-1, and produced testosterone stabilizes the Wolffian ducts. Anti-Miil-
lerian hormone (Ambh) secretion is induced by WT1, SF-1 and SOX-9 from Sertoli cells,
resulting in the regression of Miillerian ducts. Modified from Quigley, 2006.

The Sox-9 gene initiates the differentiation of interstitial precursor cells to Sertoli
cells and is expressed in mouse Sertoli cells throughout testis development (Fig. 1,
Kent et al., 1996; Morais da Silva et al., 1996). In addition, Sox-9 regulates the
organization of the seminiferous tubules (Kent et al., 1996; Morais da Silva et al.,
1996). Similar to the Sry gene, deletion of Sox-9 in mice causes a complete male-
to-female sex reversal (Barrionuevo et al., 2005; Chaboissier et al., 2004), and 75
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% of males with a heterozygous mutation in the SOX9 gene exhibit a complete or
partial sex reversal (Foster et al., 1994; Wagner et al., 1994). Sekido and Lovell-
Badge have suggested that the mechanism behind male gonadal development in-
volves three factors: steroidogenic factor 1 (SF-1), SOX-9 and SRY (Sekido and
Lovell-Badge, 2008). In the genital ridges (of XX and XY individuals), SF-1 ini-
tiates low-level expression of Sox-9. Then, SF-1, together with SRY, binds to tes-
tis-specific enhancer of Sox-9 core (TESCO) and upregulates the expression of
Sox-9 in the male genital ridges. The SOX-9 levels are kept high throughout the
autoregulatory loop of SOX-9 itself.

Doublesex and mab-3 related transcription factor 1 (DMRT1) is an important reg-
ulator of primordial gonadal development and testicular development (De Grandi
et al., 2000; Kim et al., 2003; Raymond et al., 2000). DMRT1 expression in the
mouse testis is localized in Sertoli cells and germ cells, and loss of DmrtI results
in disrupted postnatal Sertoli cell differentiation (Kim et al., 2007; Raymond et al.,
1999). Data from Dmrtl-deficient male mice suggest that DMRT]1 is necessary for
postnatal testis development but not for the fetal period because no disruptions are
observed in the fetal testes (Raymond et al., 2000).

Testicular development begins with the appearance of primordial Sertoli cells. Af-
ter formation of the genital ridge, proliferation of Sertoli cells occurs, and the cells
agglomerate around the primitive germ cells, which later form the seminiferous
tubules of the testis (Quigley, 2006). The Sertoli cells differentiate from the so-
matic cells of the coelomic epithelium. The fetal testis development is suggested
to be Sertoli-cell -driven, as it has been demonstrated that without germ cells, de-
velopment of the testis is morphologically normal (McCoshen, 1982). However,
recently, it has been demonstrated that loss of germ cells in the testis results in
irregular testis cord formation and a decreased number of Sertoli cells (Rios-Rojas
et al., 2016). The Leydig cells and peritubular myoid cells differentiate from the
mesonephric interstitial cells, and the latter participate in forming the testicular
cords (Quigley, 2006). The last key phase of fetal testis development is formation
of the vasculature, which transports substances from the testis to the internal and
external genital, and thus enables their proper masculinization (Quigley, 2006).
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2.2.2 Hormonal regulation of male sexual development

2.2.2.1 AMH and regression of the Miillerian ducts

The development of male internal genitalia comprises two distinct stages: regres-
sion of the Miillerian ducts and stabilization of the Wolffian ducts. The anti-Miil-
lerian hormone (AMH) belongs to the TGFp family, and during the fetal testicular
development, high expression of AMH causes regression of the Miillerian ducts.
SOX-9 is a direct regulator of AMH transcription (De Santa Barbara et al., 1998).
In addition, binding of SF-1 and GATA binding protein 4 (GATA4) to the Amh
promoter region upregulates the expression of Am#h in Sertoli cells from the early
phases of Sertoli cell differentiation until puberty (di Clemente and Belville, 2006;
Lasala et al.,2011). AMH binds to two receptors, namely, anti-Miillerian hormone
receptor types I and II (AMR-R1 and AMH-R2, Quigley, 2006). These receptors
form a tetraheteromer of two molecules of each (Josso and Di Clemente, 2003).
AMH-R2 is a transmembrane receptor with serine/threonine kinase activity, which
when activated, phosphorylates the type 1 receptor (Quigley, 2006). The type 2
AMH receptor is expressed in fetal Miillerian ducts, Sertoli cells and adult ovarian
granulosa cells (di Clemente et al., 1994). AMH-R1, identified as bone morphoge-
netic protein 1 receptor (BMPR1A), is expressed more widely in several tissues
and has been suggested to also bind other TGF members (Jamin et al., 2002; Josso
and Di Clemente, 2003). In the Miillerian ducts, which are formed from epithelial
and mesenchymal cells, AMR-R2 is expressed in mesenchymal cells (Baarends et
al., 1994). Miillerian duct regression begins with the initiation of AMR-R2 tran-
scription by SF-1 and Wnt family member 7a (Wnt7a) in the mesenchymal cells
surrounding the Miillerian duct (Parr and McMahon, 1998; De Santa Barbara et
al., 1998). The AMH-dependent mesenchymal regression then causes apoptosis in
the epithelia of the Miillerian ducts, which results in regression of the cranial part
of the duct, while the caudal part of the duct continues to grow (Allard et al., 2000).
Regression of the cranial part correlates with the inclining levels of AMH-R2, from
cranial to caudal. The importance of both AMH and AMH-R2 has been demon-
strated with knockout mouse models, where the male mice deficient in Amh or
Amh-r2 or double (Amh/Amh-r2) possess both female and male duct structures
(Behringer et al., 1994; Mishina et al., 1996). In humans, a similar phenotype is
known as persistent Miillerian duct syndrome type 2, where either the gene encod-
ing AMH or AMH-R?2 is mutated resulting in Miillerian duct-derivatives in XY
males (Belville et al., 1999).
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2.2.2.2 Testosterone biosynthesis and Wolffian duct stabilization

Parallel to Miillerian ducts regression, the Wolffian ducts are stabilized, their re-
sorption is prevented, and the external genitalia are masculinized. The main con-
tributor to Wolffian duct stabilization is testosterone (Quigley, 2006). Testosterone
is produced in fetal Leydig cells under the control of luteinizing hormone (LH).
Mutation of the LH-f gene causes delayed puberty, low testosterone and arrested
spermatogenesis (Achermann et al., 2001). Achermann et al. has also reported that
placental hCG is enough to stimulate adequate amounts of testosterone during the
important genital development period in utero, based on a patient with a heterozy-
gous mutation of LH-f gene who had normal external genitalia. Mouse fetal
Leydig cells do not require gonadotropins to develop and function, as demon-
strated with mice lacking gonadotropin-releasing hormone (GnRH,
O’Shaughnessy et al., 1998). Activation of LHCG-R initiates the steroidogenesis
cascade by promoting the activation of the steroidogenic acute regulatory protein
(StAR) preceding upregulation of several other factors such as a cytochrome P450
family 11 subfamily A member 1 (CYP11A1), hydroxysteroid-3p dehydrogenases
(HSD-3p) -1 and 2, CYP17A1, HSD17B1, HSD17B3 and 5a-reductase type 2
(SRD5A2, Quigley, 2006). The steroidogenic pathway is discussed in more detail
in Chapter 2.6.2.

The knockout mouse models of Star and Cyplial present various defects in both
the gonads and reproduction. The common feature of these two models is femi-
nized external genitalia. In the Star-deficient male mice, it has been suggested that
the prenatal testosterone levels are altered because the male mice present with fe-
male external genitalia. Interestingly, the internal genitalia are masculinized nor-
mally, which indicates sufficient testosterone levels in the fetal testis for Wolffian
duct stabilization and development (Caron et al., 1997; Hasegawa et al., 2000).
The Cypllal knockout male mice have reduced testis, epididymides and vas
deferentia sizes (Hsu et al., 2002). In addition, these male mice do not have pros-
tates or seminal vesicles, and the external genitalia are feminized (Hsu et al., 2002).
No mouse model has been established for the HSD-3p enzymes, but in humans,
this deficiency results in decreased levels of steroids and undermasculinization of
the male external genitalia (Simard et al., 2002). Mutations in the CYPI7A41 gene
result in pseudohermaphroditism in males (New and Suvannakul, 1970; Rosa et
al., 2010; Zachmann et al., 1972). HSD17B3 is expressed in the Leydig cells of
the testis in both humans and mice (Baker et al., 1997; Geissler et al., 1994). In
addition to HSD17B3, HSD17B1 has been demonstrated to be expressed in the
mouse testis, though localized to the seminiferous tubules rather than interstitial
cells (O’Shaughnessy et al., 2000). Mutations in the HSD17B3 enzyme disrupts
testicular conversion of A-dione to T, which results in feminized external genitalia
while presenting with masculinized internal genitalia (Andersson and Moghrabi,
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1997; Geissler et al., 1994; Lee et al., 2007; Mendonca et al., 2000). The patients
present with masculinized Wolffian duct-derivates (epididymides, vas deferentia
and seminal vesicles), suggesting that there are other enzymes converting an ade-
quate amount of testosterone close to the Wolffian ducts to ensure development.
Development of the external male genitalia is dependent on dihydrotestosterone
(DHT), which is produced from testosterone by Sa-reductase type 2 (SRD5A2)
(Siiteri and Wilson, 1974; Wilson and Lasnitzki, 1971). SRD5A42 is expressed in
the primordia of the prostate and external genitals before differentiation, whereas
there is no expression in the Wolffian ducts until they are differentiated. This sug-
gest that testosterone is the main androgen affecting the development of Wolffian
duct-derivates and that DHT has a major role in development of the external gen-
italia of males (Siiteri and Wilson, 1974; Thigpen et al., 1993). This is further sup-
ported by the findings that patients with mutated SRD542 genes present with a
uniform phenotype of feminized external genitalia and underdeveloped prostates
(Mendonca et al., 2016). In contrast, male mice that are deficient in Srd5a2 present
with normal internal and external genitalia and are fertile, suggesting that testos-
terone is sufficient for development of the male urogenital tract in mice
(Mahendroo et al., 2001).

The effects of androgens are passed through the androgen receptor (AR), which
initiates the expression of target genes in androgen-dependent tissues (Brinkmann
and Trapman, 1999; Quigley, 2006). Ligand-binding to AR results in a conforma-
tional change that enables AR to bind to DNA. The AR/ligand complex binds as a
homodimer to androgen response elements (ARE) in DNA sequences and initiates
target gene transcription (Heinlein and Chang, 2002; Prescott and Coetzee, 2006).
Loss-of-function mutations in AR and the absence of AR are common causes of
male pseudohermaphroditis, where patients show resistance or insensitivity to the
androgen effects, known as heterogenous androgen insensitivity syndromes (AIS,
Quigley, 2006). The patients demonstrate decreased masculinization with high
variations, demonstrating the importance of androgens in male sexual development
(Yong et al., 2003). Similar findings have been observed with a knockout mouse
model of AR, where the Ar gene has been deleted universally from all tissues
(ARKO). ARKO mice have similar phenotypes to human AIS-syndrome patients,
with a female-like appearance and complete androgen insensitivity, demonstrating
the importance of AR and androgen effects in male sexual development. (De Gendt
et al., 2004; Notini et al., 2005).
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2.2.3 Genes regulating ovarian development

Ovarian development in females starts from the same primordial genital bridge as
male testicular development. The difference between the genders can be seen by
gestational week 8, where testicular formation is completed but ovarian develop-
ment has not started (Warne and Kanumakala, 2002). Until gestational week 10,
ovarian development can be distinguished from testis development by the lack of
testicular structures. The primordial germ cells (PGC) migrate from the yolk sac
to the genital ridge, where the PGCs then become oogonia by entering into mitosis.
After division, oogonia enter meiosis (Hummitzsch et al., 2013). The dividing oo-
gonia, together with somatic cells, form ovarian cords, and later during develop-
ment, these two cell types develop into primordial follicles. The oocytes and fol-
licular epithelial granulosa cells develop from the oogonia and somatic cells, re-
spectively (Hummitzsch et al., 2013). Theca cells, which differentiate from the
mesenchymal cells of ovarian stroma, are corresponding counterparts of Leydig
cells (Magoffin, 2005).

The genes regulating and controlling ovarian development are less known than the
genes directing testicular development. One hypothesis suggest a two-stage regu-
latory process of development: expression of testis-inducing genes such as SOX-9
is p