
A
B
C
D
E
F
G

UNIVERS ITY OF OULU  P.O.B . 7500   F I -90014  UNIVERS ITY OF OULU F INLAND

A C T A  U N I V E R S I T A T I S  O U L U E N S I S

S E R I E S  E D I T O R S

SCIENTIAE RERUM NATURALIUM

HUMANIORA

TECHNICA

MEDICA

SCIENTIAE RERUM SOCIALIUM

SCRIPTA ACADEMICA

OECONOMICA

EDITOR IN CHIEF

PUBLICATIONS EDITOR

Professor Mikko Siponen

University Lecturer Elise Kärkkäinen

Professor Hannu Heusala

Professor Olli Vuolteenaho

Senior Researcher Eila Estola

Information officer Tiina Pistokoski

University Lecturer Seppo Eriksson

Professor Olli Vuolteenaho

Publications Editor Kirsti Nurkkala

ISBN 978-951-42-6346-0 (Paperback)
ISBN 978-951-42-6347-7 (PDF)
ISSN 0355-3221 (Print)
ISSN 1796-2234 (Online)

U N I V E R S I TAT I S  O U L U E N S I S

MEDICA

ACTA
D

D
 1080

AC
TA

M
inna Jääskeläinen

OULU 2010

D 1080

Minna Jääskeläinen

APOPTOSIS-REGULATING 
FACTORS IN DEVELOPING 
AND ADULT OVARIES

UNIVERSITY OF OULU,
FACULTY OF MEDICINE,
INSTITUTE OF CLINICAL MEDICINE,
DEPARTMENT OF OBSTETRICS AND GYNECOLOGY;
OULU UNIVERSITY HOSPITAL,
CLINICAL RESEARCH CENTER





A C T A  U N I V E R S I T A T I S  O U L U E N S I S
D  M e d i c a  1 0 8 0

MINNA JÄÄSKELÄINEN

APOPTOSIS-REGULATING FACTORS 
IN DEVELOPING AND ADULT 
OVARIES

Academic dissertation to be presented with the assent of
the Faculty of Medicine of the University of Oulu for
public defence in Auditorium 4 of Oulu University
Hospital, on 26 November 2010, at 12 noon

UNIVERSITY OF OULU, OULU 2010



Copyright © 2010
Acta Univ. Oul. D 1080, 2010

Supervised by
Doctor Tommi Vaskivuo
Professor Juha Tapananainen

Reviewed by
Professor Sari Mäkelä
Professor Olli Ritvos

ISBN 978-951-42-6346-0 (Paperback)
ISBN 978-951-42-6347-7 (PDF)
http://herkules.oulu.fi/isbn9789514263477/
ISSN 0355-3221 (Printed)
ISSN 1796-2234 (Online)
http://herkules.oulu.fi/issn03553221/

Cover Design
Raimo Ahonen

JUVENES PRINT
TAMPERE 2010



Jääskeläinen, Minna, Apoptosis-regulating factors in developing and adult ovaries
University of Oulu, Faculty of Medicine, Institute of Clinical Medicine, Department of
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Abstract
Apoptosis plays a crucial part in human ovarian function from fetal development to the end of
reproductive potential. Failures in the regulation of ovarian apoptosis are associated with many
pathological conditions such as premature ovarian insufficiency, infertility and cancer. The
purpose of the present study was to analyze the factors regulating cell survival in human fetal and
adult ovaries. 

The fetus is exposed to maternal- and placental-derived estrogens and insufficient estrogen
action has destructive effects on rodent ovarian development. We detected estrogen receptors and
estrogen-converting enzymes in human fetal ovaries after primordial follicle formation, indicating
that estrogens participate in human fetal ovarian development, especially after folliculogenesis. 

The WNT4 gene is crucial for female sexual differentiation, follicle formation and oocyte
survival. We detected WNT4 in follicular cells of fetal and adult human ovaries. In addition, Wnt4-
knockout mice demonstrated a dramatic loss of oocytes before birth. However, no changes were
detected in protein expression patterns of common apoptosis-related proteins. The results support
the possible role of WNT4 in human ovarian function and strengthen previous knowledge on the
antiapoptotic role of Wnt4. 

Apoptosis signaling is mediated by extracellular- and mitochondria-associated- pathways,
ending in caspase cascade activation and fragmentation of cellular structures. In the present study
we analyzed the expression of several apoptosis-related factors and detected TRAIL, TNF, Bcl-
XL, Bok and caspase-3 in human ovaries. In addition, TRAIL was found to be a potent and rapid
inducer of human granulosa tumor cell (KGN) apoptosis. Lentiviral downregulation of Bok or
Bcl-XL protein expression in KGN cells also resulted in significant changes in cell vulnerability
to apoptosis. The results show for the first time the spatiotemporal expression patterns of TRAIL,
TNF, Bcl-XL, Bok and caspase-3 in human ovaries and suggest an important functional role of
TRAIL, Bok and Bcl-XL in regulation of human ovarian apoptosis. 

The present study offers novel information on the expression and function of cell survival
factors in human ovaries. These new findings open possibilities for future clinical research in
attempts to understand and treat ovarian diseases caused by imbalanced regulatory pathways of
apoptosis. 

Keywords: TNF-related apoptosis-inducing ligand, Wnt proteins, apoptosis, caspase 3,
estrogens, granulosa cells, oocytes, ovary, proto-oncogen proteins c-Bcl-2, tumor
necrosis factor- alpha
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1 Introduction 

Human ovarian development starts around the 5th week of gestation, when germ 

cells enter the undifferentiated gonad (Sadler 1990). Female sexual differentiation 

was long thought to be the default mechanism in the absence of testis-determing 

factors. Today, however, there is accumulating evidence that several genes 

expressed in a sexually dimorphic pattern are crucial for ovarian development. 

Specifically, the signaling protein WNT4 has been shown to be a crucial factor in 

female sexual development. Lack of Wnt4 in mice leads to masculinization of the 

XX embryo and to abnormal ovaries with many testis resembling features and 

decreased oocyte number (Vainio et al. 1999, Heikkila et al. 2005). Similarly, 

human ovarian development and formation of reproductive organs are disturbed 

in the absence of a functional WNT4 gene (Biason-Lauber et al. 2004, Biason-

Lauber et al. 2007). 

Steroid hormones play a crucial role in fetal gonadal development and 

ovarian cell wellbeing. While testosterone has an important role in testicular 

formation and function, estrogen action is needed for normal ovarian 

development, follicle survival and regulation of female reproduction. The role of 

estrogens in female sexual development has been demonstrated in many studies 

utilizing mice lacking functional estrogen receptors or estrogen-converting 

enzymes (Krege et al. 1998, Couse et al. 1999, Schomberg et al. 1999, Britt et al. 

2001). However, the developmental role of estrogens in human fetal ovaries is not 

well known. 

In early stages of human ovarian development germ cells start multiple 

mitotic divisions to form approximately 7 million oocytes before midgestation 

(Baker 1963). Of these 1–2 million survive to birth and only 400 oocytes are 

ovulated during the female reproductive life-span. Hence, the vast majority of the 

germ cells formed in the fetal ovary undergo apoptosis (energy taking 

programmed cell death), leading to menopause by the time the follicle reserve is 

depleted. This process is crucial in ovarian physiology and is suggested to be a 

form of germ cell quality control. 

Increased knowledge of ovarian apoptosis regulatory pathways helps to 

understand better the mechanisms behind the biological hourglass limiting female 

reproductive potential. Specific information on the function and expression of 

apoptosis regulatory proteins is also needed for future clinical research to 

generate new treatments for ovarian diseases associated with abnormal regulation 

of apoptosis such as premature ovarian insufficiency, infertility or cancer. The 
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purpose of this study is to deepen the knowledge of molecular and hormonal 

mechanism regulating human ovarian development and function. Special interest 

is paid to apoptosis pathway proteins and their roles in oocyte and granulosa cell 

survival and death during human fetal and adult life.  
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2 Review of the literature 

2.1 Female sexual differentiation 

2.1.1 Gonadal development 

Gonadal development in mammals starts from bipotential gonads which then 

differentiate into ovaries or testes. In humans ovarian development starts at 

around the 5th week of gestation, when primordial germ cells migrate into the 

undifferentiated gonad. Thereafter, the germ cells undergo multiple mitotic 

divisions and the number of oogonia reaches its peak by the 20th week of 

development. At this time about 7–8 million germ cells are present in the ovary 

(Baker 1963). Simultaneously with mitotic divisions, starting around fetal age 11–

12 weeks, primordial germ cells begin to enter meiosis and are thereafter known 

as oocytes (Gondos et al. 1986, Fulton et al. 2005). After the 10th week of 

gestation granulosa cell precursors start to form and at 24 weeks of development 

almost all oocytes are enveloped in a primordial follicle structure (Fulton et al. 

2005, Hunt & Hassold 2008).  

The formation of male and female reproductive tracts is dependent on paired 

cord ducts called Wolffian (mesonephric) and Müllerian (paramesonephric) ducts, 

present in both sexes during early embryogenesis (Kobayashi & Behringer 2003, 

Hannema & Hughes 2007). Wolffian ducts are persistent in the male embryo and 

driven by testicular signals they form the epididymis, vas deferense and 

seminiferous tubules (Hannema & Hughes 2007). Developing testicles also 

express Müllerian inhibiting substance (MIS), which leads to regression of the 

Müllerian ducts. After the initiation of ovarian differentiation, due to the absence 

of testicular hormones, Wolffian ducts degenerate in the female embryo. 

Müllerian ducts develop to form the major part of the female reproductive tract: 

oviducts, uterus, cervix and upper part of the vagina (Kobayashi & Behringer 

2003). 

2.1.2 Female sex-determining factors 

Fetal sex is determined at the time of fertilization: an XY genotype leads to male 

and XX to female development (for review see Kocer et al. 2009). The main 

testicular development initiating factor is the Y-chromosome-located Sry -gene. In 
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mice, at approximately 11.5 dpc Sry starts a cascade of molecular events that 

drives morphological and functional changes in the gonad and leads to testicular 

formation. It was long thought that in the absence of testicular signals the ovarian 

lineage proceeds as a passive process. There is, however, increasing evidence that 

ovarian development is a carefully regulated event, requiring a complex 

molecular pathway and germ cell/somatic cell interaction. These pathways 

stimulate the ovarian differentiation cascade and at the same time suppress the 

expression of key proteins required in testicular development.  

The WNT4 (wingless type MMTV family member 4) signaling pathway has a 

central role in directing ovarian development. Mutations in WNT4 pathway genes 

cause serious defects in female sexual differentiation and finally a variable degree 

of female-to-male sex reversal (Table 1) (Vainio et al. 1999, Parma et al. 2006, 

Liu et al. 2009). The WNT4 pathway is stimulated by R-spondin homolog 1 

(RSPO1), regulating both WNT4 and β-catenin signaling (Figure 1) (Wei et al. 

2007). WNT4 binds to its cell surface receptor leading to β-catenin stabilization, 

followed by accumulation in the cytoplasm and enterance into the cell nucleus 

(Cadigan & Liu 2006). Nuclear β-catenin then acts as a transcriptional regulator 

of WNT4 and WNT4 downstream genes (Tomizuka et al. 2008, Edson et al. 2009). 

Furthermore, β-catenin prevents the effects of the Sry-related male differentiation 

enhancing protein SOX-9 (Figure 1) (Edson et al. 2009). 
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Table 1. The effects of mutations in WNT4 pathway genes in female sexual 

differentiation. 

RSPO1 WNT4 β-catenin Follistatin 

Ectopic formation of 

coelomic vessel 

Ectopic formation of 

coelomic vessel 

Ectopic formation of 

coelomic vessel 

Ectopic formation of 

coelomic vessel 

 

Loss of germ cells Loss of germ cells Loss of germ cells Loss of germ cells 

 

Degenerated Müllerian 

ducts and derivatives 

Degenerated Müllerian ducts 

and derivatives 

Maintenance of the 

Wolffian duct derivatives 

 

 

Ectopic testosterone 

production in the ovaries 

Secretion of testosterone 

and Müllerian-inhibiting 

substance 

Appearance of 

androgen-producing 

adrenal-like cells 

 

 

 Expression of Leydig and 

Sertoli cell markers 

 

  

Complete female-to-male 

sex reversal in humans 

Partial female-to-male sex 

reversal in humans 

 

  

Parma et al. 2006, 

Tomizuka et al. 2008  

Vainio et al. 1999,  

Heikkila et al. 2002 & 2005 

Biason-Lauber et al. 2004 & 

2007 

Manuylov et al. 2008, 

Liu et al. 2009  

Menke & Page 2002, 

Yao et al. 2004 

Fig. 1. Schematic presentation of the WNT4 signaling pathway. 
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WNT4 

Wnt4 is expressed in murine ovaries during fetal development (Vainio et al. 1999, 

Barrionuevo et al. 2006) and in neonatal and fertile life (Hsieh et al. 2002), while 

it is downregulated in the male gonad after the initiation of testicular 

differentiation (Vainio et al. 1999). A knockout mutation of the Wnt4 gene results 

in partial sex reversal of female mice. Wnt4-deficient ovaries are masculinized 

with testis-type vasculature, a round and unencapsulated form and they develop in 

close association with a fat body structure (Vainio et al. 1999). The ovaries of 

mutant mice also express many Leydig and Sertoli cell markers, and secrete 

testosterone and Müllerian-inhibiting substance (MIS), which are all typical 

features of testicular development (Heikkila et al. 2001, Heikkila et al. 2005). 

Furthermore, the sex cords in female mutant mice are abnormal with degenerated 

Müllerian ducts and persistent male type Wolffian ducts (Vainio et al. 1999). 

Consequently, Wnt4- mutant mice lack the Müllerian duct derivatives of the 

reproductive tract.  

Wnt4 has a crucial effect on germ cell survival and follicle formation in the 

ovary. Although the drift of primordial germ cells into the developing ovary and 

the initiation of meiosis do not differ from wild-type ovaries, remarkably low 

numbers of oocytes are present in Wnt4 mutant ovaries in newborn mice (Vainio 

et al. 1999). The most rapid depletion of oocytes in the absence of Wnt4 occurs at 

16.5 dpc, when more than 90% of germ cells become depleted (Yao et al. 2004). 

In addition, in mutant ovaries no proper follicle structure is formed (Vainio et al. 

1999).  

Women with loss-of-function mutation in the WNT4 gene demonstrate a 

phenotype resembling that of Wnt4-deficient mice. They exhibit severe 

developmental abnormalities in the reproductive system, with primary 

amenorrhea, androgen excess, regressed Müllerian duct derivatives and 

anomalous location of the ovaries (Biason-Lauber et al. 2004, Biason-Lauber et 

al. 2007). On the other hand, a duplication of the region encoding human WNT4 

causes XY male-to-female sex reversal (Jordan et al. 2001), further confirming 

the role of WNT4 in human female sexual differentiation. 

Germ cells and ovarian somatic cells in sex determination 

Testicular development is mainly coordinated by somatic Sertoli cells and is not 

dependent on germ cells (Merchant 1975). In contrast, oocytes play a crucial role 
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in regulating ovarian development and maintaining ovarian structure. Without 

germ cells no gonadal structure or follicles will be formed (McLaren 1984) and 

on the other hand, loss of oocytes after follicular formation leads to rapid follicle 

degeneration (Behringer et al. 1990, Hashimoto et al. 1990). Furthermore, 

interaction between oocytes and somatic cells is needed to prevent Sertoli cell 

differentiation and thus the loss of oocytes in female embryonic ovaries leads to 

partial masculinization of somatic cells (Behringer et al. 1990, Lyet et al. 1995, 

Heikkila et al. 2001).  

While testicular germ cells become arrested in a mitotic cell cycle, fetal 

ovarian germ cells are driven by an intrinsic clock to enter meiosis (McLaren 

1988, Edson et al. 2009). This event is essential in blocking testicular 

development and results in loss of the bipotential nature of the gonad (Yao et al. 

2003). After entering meiosis oocytes can no longer turn back to mitotic divisions 

and the primordial follicles starts to form.  

2.2 Follicle recruitment 

2.2.1 Follicle recruitment and maturation 

The resting follicle pool present in the ovaries of newborns consists of primordial 

germ cells enclosed by a single layer of spindle-shaped granulosa cells and basal 

lamina (Figure 2). From fetal life to menopause these primordial follicles are 

constantly and irreversibly recruited to the growing phase. Follicle maturation 

from a primordial to an ovulatory follicle can take several months and most of the 

recruited follicles die at some stage of this process (Gougeon 1996, Telfer & 

McLaughlin 2007). For successful follicle differentiation bi-directional cell 

communication between the oocyte and somatic cells is essential. Granulosa cells 

provide nutrients, growth factors, hormones and metabolic precursors for the 

oocyte and the maturing oocyte directs its own growth and follicular 

differentiation via cell-to-cell interactions and para- and autocrine signaling (Hutt 

& Albertini 2007). 

Follicle maturation starts with granulosa cells assuming a cuboidal shape and 

producing mucopolysaccharides to enclose the oocyte with a gelatinous halo, the 

zona pellucida. Concurrently the follicle is growing in size and is now called a 

primary follicle (Figure 2). The process continues with further cell proliferation 

creating several granulosa cell layers and in the secondary follicle stage the theca 
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layer is recruited to support follicle growth (Figure 2) (Hirshfield 1991). 

Simultaneously with somatic cell differentiation, oocyte diameter rapidly 

increases and the oocyte gains resources for further maturation and fertilization 

(Borini et al. 2005). Maturation of a follicle from the primordial to the secondary 

stage is mainly regulated by local growth factors and cell-to-cell interactions and 

no extra-ovarian hormonal stimuli are needed (Hutt & Albertini 2007). 

From the preantral stage onwards follicle differentiation is FSH-dependent. In 

early antral stages an extracellular fluid-filled cavity, the antrum is formed and the 

maturing oocyte is enclosed in a two to three layers of granulosa cells, a covering 

called the corona radiata (Figure 2). Throughout the antral period exponential 

growth occurs in follicular somatic cells and in the antral cavity and the oocyte 

acquires properties necessary for ovulation and successful fertilization (Hutt & 

Albertini 2007, Telfer & McLaughlin 2007). By this time follicles are 

increasingly dependent on growth factors and hormonal support and thus the 

highest frequency of follicle atresia occurs in antral stages of folliculogenesis 

(Pedersen 1970).  

Following a peak in LH secretion the fully matured oocyte is released at 

ovulation and the remaining follicular cells are luteinized to form a hormonally 

active corpus luteum (Figure 2). When there is no pregnancy the corpus luteum 

finally undergoes atresia.  

 

 
Fig. 2. Different stages of follicle maturation. Modified from Edson et al. 2009. 
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2.3 Hormones in ovarian development and function 

2.3.1 Fetal endocrine environment 

The fetal endocrine environment is controlled by the fetoplacental unit, sharing 

and integrating hormonal signals of fetal, placental and maternal origin (Merkatz 

& Solomon 1970).  

Fetal pituitary gonadotropins are secreted as early as at 12 weeks of gestation. 

Marked rises in the pituitary and plasma concentrations of FSH and LH are 

observed during the second trimester of gestation (Figure 3) (Faiman et al. 1976, 

Kaplan & Grumbach 1978) and significantly higher levels of circulating 

gonadotropins are detected in female than in male fetuses (Winter et al. 1977). In 

late gestation the hypothalamic-pituitary-gonadal axis becomes more responsive 

to feedback mechanisms and thus placental estrogens and progestins cause a 

dramatic decrease in fetal plasma gonadotropin concentrations (Kaplan & 

Grumbach 1978). In fetal ovaries, granulosa cell recruitment and follicle 

formation follow the mid-gestational peak in LH and FSH levels (Figure 3) and 

on the other hand, rapid follicle depletion occurs after the decrease in 

gonadotropin concentrations (Figure 3) (Winter et al. 1977). Hence, it has been 

suggested that pituitary hormones play a regulatory role in fetal follicle 

development and survival (Winter et al. 1977, Kaplan & Grumbach 1978). In 

support of this decreased follicle numbers are observed in anencephalic fetuses 

(Kaplan & Grumbach 1978).  
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Fig. 3. LH and FSH serum levels in relation to total number of germ cells in human 

fetal ovaries. Modified from Kaplan & Grumbach 1978. 

During pregnancy the fetus is exposed to high concentrations of maternal and 

placental estrogens (Diczfalusy 1963) and estrogens are produced in several fetal 

tissues (Gurpide et al. 1966, George & Wilson 1978). However, minimal amounts 

of fetal circulating estrogens are produced in the embryonic ovarian follicles 

(Winter et al. 1977). While estrogens are not essential for female sexual 

differentiation during embryogenesis (France & Liggins 1969), they have been 

suggested to play a supportive role in primordial follicle survival and 

differentiation in fetal ovaries (George & Wilson 1978, Wilson et al. 1981, 

Zachos et al. 2002).  

Large amounts of progesterone are produced during pregnancy, first in the 

corpus luteum and later in the placenta. Progesterone has an important role in 

embryo implantation and maintenance of pregnancy (Kaplan & Grumbach 1978) 

and it serves as a precursor of mineralo- and glucocorticoids produced in fetal 

adrenals (Villee 1969). 
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2.3.2 Puberty and fertile life 

From birth to puberty ovarian hormone production is quiescent although some 

oocytes are constantly being recruited to the growing phase and the germ cell 

reserve decreases. In girls the onset of puberty occurs at around 9–13 years of age. 

During puberty the maturing hypothalamic-pituitary-gonadal axis stimulates 

increased GnRH secretory pulses and a marked rise in serum gonadotropin 

concentrations is detected. The gonadotropin stimulus then promotes cyclic 

hormone production in the ovaries initializing follicular maturation and 

acquirement of full reproductive potential.  

The two-cell two-gonadotropin model is used to describe ovarian 

steroidogenesis by theca and granulosa cells of growing follicles (Figure 4). 

Under the influence of LH, theca cells metabolize cholesterol to progesterone and 

androgens. Thecal androgens are then transported to granulosa cells in which they 

are aromatized to estrogens, a process that is induced by FSH (Hsueh et al. 1984, 

Drummond 2006). Finally, estrogens play a part in a negative feedback loop to 

the hypothalamus and pituitary, attenuating the ovary-stimulating effect of 

gonadotropins (Figure 4). 

At around 50 years of age, the follicular reserve runs out and menstrual 

cycles become irregular and stop. Simultaneously, ovarian hormonal activity 

fades and consequently, before menopause, a dramatic decrease in circulating 

estrogen levels and an increase in gonadotropin concentrations is detected (Burger 

1999). 

Fig. 4. The two-cell two-gonadotropin model. 
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2.3.3 Estrogen action in folliculogenesis 

Estrogen receptors 

Estrogens act as transcriptional regulators of gene expression mediating their 

effects through estrogen receptors α (Green et al. 1986) and β (Kuiper et al. 1996). 

Estrogen receptors (ERs) are encoded by separate genes and share highly 

homologous DNA binding domains, but only 55% amino acid identity in their 

ligand binding domains (Kuiper et al. 1996, Kuiper et al. 1997). The expression 

profiles of the two receptors also differ, ERβ being dominant in the human ovary 

(Brandenberger et al. 1997, Drummond et al. 1999, Gustafsson 1999).  

Estrogen receptor α is expressed in oocytes, in granulosa and theca cells of 

pre-antral and antral follicles and in stromal cells of adult human ovaries 

(Saunders et al. 2000, Drummond et al. 2002, Drummond & Fuller 2009). In rats 

it is present in the theca interna, interstitial tissues and germinal epithelium of the 

ovary (Pelletier et al. 2000). It is also expressed in human fetal ovaries 

(Brandenberger et al. 1997, Gould et al. 2000). In ovaries of ERα knockout 

mouse (αERKO) Leydig cell-like structures have been detected (Couse et al. 

2006) and αERKO mice are infertile as a result of follicular arrest and 

anovulation (Lubahn et al. 1993, Schomberg et al. 1999). However, 

gonadotropin-treated αERKO mice ovulate and they have a functional corpus 

luteum, indicating that folliculogenesis and ovulation can also occur in the 

absence of ERα (Rosenfeld et al. 2000). Estrogen receptor mutations in humans 

are rare and possibly lethal. A single case report of a man with a distruption in the 

estrogen receptor gene has been published. He demonstrated estrogen resistance 

and consequently impaired glucose tolerance and disturbed bone maturation and 

mineralization leading to prolonged long bone growth into adulthood (Smith et al. 

1994). 

Estogen receptor β is highly expressed in different cellular compartments of 

the human ovary, being present at least in oocytes, granulosa cells, theca cells and 

corpora lutea (Drummond & Fuller 2009). It has also been detected in human 

fetal ovaries (Brandenberger et al. 1997, Gould et al. 2000). In mouse ovary ERβ 

participates in antrum formation, preovulatory follicle maturation and follicle 

rupture (Emmen et al. 2005). Deletion of the mouse ERβ gene results in small 

ovaries with partly arrested folliculogenesis, and markedly compromised fertility 

(Krege et al. 1998).  
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Neither one of the estrogen receptors have been shown to be essential for 

folliculogenesis in the αERKO and βERKO models. Thus, double estrogen 

receptor knock-out (αβERKO) mice have been created to further analyze the role 

of estrogen receptors in female reproduction (Couse et al. 1999, Dupont et al. 

2000). In these mice ER-mediated estrogen signaling is blocked, which leads to 

dramatic changes in the female sexual characteristics and finally to postnatal 

female-to-male sex reversal (Couse et al. 1999). In prepubertal αβERKO ovaries 

precocious maturation of the ovaries (Couse et al. 1999) and abnormal follicles 

with low granulosa cell numbers are detected (Dupont et al. 2000). In ovaries of 

adult αβERKO mice Sertoli-like cells, tubular structures and a scarce number of 

degenerating oocytes are detected. No corpora lutea have been observed and no 

ovulation occurs, and thus these double knockout mice are infertile (Couse et al. 

1999, Dupont et al. 2000). The striking effects of receptor mutations reflect the 

critical role of estrogen and both of its receptor types in ovarian differentiation 

and fertility.  

Estrogen-metabolizing enzymes 

Local estrogen concentrations in human ovaries are regulated by estrogen- 

metabolizing enzymes. Aromatase is essential in FSH-stimulated conversion of 

androgens to estrogens in granulosa cells (Figures 4 and 5) and lack of functional 

aromatase results in non-detectable serum estrogen levels and dysfunctional 

ovaries (Britt et al. 2001). In addition to aromatase, hydroxysteroid (17B) 

dehydrogenases (HSD17Bs) play a crucial role in estrogen action by modulating 

the biological potency of sex steroids in target tissues (Adamski & Jakob 2001). 

So far, fourteen isoforms of HSD17Bs have been characterized, with differential 

expression patterns and substrate binding affinities (Prehn et al. 2009). HSD17B 

type1 participates in estrogen metabolism by converting estrone into the more 

active estradiol (Poutanen et al. 1993) (Figure 5). In addition to its estrogen-

converting function, HSD17B1 can bind androstenedione and convert it to 

testosterone (Saloniemi et al. 2007, Saloniemi et al. 2008). HSD17B1 is strongly 

expressed in human granulosa cells of growing follicles and it is suggested to 

participate in maintaining a sufficient follicular estradiol concentration during 

follicle maturation (Sawetawan et al. 1994). HSD17B type 2 on the other hand, 

converts estradiol into the biologically less potent estrone (Wu et al. 1993) 

(Figure 5). HSD17B2 is widely expressed in many human tissues (Sano et al. 

2001, Dassen et al. 2007, Li et al. 2009), but the ovarian expression pattern is not 
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known. Because of its diffuse presentation and its capability to inactivate sex 

steroids, HSD17B2 has been suggested to have a tissue-protective role against 

excess estrogen effects (Peltoketo et al. 1999). HSD17B type 7 co-operates with 

HSD17B1 (Figure 5) to increase estrogen signaling (Torn et al. 2003). It is 

present in mouse luteal cells and is thought to be responsible for estradiol 

synthesis in the corpus luteum (Nokelainen et al. 1996, Nokelainen et al. 2000). 

The expression of HSD17B7 in human ovarian cells is not known. 

Fig. 5. The action of estrogen-metabolizing enzymes aromatase and HSD17B types -1, 

-2 and -7. 

Estrogen effect 

Estrogens participate in ovarian function by stimulating the proliferation of 

granulosa cells, facilitating the induction of follicular LH, FSH and prolactin 

receptors and increasing the gap-junctional communication among granulosa cells 

(Drummond & Findlay 1999). Follicles are capable of producing estrogens from 

the late preantral stage onwards, but follicles in earlier stages of differentiation are 

also responsive to local estrogens. Studies on estrogen receptor and aromatase 

knockout mice support an essential role of estrogen in late antral follicular 

maturation and ovulation (Couse et al. 1999, Dupont et al. 2000, Britt et al. 2001), 

while in early follicular differentiation estrogens have only a facilitating function 

by inducing granulosa cell proliferation and reducing follicular atresia (Payne & 

Hellbaum 1955). 
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2.4 Apoptosis  

Apoptosis is a crucial phenomenon during development, in renewal of the tissues 

and in maintenance of cellular homeostasis. By means of apoptosis unneeded, 

aged or damaged cells are eliminated without the initiation of destructive 

inflammatory processes (Danial & Korsmeyer 2004). Because of its physiological 

importance, apoptosis is tightly regulated and various pathological conditions 

such as developmental defects, autoimmune diseases and cancer result from 

failures in this complex regulatory network (Thompson 1995). 

Suicidal events in a cell can be triggered by many extra- or intracellular 

events such as lack of hormonal support, deprivation of growth factors, oxidative 

stress or DNA damage (Morita & Tilly 1999). Cells lacking the support of 

neighboring cells are also destined to undergo apoptosis. In contrast to necrosis, 

in which cells swell and burst their contents into the surrounding area, apoptosis 

is highly controlled event following a typical scheme. A cell about to undergo 

apoptosis first becomes detached from neighboring cells. The apoptotic cell then 

shrink and chromatin condensation and DNA cleavage are observed. Thereafter, 

fragmentation and dissolution of the cell nucleus is followed by apoptotic body 

formation. Finally, macrophages or the surrounding cells recognize the apoptotic 

bodies and they are eliminated by phagocytosis before any leakage of the contents. 

(Fadok et al. 1992, Rich et al. 1999.)  

Apoptotic signals are mediated through two main apoptosis pathways: 

extracellular- (death receptor-) and intracellular (mitochondria associated-) 

pathways (Figure 6). These pathways show interplay with significant crosstalk 

and biofeedback occurring between them (Khosravi-Far & Esposti 2004). Death 

signals finally converge into an evolutionarily conserved caspase cascade 

pathway and apoptotic degradation of the cell (Ellis et al. 1991).  
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Fig. 6. Extracellular and intracellular apoptosis pathways. 

2.4.1 Cell extrinsic apoptosis pathway 

The cell extrinsic pathway is operated by the tumor necrosis factor (TNF) 

superfamily of proteins which bind to specific death receptors located on the cell 

membrane (Figure 6). The TNF- family consists of type-II transmembrane 

proteins (death ligands) first identified as regulators of the immune system. The 

most characterized TNF- family members are tumor necrosis factor (TNF) itself, 

FAS-ligand (FAS-L) and tumor necrosis factor related apoptosis inducing ligand 

(TRAIL). (Wallach et al. 2008.) 
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FAS-L 

Fas-L mediates its effects by binding to its specific receptor Fas (Pitti et al. 1998) 

and receptor isoforms lacking transmembrane or death domains modulate its 

effects (Cheng et al. 1994, Nagata & Golstein 1995, Cascino et al. 1996). The Fas 

pathway is predominantly associated with its apoptosis-inducing function but it 

also has some apoptosis independent effects (Siegel et al. 2000, Badorff et al. 

2002). 

The Fas-L-Fas system is the most characterized regulator of ovarian 

apoptosis, having a crucial role in regulating follicular atresia. Expression of Fas-

L and Fas is elevated in granulosa and theca cells of atretic follicles (Inoue et al. 

2006) and receptor-ligand activation culminates in caspase-mediated apoptosis 

and follicular atresia (Porter et al. 2000, Vickers et al. 2000). On the other hand, 

an increased number of oocytes and enhanced development of follicles is detected 

in Fas-deficient mouse ovaries (Moniruzzaman et al. 2007). 

TNF 

Tumor necrosis factor is a cytokine mediating a variety of cytotoxic, 

inflammatory and growth inhibitory/stimulatory effects in different cell types, 

including human ovarian cells (Adashi et al. 1990, Roby et al. 1990, Zolti et al. 

1990, Naz et al. 1997). The effect of TNF is mediated by two distinct membrane 

receptors, TNFRI and TNFR2 (Dembic et al. 1990, Loetscher et al. 1990, Smith 

et al. 1990), and excess TNF action is inhibited by soluble receptors incapable of 

signal transmission to the cell (Fernandez-Botran 1991). 

In human tissues TNF is expressed in oocytes of all follicular stages, 

granulosa cells of maturing antral and atretic follicles and in corpora lutea (Roby 

et al. 1990, Kondo et al. 1995). In addition, human adult follicular cells, oocytes 

and 6- to 8-cell embryos secrete TNF in a para/autocine manner (Roby et al. 1990, 

Zolti et al. 1991). Essential for TNF function, also TNF receptors are present in 

oocytes and in granulosa and theca cells of mammalian ovaries (Naz et al. 1997, 

Marcinkiewicz et al. 2002).  

The participation of TNF in ovarian function has been demonstrated in vitro, 

indicating a role in the follicular gonadotropin response and hormone production 

(Roby & Terranova 1988, Adashi et al. 1990), morphological differentiation of 

theca cells (Zachow et al. 1992), oocyte and granulosa cell apoptosis 
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(Marcinkiewicz et al. 2002, Sasson et al. 2002) and ovulation (Brannstrom et al. 

1995). 

TRAIL 

The apoptosis-inducing TRAIL signal is mediated through death receptors 4 and 5 

(DR4, DR5) which contain an intracellular death domain needed for apoptosis 

pathway activation (Wiley et al. 1995, Marsters et al. 1996, Screaton et al. 1997, 

Walczak et al. 1997). In addition, three decoy receptors (DcRs) with a deficient or 

missing intracellular death domain modify the signals induced by TRAIL 

(Marsters et al. 1997, Pan et al. 1997). The functions of decoy receptors are 

debated but they are thought to act as apoptosis-inhibiting factors by binding 

TRAIL without the ability to transfer the apoptotic signal to the cell (LeBlanc & 

Ashkenazi 2003). Decoy receptors can also alter death receptor affinity to their 

ligands (Clancy et al. 2005). Similarly to other TNF family members, TRAIL has 

functions other than apoptosis regulation, such as in immune surveillance 

(Daniels et al. 2005), lymphocyte proliferation (Chou et al. 2001), prevention of 

autoimmunity (Song et al. 2000), control of hematopoiesis (Zamai et al. 2000) 

and regulation of endothelial cell physiology (Secchiero et al. 2004). 

TRAIL is known to be expressed in many human tissues, such as 

myometrium, prostate and lung (Daniels et al. 2005). TRAIL, DR4 and DR5 

mRNA are also present in human adult ovaries (Wiley et al. 1995, Marsters et al. 

1996, Screaton et al. 1997, Walczak et al. 1997). Furthermore, TRAIL has been 

shown to induce apoptosis in cells originating from human granulosa cell tumor 

(Woods et al. 2008a, Woods et al. 2008b).  

Mediating the extracellular death signal  

The apoptotic signal induced by the TNF family ligands and their receptors 

initiates a cascade of events resulting eventually in apoptosis (Figure 6). Ligand-

receptor interaction causes activation of the intracellular tail of the receptor called 

the “death domain” (DD) and the receptors reorganize to form clusters. Adaptor 

proteins then bind the DDs in order to recruit procaspase-8 and/or 10, forming an 

intracellular multiprotein complex called DISC (death inducing signaling 

complex) (Kischkel et al. 1995) (Figure 6). Formation of DISC results in 

autoproteolytic processing of the procaspases into their activated forms (Yang et 

al. 1998). Depending on the cell type, apoptosis is then induced by direct 
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activation of the executioner caspases, or the cell death signal is enhanced 

through recruitment of a mitochondria-dependent pathway (Figure 6) primarily by 

cleavage of the proapoptotic Bcl-2 family member Bid (Li et al. 1998a, Luo et al. 

1998, Scaffidi et al. 1998).  

2.4.2 Mitochondria-associated apoptosis pathway 

The mitochondria-associated apoptosis pathway operates through the highly 

conserved Bcl-2 family, consisting of anti- and proapoptotic proteins operating 

mainly on the mitochondrial membrane. Based on the function and molecular 

structure of the proteins the Bcl-2 family can be divided into three subgroups. 

Antiapoptotic Bcl-2 members typically share four Bcl-2 homology (BH) domains, 

while the proapoptotic proteins are either multidomain-containing or share only 

the BH3 domain, with an otherwise diverse structure (Huang & Strasser 2000, 

Gustafsson & Gottlieb 2007) (Figure 7).  

In contrast to the cell extrinsic pathway requiring specific ligand-receptor 

binding, induction of mitochondria-mediated apoptosis can be brought about by 

various non-specific stress stimuli such as oxidative stress, hypoxia, radiation, 

chemotherapeutic agents and DNA damage (Kroemer 2003). Bcl-2 family protein 

activation is regulated at the gene expression level or it can be modified by 

caspase-mediated cleavage or phosphorylation of the anti- or proapoptotic 

members (Li et al. 1998a, Luo et al. 1998). Activation of this cell intrinsic 

pathway is also regulated by many factors produced in the cell, e.g. transcription 

factor p53 and nuclear proteins TR3 and Histone 1.2 (Movassagh & Foo 2008). 

The balance between the differentially operating Bcl-2 proteins finally determines 

the fate of the cell survival or depletion through apoptosis. 

Many Bcl-2 family members have been shown to be important for ovarian 

cell survival. Mice deficient in proapoptotic Bax show a normal phenotype at 

birth, but during fertile life a markedly increased number of oocytes is observed 

and these mice show preserved fertility in to an advanced chronological age 

(Perez et al. 1999). On the other hand, a decreased primordial follicle pool 

resulting from attrition of germ cells is observed in Bcl-2 knockout mice (Ratts et 

al.1995). 
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Fig. 7. Schematic structure of Bcl-2 family proteins modified from Gustafsson & 

Gottlieb 2007. BH: Bcl-2 homology domain, TM: Transmembrane domain. 

Bok 

The Bcl-2 family member Bok (Bcl-2-related ovarian killer), is a proapoptotic 

mitochondrial pore-forming factor (Adams & Cory 1998). It consists of three BH-

domains (1, 2 and 3) but lacks the BH4 domain typically present in antiapoptotic 

Bcl-2 family proteins (Fig. 7). To enhance apoptosis signals Bok forms 

heterodimers with its antiapoptotic relatives (Mcl-1, BHRF1 and Bfl-1) (Hsu et al. 

1997). However, its apoptosis-inducing effect can also be mediated in a 

heterodimerization-independent manner, since a splicing variant of Bok (S-Bok), 

which has lost its capability to form heterodimers, retains its proapoptotic 

function (Hsu & Hsueh 1998). Bok differs from other Bcl-2 proteins by having a 

nuclear export signal in its BH3 domain, enabling it to transfer to the nucleus. The 

nuclear localization of Bok is suggested to be needed for its apoptosis-inducing 

effect (Bartholomeusz et al. 2006). Another special feature of Bok is its 

expression pattern, being detected mainly in hormonally regulated reproductive 

tissues, particularly the ovary, uterus and testis (Hsu et al. 1997, Suominen et al. 

2001). In rat ovaries Bok is located in granulosa cells of primordial to antral 

follicles (Hsu et al. 1997) and it has also been detected in human follicular cells 

(Gao et al. 2005). However, the exact localization pattern and role of Bok in 

human ovaries is not known.  

Bcl-XL 

The structure of Bcl-XL resembles that of other antiapoptotic members of the Bcl-

2 family having four BH domains, including BH4 which is vital for the 

antiapoptotic effect of the protein (Figure 7) (Chao & Korsmeyer 1998). Bcl-XL is 
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essential for mammalian cell survival and Bcl-XL–deficient mice die in early 

stages of development (before 11.5 days post coitum). A marked loss in oocyte 

count can already be detected at this stage of development (Watanabe et al. 1997). 

Massive oocyte apoptosis is also observed in developing ovaries with targeted 

inactivation of Bcl-XL (Rucker et al. 2000). Furthermore, adult Bcl-XL 

hypomorphic ovaries demonstrate a significantly decreased primordial follicle 

pool and severely impaired fertility when compared with those in wild-type mice 

(Rucker et al. 2000). Human adult ovarian tissue and granulosa-luteal cells from 

patients undergoing fertility treatments express Bcl-XL mRNA (Kugu et al. 1998). 

However, the exact cellular localization and function of Bcl-XL in human ovaries 

during fetal development and fertile life is not well characterized.  

Activation of the mitochondria-mediated apoptosis pathway 

Apoptosis induction by Bcl-2 family members leads to alterations in the outer 

mitochondrial membrane, and increased permeability allows mitochondrial 

proteins, such as cytochrome-c, to be released into the cytoplasm (Kluck et al. 

1997, Green & Reed 1998) (Figure 6). Cytochrome-c is needed for activation of 

apoptosis protease-activating factor-1 (Apaf-1) and following conformational 

changes in Apaf-1 leads to its oligomerization and formation of an apoptosome 

complex (Li et al. 1997) (Figure 6). The apoptosome operates as a platform for 

caspase-9 recruitment and autocleavage which in turn activates other effector 

caspases and finally initiates the caspase cascade and apoptotic breakdown of the 

cell (Cain et al. 2002, Baliga & Kumar 2003) (Figure 6). 

2.4.3 Caspases 

Caspases (cysteinyl, aspartate-spesific proteases) are a family of cysteine 

proteases with a central role in initiation and execution of apoptosis. All caspases 

are synthesized as precursors “procaspases” with low catalytic activity and they 

are activated through zymogen cleavage in a carefully controlled autoactivation 

process. Caspases are divided into three differentially operating groups: 

inflammatory caspases (such as caspase-1, -4, -5, -11, -12, -13 and -14), initiator 

caspases (such as caspase-2, -8, -9 and -10) and effector caspases (such as 

caspase-3, -6 and -7) (Thornberry & Lazebnik 1998, Jin & El-Deiry 2005). 

Caspase targets are other downstream caspases and proteins participating in 

apoptosis regulation (e.g. Bcl-2) (Cheng et al. 1997) or cell structure maintenance 
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(e.g. nuclease inhibitors and cytoskeletal regulators) (Wen et al. 1997, Enari et al. 

1998). Caspase cascade activation is responsible for proteolytic cleavage of 

protein substrates, nuclease activation and DNA degradation before elimination of 

the cell contents by macrophages or neighboring cells.  

Several caspase knockout models have revealed tissue-specific functions of 

these proteases (Zheng et al. 1999) and also demonstrated important roles of 

caspases in ovarian development and function. Specifically, caspases -2 (Bergeron 

et al. 1998), -3 (Matikainen et al. 2001), -6 (Johnson & Bridgham 2000), -7 

(Matikainen et al. 2001, Yacobi et al. 2004), -8 (Peluffo et al. 2006), -9 (Matsui et 

al. 2003, Peluffo et al. 2006) and -12 (Takai et al. 2007) have previously been 

detected in ovarian cells. 

Deficiency of the initiator caspase-2 results in excess number of oocytes 

which are resistant to anticancer drug-induced apoptosis (Bergeron et al. 1998). 

On the other hand, antral follicle atresia and granulosa cell apoptosis are not 

affected by caspase-2 mutation (Matikainen et al. 2001) indicating that caspase-2 

is pivotal only in germ cell- but not in granulosa cell apoptosis in mouse ovaries.  

Normal size and structure of the follicle pool is detected in caspase-3- 

deficient mice shortly after birth and in young adult animals (Matikainen et al. 

2001), suggesting that caspase-3 is not essential for oocyte apoptosis. However, 

delayed granulosa cell death and increased ovulatory rates in response to 

gonadotropin treatments have been detected in caspase-3-deficient ovaries 

(Matikainen et al. 2001). 

Although caspase-12 is mainly thought to participate in inflammatory 

responses (Thornberry & Lazebnik 1998), caspase-12-deficient oocytes show 

markedly decreased responses to cell extrinsic apoptosis-inducing stimuli when 

compared with wild-type oocytes (Takai et al. 2007). Furthermore, in caspase-2 

and -3 double knockout oocytes upregulation of caspase-12 is detected, possibly 

taking the responsibility for apoptotic events in these cells. Caspase-2 and -3 

double knockout germ cells show increased viability in response to events 

affecting the cells’ metabolic stage, while due to the caspase-12 upregulation the 

same cells are more vulnerable to DNA-damaging agents when compared with 

wild-type oocytes (Takai et al. 2007).  

2.4.4 Regulatory factors in apoptosis pathways 

The caspase cascade leads to irreversible protein degradation and cell death and 

strict control is needed to prevent unwanted cell destruction. Thus, caspases need 
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to counteract various pro-survival factors to initiate the apoptotic process. A 

family of evolutionarily conserved inhibitors of apoptosis (IAP proteins) is a 

group of proteins binding to (pro)caspases and they endogenously inhibit 

proteolytic activity of caspases (Deveraux & Reed 1999) (Figure 6). IAPs have 

been shown to specifically bind and inactivate caspases -3, -7 and -9 at least. 

Although they do not directly bind caspase-8, a crucial mediator of the 

extracellular apoptosis pathway, the downstream effects of caspase-8 can be 

blocked by IAPs via inactivation of caspase-3 (Deveraux et al. 1998). Spesifically, 

an IAP protein named X-linked inhibitor of apoptosis (Xiap) is a very potent 

caspase inhibitor in mammals (Deveraux et al. 1997) and it has been shown to 

participate in regulation of ovarian cell survival. In cultured rat ovarian cells 

increased Xiap expression reduces apoptosis and promotes follicular growth 

(Wang et al. 2003). Furthermore, Xiap has been suggested to regulate 

gonadotropin-regulated follicle selection by protecting granulosa cells from 

apoptotis (Li et al. 1998a, Cheng et al. 2008).  

The survival effect of IAPs is inhibited by a group of IAP antagonists, 

Smac/DIABLO (Du et al. 2000), HtrA2/Omi (Suzuki et al. 2001) and 

GSPT1/eRF3 (Hegde et al. 2003), which enter the cell cytoplasm simultaneously 

with cytochrome-c release (Figure 6). These proteins promote cytochrome-c-

dependent cell death by binding IAPs, thus preventing them from inactivating 

caspases (Jin & El-Deiry 2005). Furthermore, mitochondria releases apoptosis-

inducing factor (AIF) (Figure 6), which then translocates to the nucleus and 

induces chromatin condensation, DNA -fragmentation and eventually caspase-

independent cell death (Susin et al. 1996, Susin et al. 2000).  

2.5 Apoptosis in the ovary 

2.5.1 Ovarian apoptosis during fetal development 

During the first few weeks of ovarian differentiation, immature oocytes (oogonia) 

undergo multiple mitotic divisions. The number of germ cells reaches its peak 

near midpregnancy, when mitotic divisions are accompanied by meiosis and 

atresia. The highest rate of apoptosis is observed between 14 and 28 weeks of 

gestation and takes place mainly in oogonia and oocytes. During this period as 

much as 80% of the oocytes are destined to undergo apoptosis (Baker 1963, 

Vaskivuo et al. 2001), resulting in loss of oocytes from 7 million near 
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midpregnancy to approximately 1–2 million by the time of birth (Figure 8). The 

large number of oocytes during fetal development is thought to reflect one aspect 

of quality control: only the good eggs are selected to survive (Krakauer & Mira 

1999). 

Fig. 8. The number of oocytes in human ovaries during a woman’s life span from fetal 

life to menopause. 

2.5.2 Cell depletion in adult ovaries 

Follicular atresia is a continuous and irreversible process occurring throughout 

fertile life until the follicle pool is exhausted and reproductive potential ceases 

(Figure 8). While oocytes are the main site of apoptosis in fetal ovaries, granulosa 

cell death dominates during fertile life (Vaskivuo & Tapanainen 2003, Hussein 

2005). In adult ovaries oocyte wellbeing predicts the fate of resting follicles and 

follicles in their early stages of development (Morita & Tilly 1999). As follicle 

size and susceptibility to atresia increase, granulosa cell survival becomes more 

important (Orisaka et al. 2006). Follicles in their growing phase are dependent on 

granulosa cell number and their capability to support follicular growth (Rolaki et 

al. 2005). Thus, granulosa cell apoptosis is an important factor predicting growing 

antral follicle atresia. Granulosa cell atresia is also the main mechanism behind 

corpus luteum regression (Vaskivuo et al. 2001, Rolaki et al. 2005). 
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2.5.3 Survival factors 

Cell killing machinery is constantly operating in the human ovary and most 

follicles die during folliculogenesis. Selected follicles, however, evade atresia and 

ovulate. Successful folliculogenesis is dependent on hormonal support and growth 

factors protecting the ovarian cells from apoptosis (Billig et al. 1996, Chun & 

Hsueh 1998, Sasson et al. 2002, Markström et al. 2002). 

Follicular cell death is highly dependent on hormonal status of the ovary. 

During fetal development follicle survival to postnatal life is possibly regulated 

by the follicle response to pituitary hormonal support (Winter et al. 1977). In 

adult ovaries LH, FSH and growth hormone enhance follicular growth and protect 

the maturing follicles from apoptosis (Bergh et al. 1991, Billig et al. 1994, Chun 

et al. 1994, Eisenhauer et al. 1995, Chun et al. 1996) and as follicle 

differentiation proceeds, gonadotropin support becomes vital (Chun et al. 1996, 

McGee & Hsueh 2000, Orisaka et al. 2006). On the other hand, gonadotropin 

releasing hormone (GnRH) has been shown to induce apoptosis in rat granulosa 

cells (Billig et al. 1994). Steroid hormones also play an essential role in ovarian 

apoptosis. Androgens increase and estrogens and progesterone decrease the 

vulnerability of follicular cells to apoptotic signals (Billig et al. 1993, Peluso & 

Pappalardo 1994, Quirk et al. 2006). The importance of steroid hormones in 

ovarian cell survival is supported by the fact that follicles selected for growth and 

ovulation have an increased capacity to produce estrogens (Mihm et al. 2000) and, 

on the other hand, a decrease in follicular estrogen concentration is suggested to 

be the initiating signal for a growing follicle to undergo atresia (Dhanasekaran & 

Moudgal 1989).  

Many growth factors such as insulin-like growth factor-1 (IGF-1), basic 

fibroblast growth factor (bFGF), epidermal growth factor (EGF), transforming 

growth factor α (TGFα) (Tilly et al. 1992, Chun et al. 1994) and growth 

differentiation factor 9 (GDF-9) (Orisaka et al. 2006) are expressed in ovarian 

cells and operate as survival factors, protecting the follicular cells from apoptosis 

(for review see Billig et al. 1996). In addition, other intragonadal factors such as 

IL-1β and nitric oxide can suppress granulosa cell apoptosis (Chun et al. 1995). 
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3 Aims of the study 

Apoptosis has a crucial role in the regulation of ovarian development and function. 

From approximately eight million oocytes, only 400 will be ovulated during 

fertile life and the rest are destined to undergo atresia by the mechanism of 

apoptosis. Ovarian apoptosis occurs mainly in the oocytes and follicular 

granulosa cells. Oocyte apoptosis dominates during fetal life and in early 

follicular stages, while granulosa cell apoptosis is more important in growing 

follicles and in the corpus luteum.  

Even though accumulating data on apoptosis regulatory mechanisms have 

been obtained in several mammalian species, the precise roles of many apoptosis 

signaling factors in human ovaries is still largely unknown. The aim of this work 

was to study human ovarian development and function, and specifically, factors 

affecting follicular cell survival.  

The detailed aims of this study were: 

1. To investigate the expression of estrogen receptors and estrogen-converting 

enzymes in human fetal ovaries. 

2. To evaluate the expression of WNT4 and its possible role in regulating 

ovarian cell death in fetal and adult ovaries. 

3. To utilize new functional in vitro tools to study regulatory mechanisms of 

apoptosis in human ovarian cells. 

4. To explore the participation of cell extrinsic and -intrinsic apoptosis-

regulating factors in human ovarian apoptosis. 
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4 Materials and methods 

4.1 Materials 

4.1.1 Human tissues 

A total of 42 fetal ovarian tissue samples were obtained from 27 fetuses (aged 12–

23 wk) after spontaneous or therapeutic abortion and from 15 fetuses (aged 22–41 

wk) after intrauterine death followed by spontaneous or induced delivery or 

cesarean section. In addition, ovaries from 16 neonates who died because of 

perinatal asphyxia or infection within 15 min–7 days after birth were studied. All 

fetuses and neonates had normal karyotypes. Adult ovarian tissues were obtained 

from 20 patients undergoing ovariectomy because of endometriosis. Human 

endometrium, testis and adrenal glands were used as control tissues.  

The fetuses and neonates were stored at + 4 °C until autopsy. Autopsies were 

performed as soon as possible and within 24 hours of abortion or delivery. All 

samples were fixed in 10% phosphate-buffered neutral formalin. The formalin 

fixation time for ovarian tissue of fetuses less than 22 weeks of gestational age 

and for the ovarian tissue samples of adults was 24 hours. The fixation time was 7 

days for ovarian tissue removed from neonates and from fetuses older than 22 

gestational weeks. After fixation the samples were routinely processed (tissue 

processor Leica ASP 300) and embedded in paraffin. Histological sections (4 μm) 

were cut and processed for immunohistochemistry, apoptosis in situ 3´- end 

labeling and in situ hybridization. The study was approved by the Ethics 

Committees of Oulu University Hospital and/or the University of Oulu. A permit 

to study human autopsy tissues was obtained from the Finnish National Authority 

for Medico-legal Affairs.  

4.1.2  Wnt4-deficient and wild-type mouse ovarian tissues 

For generation of Wnt4-deficient embryos, mice with an SV129 background, 

heterozygous for the Wnt4 allele, were mated. The day when the vaginal plug was 

detected was designated embryonic day 0.5. The embryos were genotyped and 

female wild-type and Wnt4-deficient mice aged 12.5, 14.5 and 16.5 dpc, and 

newborns, were included in the study.  
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4.1.3 KGN- tumor-derived human granulosa cells 

Generation of the human KGN granulosa tumor cell line has previously been 

described in detail. The cells were obtained from a 63-year-old woman with a 

diagnosis of recurrent stage III granulosa cell carcinoma. In culture conditions 

KGN cells retain many of the physiological features of human granulosa cells, 

with basal and cAMP-stimulated secretion of pregnenolone and progesterone, 

strong aromatase activity and the capacity to produce estrogens. (Nishi et al. 

2001.) 

4.2 Methods 

4.2.1 Immunohistochemistry 

Protein expression in paraffin-embedded tissue samples was detected using 

immunohistochemistry. Tissues were first deparaffinized in xylene and rehydrated 

in a graded alcohol series. To increase tissue permeability some of the tissues 

were heat-treated in a buffer solution (10 mM sodium citrate or Tris-HCl) in a 

microwave oven. The tissues were then cooled at room temperature. Endogenous 

peroxidase activity was quenched with 3% hydrogen peroxide. Non-specific 

staining was prevented by incubation in normal blocking serum prepared from the 

species in which the secondary antibody was made. The primary antibodies used 

are presented in Table 2. Antibody diluent instead of primary antibody was 

applied to negative controls. For Bcl-XL and caspase-3 immunohistochemistry 

antigen-treated antibodies were used as negative controls. Vectastain Elite ABC 

kits (Vector Laboratories, Burlingame, CA, USA) or the Envision plus Rabbit 

HRP system (Dako, Glostrup, Denmark) were used to visualize the bound 

antibody. Sections were stained with DAB and counterstained with hematoxylin.  
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Table 2.  Antibodies used in immunohistochemical staining. 

Antibody Origin Clonality Tissues studied Dilution Source 

Aromatase Rabbit PC Mouse ovary 1:500 Acris Antibodies 

Bcl-XL Goat PC Human fetal ovary 

Human adult ovary 

Mouse ovary 

1:100 Santa Cruz Biotechnology 

Bok Rabbit PC Human fetal ovary 

Human adult ovary 

Mouse ovary 

1:100 Santa Cruz Biotechnology 

Caspase-3 Goat PC Human fetal ovary 1:100 Santa Cruz Biotechnology 

Cleaved 

caspase-3 

Rabbit PC Human fetal ovary 1:100 Cell Signaling Technology 

DcR1 Goat PC Human fetal ovary 

Human adult ovary 

1:100(F)/1:50(A) Santa Cruz Biotechnology 

DcR2 Goat PC Human fetal ovary 

Human adult ovary 

1:100(F)/1:50(A) Santa Cruz Biotechnology 

DR4 Rabbit PC Human fetal ovary 

Human adult ovary 

1:100(F)/1:50(A) Santa Cruz Biotechnology 

DR5 Goat PC Human fetal ovary 

Human adult ovary 

1:100(F)/1:50(A) Santa Cruz Biotechnology 

ERα Mouse MC Human fetal ovary 1:50 Novocastra 

ERβ Rabbit PC Human fetal ovary 1:50 Affinity BioReagents Inc. 

ERβ Rabbit MC Human fetal ovary 1:300 Santa Cruz Biotechnology 

Fog-2 Rabbit PC Mouse ovary 1:200 Santa Cruz Biotechnology 

GATA-4 Goat PC Mouse ovary 1:200 Santa Cruz Biotechnology 

TNF-α Rabbit PC Human fetal ovary 1:100 Santa Cruz Biotechnology 

TRAIL Goat PC Human fetal ovary 

Human adult ovary 

Mouse ovary 

1:100(F)/1:50(A,M) Santa Cruz Biotechnology 

WNT4 Goat PC Human fetal ovary 

Human adult ovary 

1:50 Santa Cruz Biotechnology 

MC = monoclonal, PC = polyclonal, F = fetal, A = adult, M = mouse 

4.2.2 Western Blots 

The expression of Bok and Bcl-XL in adult human ovaries was confirmed by 

Western analyses. Ovarian tissue samples were lysed in Precellys tubes with 

ceramic beads in lysis buffer (10 mM Tris-HCl pH 7.4, 150 nM NaCl, 1 % Triton 

X-100, 1 mM EDTA, 1 mM EGTA, 0.5 % NP-40) with a protease inhibitor 

cocktail (Roche Diagnostics GmbH, Mannheim, Germany). Samples were 

homogenized in a Precellys homogenizer (Bertin Technologies, Paris, France). 
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They were then analyzed by means of SDS-PAGE with primary antibodies 

against Bok and Bcl-XL (Santa Cruz Biotechnology, Santa Cruz, CA, USA). 

Primary antibody against actin (Sigma, St. Louis, MO, USA) was used as a 

loading control. 

Downregulation of Bok and Bcl-XL in KGN cells was detected by Western 

blotting. Cell lysates were prepared using non-ionic Triton-X cell lysis buffer. 

Primary antibodies against human Bok (Cell Signaling Technology, Danvers, MA, 

USA) and Bcl-XL (BD, Franklin Lakes, NJ, USA) at a concentration of 1:1000 

were used for immunodetection. Primary antibody against β-tubulin (Abcam, 

Cambridge, MA, USA) was used as a loading control.  

4.2.3 In situ hybridization 

HSD17Bs 

Probes for HSD17B types 1, 2 and 7 in situ hybridization were prepared from 

cDNA fragments corresponding to nucleotides 1–376 of human HSD17B1, 191–

570 of human HSD17B2 and 39–870 of human HSD17B7. Sense and antisense 

[35S]CTP-labeled RNA probes were transcribed with T7 or SP6 RNA polymerases 

using linearized pGEM-4Z plasmids (Promega, Madison, WI) as templates.  

For hybridization, deparaffinized human tissue samples were pretreated in 

proteinase-K and non-specific labeling was prevented by incubating in 0.1 M 

triethanolamine (TEA) pH 8.0, and TEA + acetic anhydride. Thereafter the 

samples were washed in SSC -buffer and dehydrated gradually through a series of 

alcohol solutions. Sense and antisense RNA probes were applied to the dried 

samples and hybridization occurred in 1/4 volume 50% dextran sulfate, 1/40 

volume 50× Denhardt´s solution, 1/20 volume tRNA and NaCl, Tris-HCl pH 8.0, 

EDTA pH 8.0 and formamide in Depc-H2O overnight at +60 °C. RNA digestion 

was carried out using RNAase A (0.02 mg/ml) in a buffer solution of NaCl, Tris-

HCl, EDTA and Depc-H2O, followed by washes in decreasing concentrations of 

SSC -buffer. Finally, the samples were dehydrated through a graded series of 

alcohol solutions and air-dried. 

For visualization of bound probes the samples were dipped in NTB liquid 

emulsion (Kodak Oy, Vantaa, Finland), carefully protected from light and stored 

at +4 °C. The emulsion was processed using Kodak D-19 developer and Kodak 

Fixer (Kodak Oy, Vantaa, Finland) and the samples were lightly counterstained 
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with hematoxylin (17HSD7) or with Hoechst 33258 (Sigma-Aldrich Finland, 

Helsinki, Finland) (17HSD1 and -2). 

TRAIL 

TRAIL cDNA was obtained by RT-PCR amplification and transcribed from the 

coding sequence of human TRAIL. Templates were linearized from the plasmid 

and purified using a QIAquick DNA purification kit (Qiagen, Hilden, Germany). 

Sense and antisense α-33P-UTP- (Amersham Pharmacia Biotech, Arlington 

Heights, IL, USA) labeled probes were transcribed using T7 and SP6 polymerases 

and purified on Nuc Trap columns (Stratagene, La Jolla, CA, USA).  

Hybridization was performed using a similar protocol as for 17HSD labelings 

except for the hybridization temperature, which was +56 °C for TRAIL.  

WNT4 

Probes for WNT4 in situ hybridization were prepared from a commercially 

available WNT4 cDNA clone (Genbank accession no. BC057781, MCR 

Geneservice, Cambridge, UK). Templates were linearized with EcoRI for the 

antisense RNA probe and BamHI for the sense RNA probe. The RNA probes 

were labeled with digoxigenin-UTP using a DIG RNA Labeling Kit (Roche 

Diagnostics GmbH, Mannheim, Germany). In situ hybridization was carried out 

with a Ventana Discovery automatic staining instrument using commercial buffers 

(Roche Diagnostics GmbH, Mannheim, Germany). Labeling was detected with 

monoclonal biotinylated anti-digoxigenin antibody (Jackson ImmunoResearch 

Laboratories Inc., PA, USA) used at 1:2000 dilution and with a BlueMap kit 

(Roche Diagnostics GmbH, Mannheim, Germany). 

4.2.4 Cell culture 

KGN- granulosa cells were cultured in DMEM/F-12 supplemented (10%) with 

fetal bovine serum (FBS). Cells were distributed in 96-well plates at 

approximately 20,000 per well, in 8-well chamber slides at approximately 50,000 

per well and in 2-well chamber slides at approximately 250,000 cells per well. 

The cells were then allowed to adhere overnight before the apoptosis-inducing 

treatments.  
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Preparation of shBok- and shBcl-XL-silenced cell lines 

Small hairpin (sh)Bok- and shBcl-XL-silenced cell lines were prepared at 

Biomedicum Genomics (http://www.helsinki.fi/biomedicumgenomics/). KGN 

cells were infected with lentiviral shRNA and after 72 hours the cells were 

selected in hygromycin (100 μg/ml). Gateway pDSL_hpUGIH (AFCS) lentiviral 

vector was used for lentiviral production and expression of shRNA targeting 

sequences against Bok at 5´-GACTGCAGGGAGATGTGCag-3´ and Bcl-XL at 

5´-TCCATCTCCTTGTTGACACtt-3.  

Apoptosis induction in vitro 

For induction of apoptosis, KGN cells were treated with several well-known 

apoptosis-inducing factors (TRAIL, TNF or staurosporine) (Table 3). Caspase 3/7 

activation was measured after 6, 24 or 72 hours of incubation.  

Table 3. Apoptosis-inducing factors 

Apoptosis-inducing factor Source Used concentrations 

Recombinant human TRAIL Chemicon International Inc. 10, 25, 50, 100 and 200 ng/ml 

TNF R&D systems 10 and 100 ng/ml 

Staurosporine Sigma 10 and 100 nM 

4.2.5 Apoptosis analyses 

Caspase assay 

Caspases are proteolytic enzymes which are normally present in an inactive form 

and their activation leads to apoptosis and breakdown of cellular structures. In the 

present study a caspase activation assay was used to measure apoptotic activity in 

cell cultures. Caspase assays were performed using Caspase-Glo® 3/7 Assay- kits 

(Promega Corporation, Madison, Wisconsin, USA). The instructions of the 

manufacturer were followed. Briefly, reagents and samples were allowed to 

equilibrate to room temperature. The contents of the substrate and buffer bottles 

were then mixed to obtain reagent solution. Equal amounts of Caspase-Glo® 3/7- 

reagent were then applied to the samples and they were gently mixed (300rpm) 

for 30 s. Luminescence was analyzed by means of a Labsystems Luminoskan RT 
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reader (Labsystems, Helsinki, Finland) after 1–2 hours of incubation. The reagent 

solution and samples were protected from light during the whole procedure. 

Apoptosis in situ 3´-end labeling 

A hallmark of apoptosis is the breakdown of genomic DNA into small fragments 

of 185 bp, which can be detected by labeling the 3´-ends of these fragments. DNA 

3´-end labeling in mouse ovarian tissues and in fixed KGN cells was performed 

by using Apoptag® Peroxidase In Situ Apoptosis Detection Kits (Millipore, 

Billerica, MA, USA). The instructions of the manufacturer were followed. Briefly, 

paraffin-embedded tissues were deparaffinized in xylene, rehydrated through a 

series of graded alcohol solutions and pretreated in proteinase K (4mg/ml). KGN 

cells were distributed in 2-well chamber slides at approximately 250,000 

cells/well and in 8-chamber slides at approximately 50,000 cells/well. Before 

apoptosis analysis the cells were fixed with 4% paraformaldehyde, post-fixed in 

precooled ethanol:acetic acid and permeabilized in 0.1% Tween-PBS. All samples 

were treated in 3% hydrogen peroxide before applying the enzyme 

deoxynucleotidyl transferase (TdT). Incubation with TdT took place under plastic 

cover slips in a humidified chamber at +37 ºC for one hour. Anti-digoxigenin 

antibody was used to recognize bound TdT. Finally, a color reaction was obtained 

by using a Sigma FastTM DAB peroxidase substrate tablet set (Sigma, St. Louis, 

MO, USA) and the samples were counterstained by brief incubation in 

hematoxylin. 

4.2.6 Microscopy and sample analyses 

Immunohistochemical stainings and apoptosis 3´-end labelings were analyzed by 

light microscopy. Immunohistochemical staining was graded by using a 

histograde system: - negative, +/- negligible staining, + weak staining, ++ 

moderate staining, +++ strong staining. Staining was analyzed in 1–3 whole ovary 

(fetal ovaries) or biopsy (adult ovaries) sections, evaluating both staining extent 

and intensity.  

In situ hybridization tissue samples labeled with digoxigenin-UTP were 

analyzed by light microscopy and α-33P-UTP-labelled samples by light- and dark-

field microscopy. Antisense samples were compared with similar aged sense 

samples.  
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For apoptosis analysis, Wnt4-deficient and wild-type ovaries were 

photographed using Qimaging MicroPublisher 5.0 RTV and Qcapture- Pro 

software. Tissue size in each section was then measured (ImageJ image 

processing program). Finally, apoptotic cells in ovaries were counted and 

compared against tissue size.  

For statistical analysis of apoptosis 3’-end labeling in KGN cultures, 

positively labelled cells in shBok- and shBcl-XL-silenced cell lines were counted 

in ten visual fields and compared with results in KGN control cells.  

Downregulation of Bok and Bcl-XL in lentivirally treated KGN cells was 

detected by measuring the intensity of Bok and Bcl-XL blots (Quantity One 

program). The results were adjusted to corresponding β-tubulin blot and 

compared with blot intensities of normal KGN cells. 

4.2.7 Statistics 

Statistical data were analyzed by using SPSS or PASW software. ANOVA, 

Student’s t test (normally distributed groups) or the Mann–Whitney test (groups 

that were not normally distributed) were used to compare groups. A value of 

p < 0.05 was considered significant.  
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5 Results and discussion 

5.1 Estrogen receptors and estrogen-converting enzymes in 

human fetal ovaries  

During gestation the human fetus is exposed to high concentrations of maternal 

estrogens and fetal ovaries are able to produce estradiol (Wilson et al. 1981, 

Vaskivuo et al. 2002). The role of estrogens in human fetal development is not 

well understood, but it has been shown in rodents that lack of an estrogen effect 

results in disturbed ovarian development and function (Couse et al. 1999, Dupont 

et al. 2000). Thus, estrogens may be important factors participating in ovarian 

development. We studied the localization patterns of estrogen receptors and 

estrogen-converting enzymes and found that they were present in human fetal 

ovaries, enabling estrogen signaling during ovarian development. 

5.1.1 Estrogen receptors are expressed in fetal ovaries only after 
primordial follicle formation 

Neither ERα nor ERβ could be clearly detected in human fetal ovaries before the 

appearance of follicles suggesting that estrogens are not needed in early ovarian 

development. This is supported by observations in estrogen receptor knockout 

mice (αβERKO), in which disturbed ovarian morphology is detected only after 

primordial follicle formation (Couse et al. 1999, Dupont et al. 2000). After 20 

weeks of gestation ERα and ERβ were localized to fetal oocytes and granulosa 

cells (Figures 9 and 10 respectively). Expression of ERα and ERβ was most 

intense at the beginning of the last trimester, decreasing thereafter towards birth. 

Although the expression patterns of the two receptors were similar, ERβ staining 

tended to be more pronounced. Similarly, in adult human ovaries ERβ has shown 

to be the dominant ER (Brandenberger et al. 1998, Gustafsson 1999).  
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Fig. 9. ERα protein expression in human fetal ovaries. ERα was present in fetal ovaries 

after primordial follicle formation. Expression was mainly localized to follicular 

oocytes and granulosa cells (A). Negative control using PBS instead of primary 

antibody (B). Scale bar 50 μm. 

Fig. 10. ERβ protein expression in human fetal ovaries. ERβ could be detected in fetal 

oocytes and granulosa cells after primordial follicle assembly from the gestational age 

of 20 weeks onwards (A). Negative control using PBS instead of primary antibody (B). 

Scale bar 50 μm. 

5.1.2 HSD17B1 is the main estrogen-converting enzyme in human 
fetal ovaries  

Similarly to adult ovaries (Ghersevich et al. 1994, Sawetawan et al. 1994), 

HSD17B1 was strongly expressed in granulosa cells of developing follicles 

(Figure 11). The expression of HSD17B1 resembled that of fetal estrogen 
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receptors. Before follicle formation HSD17B1 staining was negative. From fetal 

age 22 weeks onwards HSD17B1 was expressed in primordial follicles and 

staining intensity increased towards term, especially in follicles beyond the 

secondary stage (Figure 11). The localization pattern of HSD17B1 suggests a role 

in enhancing the estrogen signal in fetal follicular cells, particularly after 

initialization of follicle growth. 

Fig. 11. In situ labeling of HSD17B1 in human fetal ovaries. HSD17B1 was strongly 

expressed in fetal granulosa cells after follicle formation (A). Sense control (B). Scale 

bar 50 μm. 

Although the expression pattern and function of HSD17B7 in human ovaries is 

unclear, the present results, demonstrating the strongest HSD17B7 expression at 

17 weeks of gestation, suggest that HSD17B7 participates in early fetal ovarian 

development. However, later in fetal life, only weak/negative HSD17B7 labeling 

was detected (Figure 12), indicating that HSD17B7 has little or no role in fetal 

ovarian development after midpregnancy. HSD17B type 2 was not detected in any 

of the fetal ovaries studied. 
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Fig. 12. In situ labeling of HSD17B7 in human fetal ovaries. Weak HSD17B7 mRNA 

expression was detected in fetal ovaries at gestational age 17 weeks onwards (A). 

Sense control (B). Scale bar 50 μm. 

The presence of aromatase (Vaskivuo et al. 2002), estrogen-activating HSD17Bs 

and estrogen receptors indicates that estrogens can be produced and estrogen 

signals mediated in developing fetal ovaries. The lack of HSD17B2, which 

inactivates estradiol to biologically less potent estrone, further suggests that 

estradiol is present and produced in the fetal ovaries. The expression patterns of 

the studied estrogen receptors and estrogen-converting enzymes suggest that 

estrogens do not participate in early ovarian development but have an increasing 

role after primordial follicle formation. 

5.2 Role of the WNT4 gene in ovarian development and function 

5.2.1 WNT4 expression in human ovaries 

WNT4 has been shown to have a crucial role in ovarian differentiation and 

development of female sexual characteristics (Vainio et al. 1999, Biason-Lauber 

et al. 2004, Biason-Lauber et al. 2007). However, its expression and localization 

pattern in human ovaries is not known. In the present study 

immunohistochemistry and mRNA in situ labeling was used to examine the 

localization of WNT4 during human fetal development and fertile life. The results 

support the concept of an important role of WNT4 in human ovarian function, 

with clear expression of WNT4 in different cell compartments of the ovaries.  
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As previously observed in rodents (Vainio et al. 1999, Barrionuevo et al. 

2006) both WNT4 mRNA and WNT4 protein were detected in developing human 

ovaries (Figures 13 and 14). The strongest expression of human WNT4 was 

observed near midpregnancy at the the time of primordial follicle assembly. 

Similarly, in mice, Wnt4 is upregulated during follicle formation (Hsieh et al. 

2002). This timing of increased Wnt4/WNT4 expression in mice and humans 

suggests a role of WNT4 in primordial follicle formation, which is supported by 

the fact that in Wnt4 mutant mouse ovaries, no proper follicle structures can be 

detected (Vainio et al. 1999).  

Fig. 13. In situ labeling of WNT4 in human fetal and adult ovaries. The strongest WNT4 

expression was detected at midgestation in fetal ovaries (A). Sense control (B). In 

adult human ovaries WNT4 was expressed in granulosa cells and oocytes of 

primary/secondary follicles (C) and in granulosa and theca cells of the antral follicles 

(D). Scale bar 100 μm. 

As in adult mouse ovaries (Hsieh et al. 2002), WNT4 was detected in small 

growing follicles (Figures 13C and 14C) and in follicles beyond the secondary 

stage (Figures 13D and 14D) in adult human ovaries. This indicates that WNT4 

participates in the regulation of follicle maturation and selection in humans.  



 58

Fig. 14. Immunohistochemical staining of WNT4 in human fetal and adult ovaries. 

WNT4 protein was strongly present in fetal ovaries, localized in both oocytes and 

granulosa cells (A). Negative control using PBS instead of primary antibody (B). In 

adult ovaries WNT4 was expressed in oocytes and granulosa cells of small growing 

follicles (C) and in granulosa and theca cells of more mature antral follicles (D). Scale 

bar 100 μm. 

The human WNT4 mRNA and protein were observed both in granulosa cells and 

oocytes of fetal and adult ovaries. The germ cell localization of Wnt4 has been 

debated, since previous studies in rodents indicate Wnt4 expression solely in 

somatic ovarian cells (Vainio et al. 1999, Yu et al. 2006). On the other hand, in 

chicken ovaries Wnt4 has been detected in oocytes (Oreal et al. 2002), 

underlining the species-specific expression patterns of Wnt4. Although non-

specific staining of oocytes is relatively common the strong staining of WNT4 in 

oocytes and no labeling in negative controls indicates that WNT4 is expressed in 

oocytes of human fetal and adult ovaries. 
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5.2.2 Wnt4 in ovarian apoptosis 

Wnt4-deficient mouse ovaries demonstrated a significantly induced rate of 

ovarian apoptosis at 14.5 and 16.5 dpc (Figure 15), and most of the observed 

apoptotic cells presented typical morphological features of germ cells. The 

present results extend and confirm previous findings demonstrating an important 

role of Wnt4 in regulation of ovarian cell survival (Vainio et al. 1999, Yao et al. 

2004).  

We analyzed several apoptosis-related factors (Bok, Bcl-XL, TRAIL, GATA-4, 

FOG-2 and aromatase) in Wnt4-deficient and wild-type mouse ovaries. However, 

no marked differences were detected in protein expression of the studied factors 

(Study III). It is possible that because of limitations in the sensitivity of the 

immunohistochemical technique, small changes in protein expression levels could 

not be detected. Wnt4 may also influence oocyte survival independently of 

apoptosis-regulating factors. It is believed that in the absence of Wnt4 signaling, 

upregulation of the Wnt4 target gene Inhbb brings about an increased rate of 

oocyte death. This is supported by the fact that the enhanced oocyte apoptosis in 

Wnt4 mutant ovaries can be prevented by blocking the action of Inhbb (Liu et al. 

2010). Furthermore, Wnt4 may also protect developing germ cells by participating 

in the formation of primordial follicles (Vainio et al. 1999).  

Fig. 15. Ovarian apoptosis in Wnt4-knockout and wild-type mice. Significantly induced 

rates of apoptosis were detected in Wnt4-deficient mouse ovaries at 14.5 and 16.5 dpc. 

Error bars represent SD. *p < 0.05. 
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5.3 Apoptosis regulation in human fetal and adult ovaries 

5.3.1 Extracellular apoptosis-regulating factors 

TNF-α 

In human fetal ovaries at gestational ages of less than 20 weeks TNF was 

expressed in pre-granulosa cells and oogonia, and diffuse staining was also 

detected in cellular membranes and intercellular spaces. Later during 

development oocyte cytoplasm was moderately stained and follicular granulosa 

cells showed weak TNF expression (Figure 16). TNF is known to participate in a 

variety of cellular events besides apoptosis induction (Terranova 1997), and it 

also operates as an antiapoptotic factor by downregulating p53 gene expression 

and upregulating antiapoptotic factors such as Bcl-XL and NfқB (Saile et al. 2001, 

Wallach et al. 2002). Thus, the presence of TNF does not necessarily lead to 

apoptosis which may explain the diffuse expression pattern of TNF also in 

healthy follicles. 

Tumor necrosis factor has earlier been detected in oocytes of primordial 

human follicles and granulosa and theca cells of preantral and antral follicles 

(Kondo et al. 1995, Kondo et al. 1996). In rat ovaries a similar expression pattern 

has been observed (Marcinkiewicz et al. 1994). The present 

immunohistochemical data confirm the presence of TNF mainly in follicular germ 

cells and to a lesser extent in granulosa cells.  
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Fig. 16. TNF-α protein expression in human fetal ovaries. TNF was widely present in 

oocytes and granulosa cells of developing follicles. Weak diffuse staining was also 

detected in ovarian stroma (A). Negative control using PBS instead of primary 

antibody (B). Scale bar 100 μm. 

TRAIL pathway 

The TRAIL pathway has been shown to have a role in the regulation of porcine 

follicular atresia (Wada et al. 2002, Inoue et al. 2003) and it participates in the 

regulation of apoptosis in many human cells (Jo et al. 2000, Qin et al. 2004). 

However, the exact localization pattern and the role of the pathway components in 

human ovarian apoptosis have not previously been studied.  

TRAIL pathway components were widely expressed in human follicular cells 

from fetal life to adulthood. Both TRAIL (Figure 17) and its death signal-

mediating receptor DR5 (Figure 18) were detected in human fetal and adult 

ovaries. In the fetus the expression of these pathway effectors increased as 

follicular formation progressed. In adult ovaries TRAIL and DR5 were present in 

follicular granulosa cells and oocytes of different follicular stages (Figure 17C, D 

and 18C, D). The results suggest that TRAIL participates in the regulation of 

follicle survival in humans and its action is mediated by the death receptor DR5. 
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Fig. 17. Protein expression of TRAIL in human fetal and adult ovaries. TRAIL was 

strongly present in oocytes and moderate staining was also detected in follicular 

granulosa cells (A). Negative control using PBS instead of primary antibody (B). In 

adult ovaries TRAIL was expressed in oocytes, granulosa and theca cells (C and D). 

Scale bar 100 μm.  
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Fig. 18. Protein expression of DR5 in human fetal and adult ovaries. During fetal life 

DR5 was mainly present in oocytes and staining intensity increased after follicle 

formation. Moderate DR5 expression was also detected in ovarian somatic cells (A). 

Negative control using PBS instead of primary antibody (B). Adult ovaries showed 

specific staining in oocytes and granulosa and theca cells of different follicular stages 

(C and D). Scale bar 100 μm. 

Decoy-receptors, incapable of TRAIL signal transduction, were differentially 

expressed in fetal and adult human ovaries. DcR1 was not detected in fetal 

ovaries but was present in adult follicular cells (Figure 19). The expression 

pattern of DcR1 suggests that the TRAIL pathway is differentially regulated in 

fetal and adult ovaries and that DcR1 has a particular role in postnatal and 

perhaps not in fetal cell death regulation. DcR2, on the other hand, was equally 

expressed in fetal and adult ovaries (Figure 20), being the dominant decoy 

receptor. The similar spatiotemporal localization of apoptosis-inducing TRAIL 

and DR5 with anti-apoptotic DcR2 indicates that the balance between these 

differentially operating factors modulates the effects of the TRAIL pathway in 

human fetal and adult ovaries.  
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Fig. 19. Protein expression of DcR1 in human fetal and adult ovaries. DcR1 was not 

detected in fetal ovaries (A). Negative control using PBS instead of primary antibody 

(B). In adult ovaries DcR1 was present in oocytes and follicular granulosa and theca 

cells (C and D). Scale bar 100 μm. 

Apoptosis-inducing TRAIL and its death receptor DR5 were both widely 

expressed in fetal ovaries during the latter half of pregnancy, when the number of 

apoptotic cells has already started to decrease (Vaskivuo et al. 2001). In fetal 

ovaries the effects of these death-inducing factors can be counteracted by the 

strong expression of DcR2. Furthermore, in addition to receptor localization and 

concentration, TRAIL-induced apoptosis signals can be modified by cell intrinsic 

Bcl-2 family members (Li et al. 1998a, Luo et al. 1998). Other regulatory 

proteins such as FLICE (FADD-like IL-1b-converting enzyme)- like inhibitory 

protein FLIP can also protect ovarian cells from TRAIL- and DR5- mediated 

apoptosis (Griffith & Lynch 1998). 
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Fig. 20. DcR2 protein expression in human fetal and adult ovaries. DcR2 was present 

in granulosa cells and oocytes of fetal (A) and adult ovaries (C and D). Negative 

control using PBS instead of primary antibody (B). Scale bar 100 μm. 

To study the functional effects of TRAIL in human ovarian cells we utilized 

recombinant TRAIL protein and a culture of human tumor-derived KGN 

granulosa cells. In TRAIL-treated cells significant dose-dependent caspase-3/7 

activation, representing apoptotic activity, was detected (Figure 21). TRAIL 

treatments resulted in rapid and effective induction of apoptosis as early as after 6 

hours of treatment and induced caspase-3/7 activation was also detected at 24- 

and 72-hours time-points (Figure 22). These results confirm and extend the results 

of previous studies showing a decrease in cell viability in TRAIL-treated KGN 

cells (Woods et al. 2008a, Woods et al. 2008b). The rapid and potent effects of 

TRAIL in vitro and the expression patterns of TRAIL pathway components 

indicate that TRAIL has an active functional role in regulation of human ovarian 

apoptosis. 



 66

Fig. 21. Caspase activation in TRAIL-treated KGN cells. Recombinant- TRAIL was 

applied to cells at concentrations of 25, 50, 100 or 200 ng/ml and incubated for 24 

hours. The treatments resulted in significant induction of caspase-3/7 activation in a 

dose-dependent manner. Error bars represent SD. RLU = relative light units. *p<0.05, 

**p<0.01, ***p<0.001. 

Fig. 22.  Caspase activation in TRAIL-treated KGN cells. The cells were treated with 

rTRAIL at 100 ng/ml and apoptosis was measured after 6, 24 and 72 hours. Marked 

induction of caspase-3/7 activation was measured at all time-points, most significantly 

at 6 hours of treatment. Error bars represent SD. RLU = relative light units. **p<0.01, 

***p<0.001. 
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5.3.2 Mitochondria-associated apoptosis-regulating proteins 

Bcl-XL  

Animal models lacking functional Bcl-XL (Watanabe et al. 1997, Rucker et al. 

2000) have demonstrated a crucial role for Bcl-XL in regulation of ovarian 

apoptosis. Targeted inactivation of Bcl-XL causes oocyte loss as early as during 

development and a markedly decreased primordial follicle pool is detected in 

adults (Rucker et al. 2000). The presence of Bcl-XL mRNA in adult human 

ovaries (Kugu et al. 1998) suggests its possible participation in human ovarian 

function. However, the exact localization pattern and precise function of Bcl-XL 

in humans is not well known.  

In the present study we found Bcl-XL protein to be expressed in human 

ovaries throughout fetal development. Before follicle formation, staining was 

diffuse and localized to stroma and pre-follicular cells. As follicle structures 

became recognizable Bcl-XL was widely and strongly expressed in the cytoplasms 

of follicle-encapsulated oocytes and to a somewhat lesser extent in granulosa cells 

(Figure 23A). Similarly, in adult ovaries Bcl-XL was present in oocytes and 

granulosa cells at all follicular stages (Figure 23C, D). The localization pattern of 

Bcl-XL in human oocytes and granulosa cells is in accordance with the results of 

previous studies on mammalian and avian ovaries (Tilly et al. 1995, Johnson et al. 

1996). The penetrant expression of Bcl-XL in most developing and adult human 

ovarian follicles, and previous information on the role of Bcl-XL in rodent ovaries, 

suggests an important role of Bcl-XL in protecting human follicular cells from cell 

death-inducing signals.  
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Fig. 23. Protein expression of Bcl-XL in human fetal and adult ovaries. Bcl-XL was 

widely expressed in fetal (A) and adult (C and D) follicular cells. Staining was localized 

to oocyte and granulosa cell cytoplasms. Weak staining was also detected in ovarian 

stroma. Negative control using PBS instead of primary antibody (B). Scale bar 100 μm.  

To examine the functional effects of Bcl-XL we established a granulosa cell line 

deficient in Bcl-XL by using a targeted lentiviral construct in KGN cells. The 

present method has successfully been utilized in studies on apoptosis regulatory 

proteins in cells of non-ovarian origin (Nieminen et al. 2007). More than 60% 

decrease in Bcl-XL protein expression was detected in lentivirally treated shBcl-

XL expressing KGN cells. Bcl-XL-deficient cells demonstrated markedly induced 

vulnerability to apoptosis in response to treatments with several apoptosis 

inducing factors. At 6 and 24 hours of incubation higher number of apoptotic cells 

(study IV) and induced caspase-3/7 activity (Figures 24 and 25) were observed in 

Bcl-XL- deficient cells when compared with normal KGN cells. The significant 

contribution of Bcl-XL expression to human granulosa cell survival further 

confirms its active role in protecting human ovarian cells from apoptosis, as 

earlier demonstrated in rodents (Rucker et al. 2000). 
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Fig. 24. Caspase activation in shBcl-XL and control KGN cells at six hours of 

treatments. The Bcl-XL-deficient KGN cells demonstrated a significantly induced rate 

of apoptosis when compared with control KGN cells. Markedly increased caspase-3/7 

activation was detected in Bcl-XL-deficient cells treated with medium only, with TRAIL 

(10 and 25 ng/ml) and TNF 10ng/ml when compared with control cells. Error bars 

represent SD. *p<0.05, **p<0.01. 

 

Fig. 25. Caspase activation analyses in shBcl-XL and control KNG cells at 24 hours of 

treatments. The cells deficient in Bcl-XL were significantly more vulnerable to 

apoptosis than control KGN cells. At this time-point statistically significant differences 

in apoptosis induction between the Bcl-XL-deficient and normal KGN cells was 

detected in cells treated with medium only, with TRAIL at 10ng/ml, TNF at 10 and 100 

ng/ml and with 100 nM STS. Error bars represent SD. *p<0.05, **p<0.01, ***p<0.001. 
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Bok 

Bcl-2-related ovarian killer (Bok) is known to be expressed in rodent reproductive 

tissues (Hsu et al. 1997) and it has also been detected in human testis (Suominen 

et al. 2001) and ovary (Gao et al. 2005). In the present study we found Bok to be 

expressed in granulosa cells and oocytes of human fetal and adult ovaries (Figure 

26) indicating its possible role in follicle selection to survival/apoptosis. 

Fig. 26. Protein expression Bok in human fetal and adult ovaries. In developing 

ovaries Bok was mainly localized to oocytes, but weak or moderate staining was also 

observed in granulosa cells (A). Negative control using PBS instead of primary 

antibody (B). Bok was also strongly present in adult ovarian granulosa cells and 

oocytes (C and D). Scale bar 100 μm. 

It was of interest that Bok was localized not only to the cell cytoplasm, but strong 

and specific expression was also detected in the oocyte nucleus (Figure 26). This 

nuclear expression pattern has previously been reported in cell culture conditions 

at least in human breast, ovarian and pancreatic cancer cells and it is believed that 

Bok translocation to the nucleus is important for its apoptosis-inducing effect 

(Bartholomeusz et al. 2006). The present results raise the possibility that human 
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oocytes demonstrating distinct nuclear labeling of Bok are at a greater risk of 

Bok-mediated programmed cell death than cells presenting only cytoplasmic 

staining. 

To evaluate the functional effects of Bok we used a human KGN granulosa 

cell line in which the protein expression of Bok was silenced by means of targeted 

shRNA expression. Lentiviral treatment led to a more than 60% decrease in Bok 

protein expression. The cells with decreased Bok expression were significantly 

more resistant to apoptosis-inducing treatments than normal KGN cells as early as 

at six hours of incubation (Figure 27). A similar trend was observed after 24 hours 

of treatment, when lower numbers of apoptotic cells (Study IV) and decreased 

caspase-3/7 activation (Figure 28) were observed in Bok-deficient cells in 

comparison with controls. The striking effects of Bok-deficiency in KGN cells 

further indicates that Bok operates as an important pro-apoptotic factor in human 

follicular cells.  

 

Fig. 27. Caspase activation in shBok and control KGN cells at 6 hours of incubation. 

Treatments with TRAIL, TNF and staurosporine (STS) led to induction of apoptosis in 

both of the cell lines but the rate of apoptosis as measured by caspase-3/7 activation 

was markedly lower in Bok-deficient than in normal KGN cells. Error bars represent 

SD. **p<0.01, ***p<0.001. 
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Fig. 28. Caspase activation in shBOK and control KGN cells at 24 hours of incubation. 

Similarly to the situation after six hours of incubation, treatments with TRAIL, TNF and 

staurosporine (STS) led to induction of apoptosis in both of the cell lines. However, 

caspase-3/7 activation was markedly lower in Bok-deficient than in normal KGN cells. 

Error bars represent SD. *p<0.05, **p<0.01, ***p<0.001. 

5.3.3 Caspase-3 

An antibody detecting both full-length i.e. inactive caspase-3 and the active 

caspase-3 subunit was used to study human ovarian cell potential as regards 

caspase-3-mediated apoptosis. Caspase-3 staining was mainly localized to pre-

granulosa or stromal cells and in oogonia/oocytes outside the follicular structures 

(Figure 29). However, weak/moderate staining was also observed in oocytes 

enclosed in primordial follicles (Figure 29). To detect cells undergoing caspase-

mediated apoptosis, an antibody against cleaved i.e. activated caspase-3 was used. 

Cleaved caspase-3 was strongly present in several oocytes and in granulosa cells 

outside the follicle structures (Figure 30), and after midpregnancy individual 

follicular cells were also positively stained. As previously observed (Fulton et al. 

2005), the expression of cleaved caspase-3 was mainly limited to extrafollicular 

cells showing apoptotic features. The strong expression of cleaved caspase-3 in 

fetal ovarian germ cells reflects the high rate of oocyte apoptosis occurring in 

developing human ovaries (Baker 1963, Vaskivuo et al. 2000). 
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Fig. 29.  Protein expression of caspase-3 in human fetal ovaries. Caspase-3 was 

mainly localized to pre-granulosa or stromal cells and to oogonia outside the follicular 

structures. Only weak staining was observed in oocytes of primordial follicles (A). 

Negative control using PBS instead of primary antibody (B). Scale bar 100 μm. 

In addition to participating in apoptosis regulation, caspase-3 may have non-

apoptotic functions in the fetal ovary. Caspase-3 has previously been shown to 

participate in control of the cell cycle, cell differentiation and migration in several 

human cells (Gulyaeva 2003, Rosado et al. 2006, Zhao et al. 2006). Although 

previous studies in rodents (Boone & Tsang 1998, Fenwick & Hurst 2002) and 

the present results indicate an important role of caspase-3 in ovarian development, 

caspase-3 deficiency has not been shown to affect oocyte death or the size of the 

follicle pool in mouse ovaries (Los et al. 2001, Matikainen et al. 2001). However, 

caspase-3 knockout mice are smaller and are born at a lower frequency possibly 

as a result of a reduced cell number or disturbed development via non-apoptotic 

or apoptotic mechanisms (Los et al. 2001, Matikainen et al. 2001). 
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Fig. 30.  Protein expression of cleaved caspase-3 in human fetal ovaries. Cleaved 

caspase-3 was strongly present in individual oocytes and granulosa cells of fetal 

ovaries (A). Negative control using PBS instead of primary antibody (B). Scale bar 100 

μm. 

5.4 Methological considerations 

The fetal and adult human tissues used in the present study were obtained from 

autopsy and biopsy samples collected at Oulu University Hospital, Department of 

Pathology. All tissues were systematically and carefully processed to minimize 

damage resulting from tissue collection and storage. It is possible, however, that 

some protein degradation occured before sample fixation. Due to the scarce 

number of fetal autopsies, sample collection is time-consuming and sample 

number is inevitably low. The present protocol, however, represents the only 

possibility to obtain human fetal ovarian tissue samples. These limitations have to 

be taken into consideration when interpreting the results and drawing conclusions. 

Non-specific binding of antibodies is a common problem in 

immunohistochemical stainings and the confirmation of specific staining is 

sometimes challenging. To minimize the possibility of non-specific antibody 

binding, normal blocking serum was routinely used. Staining specificity was also 

confirmed by systematically using negative controls. Antigen-absorbed antibodies 

were used as negative controls for Bcl-XL and caspase-3 stainings and for other 

studied proteins antibody diluent instead of primary antibody was used for 

negative control samples. The specificity of the WNT4 antibody was further 

evaluated by using a positive tissue control known to express human WNT4 

(adrenal gland). However, even with a carefully planned protocol and systematic 
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use of negative controls it is always possible that some non-specific staining will 

be detected when using immunohistochemical methods. 

In functional experiments a KGN granulosa tumour cell line was used. Since 

KGN cells are malignant their susceptibility to apoptosis and expression of 

apoptosis-related factors may differ from those of healthy cells (Marone et al. 

1998). KGN cells, however, retain several features of normal granulosa cells such 

as hormone responsiveness and they have a similar pattern of Fas-mediated 

apoptosis (Nishi et al. 2001). Thus, we believe that KGN cells are a good 

experimental model for studying human granulosa cell apoptosis. 
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6 Summary and conclusions 

Massive oocyte apoptosis occurs in the ovaries during gestation and fertile life. 

Despite the accumulating data on apoptosis pathways the regulation of human 

ovarian cell survival is to a great extent unknown. In the present study a valuable 

human fetal ovarian sample collection was utilized to acquire new and significant 

information on cell survival regulatory pathways in the human ovary. In addition, 

novel laboratory techniques were applied to human tumour-derived granulosa 

cells to analyze the functional role of apoptosis proteins operating in human 

follicular cells. 

We found that estrogen receptors and estrogen action potentiating 17HSDs 

were present in human fetal ovaries, indicating a role of estrogen in ovarian 

development. Estrogens may not be important before primordial follicle assembly, 

but the increasing expression patterns of estrogen-metabolizing enzymes and 

receptors after midgestation suggest the participation of estrogen in ovarian 

development after the formation of follicle structures. 

WNT4 mRNA and protein were widely expressed in human fetal and adult 

ovaries. The localization pattern differed from that in mice and distinct and strong 

expression in germ cells was detected. Previous results indicating a cell- 

protective role of Wnt4 were supported by a significantly induced rate of 

apoptosis in Wnt4-deficient mouse ovaries. However, no marked changes in the 

expression of apoptosis-regulating proteins were detected, suggesting that Wnt4 

affects the oocyte survival via other regulatory mechanisms.  

Apoptosis-regulating proteins in human ovaries were studied extensively. The 

extracellular death ligands TRAIL and TNF, the mitochondria-associated 

apoptosis-related factors Bok and Bcl-XL and the apoptosis executioner caspase-3 

were all present and differentially expressed in human fetal and adult ovaries. The 

expression patterns of the studied proteins varied in different stages of follicular 

maturation and different cell compartments of the ovary. However, most of the 

studied proteins could be detected both in oocytes and granulosa cells. Functional 

in vitro studies confirmed important and effective roles of TRAIL, Bok and Bcl-

XL in follicle apoptosis and survival.  

In the present study the cell survival regulating factors participating in 

ovarian differentiation and follicular formation and maturation were extensively 

studied. The regulatory pathways of apoptosis are a complex network and the 

present results place only some pieces of the puzzle. However, increased 

knowledge of these pathways help in understanding the mechanisms behind the 
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massive follicle depletion and possibly in the future will lead to tools to generate 

new clinical applications to treat ovarian diseases caused by dysregulation of 

apoptosis. 
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