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To my family

“It is the time you have wasted for your rose
that makes your rose so important.”
Antoine de Saint-Exupéry,
The Little Prince

Abstract

ABSTRACT
Heidi Kemiläinen
HSD17B12 – An enzyme with a role in embryonic development, normal
ovarian function and cancer
University of Turku, Faculty of Medicine, Institute of Biomedicine, Research Centre for
Integrative Physiology and Pharmacology, In Turku Doctoral Programme of Molecular
Medicine (TuDMM), Turku, Finland

Turku, 2017
At present, 14 different types of the hydroxysteroid (17-beta) dehydrogenase
(HSD17B) enzymes have been characterized. These enzymes differ from each
other according to tissue distribution, substrate specificity, subcellular localization and expression regulation. In this study, the main focus was to characterize
the physiological function of one member of the enzyme superfamily, namely,
hydroxysteroid (17-beta) dehydrogenase 12 (HSD17B12). HSD17B12 is widely
expressed in different human tissues and has been suggested to function in fatty
acid elongation as well as in sex steroid metabolism. However, the main function
of HSD17B12 in vivo is still poorly understood.
The main aim of this study was to characterize the role of HSD17B12 in the
ovarian physiology and fetal development. The HSD17B12 enzyme has a similar
tissue distribution in mice and humans, and therefore, the HSD17B12 knockout
mouse model was used to provide information about its role in humans. Furthermore, the expression of HSD17B12 enzyme was studied in different human epithelial ovarian cancer types.
According to our study, absence of the enzyme causes embryonic lethality, and
even the loss of one allele leads to ovarian dysfunction and fertility problems in
mice. Furthermore, we found that the expression of the HSD17B12 enzyme positively correlates with the grade of human ovarian cancer. However, the role of
the enzyme in cancer progression is still poorly understood, necessitating further
studies. In conclusion, our study indicates that the HSD17B12 enzyme is necessary for embryonal development and female fertility; however, its overexpression
may play a role in ovarian cancer development and/or progression.
Keywords: HSD17B12, ovarian function, embryonal development, ovarian cancer, fatty acids, prostaglandins

Tiivistelmä

TIIVISTELMÄ
Heidi Kemiläinen
HSD17B12 – tärkeä entsyymi alkion kehityksessä ja munasarjojen normaalissa toiminnassa sekä munasarjasyövässä
Turun yliopisto, Lääketieteellinen tiedekunta, Biolääketieteen laitos, Integratiivisen fysiologian ja farmakologian tutkimusyksikkö, Molekyylilääketieteen tohtoriohjelma
(TuBS/TuDMM), Turku, Suomi

Turku, 2017
Hydroksisteroidi 17-beeta dehydrogenaasi (HSD17B) -entsyymit muodostavat
ryhmän entsyymejä, joita on tällä hetkellä tunnistettu ihmisellä 14. Tässä tutkimuksessa on keskitytty hydroksisteroidi 17-beeta dehydrogenaasi 12
(HSD17B12) -entsyymin toiminnan tarkempaan selvittämiseen. HSD17B12 entsyymi imenee laajalti ihmisen eri kudoksissa. HSD17B12:n ajateltiin aluksi
olevan keskeisesti mukana steroidihormonien metaboliassa. Entsyymin on kuitenkin todettu osallistuvan myös rasvahappojen muodostukseen, erityisesti pitkien rasvahappojen elongaatioon. Siten HSD17B12-entsyymin kaikkia fysiologisia tehtäviä ei vielä varmuudella tiedetä.
Tämän tutkimuksen tarkoituksena oli selvittää HSD17B12-entsyymin fysiologinen tehtävä munasarjojen toiminnassa ja alkion kehityksen aikana käyttäen hiirimallia, josta on poistettu HSD17B12-geeni. HSD17B12-entsyymin kudosjakaumat ovat ihmisellä ja hiirellä hyvin samankaltaiset, joten selvittämällä entsyymin fysiologista merkitystä hiiressä, voi saaduista tuloksista tehdä johtopäätöksiä entsyymin merkityksestä myös ihmiselle. Lisäksi tutkimme HSD17B12:n
ilmentymistä erilaisissa ihmisen munasarjasyövissä.
Tutkimustemme mukaan HSD17B12:n totaalinen puuttuminen häiritsee merkittävästi hiirten alkionkehitystä ja jo osittainen puutos aiheuttaa merkittäviä ongelmia naarashiirten hedelmällisyydelle. Lisäksi viimeisimpien tutkimustemme
mukaan ihmisellä HSD17B12-entsyymin ilmentyminen korreloi munasarjasyövän pahanlaatuisuusasteeseen (gradukseen). Tämän osalta tutkimustiedot ovat
kuitenkin vielä vähäiset ja jatkotutkimukset ovat tarpeen. Tutkimuksemme siten
osoittavat, että HSD17B12-entsyymi on tarpeellinen alkionkehitykselle ja naaraan hedelmällisyydelle, mutta toisaalta sen liiallinen tuotto voi aiheuttaa munasarjasyöpää ja/tai sen progressiota.
Avainsanat: HSD17B12, munasarjat, alkionkehitys, munasarjasyöpä, rasvahapot, prostaglandiinit
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INTRODUCTION

Hydroxysteroid (17-beta) dehydrogenases (HSD17Bs) catalyze the conversion
between 17-keto and 17β-hydroxysteroids. Thus, the enzymes regulate the balance between biologically highly active and less active sex steroids, and they are
considered to have an important role in regulating the ligand availability in various sex steroid-dependent tissues. HSD17B enzymes belong to two families: aldo-keto reductases and short-chain dehydrogenases/reductases. To date, in these
two enzyme families, 14 different enzymes with HSD17B activity have been
characterized. The enzymes possess different substrate and cofactor specificities,
different tissue distributions, and different preferences for the direction of the
reaction.
Mammalian hydroxysteroid (17-beta) dehydrogenase type 12 (HSD17B12) was
initially characterized as a 3-ketoacyl-CoA reductase (KAR) involved in the
long-chain fatty acid synthesis in endoplasmic reticulum (ER). In addition to its
role in fatty acid (FA) synthesis, human HSD17B12 has been shown to catalyze
the reduction of estrone (E1) to estradiol (E2) in HEK293 cells. In humans, the
highest level of HSD17B12 has been detected in tissues involved in lipid metabolism, such as the liver, kidney and muscle, whereas in mouse, expression has
also been detected in brown and white adipose tissues. Accordingly, recent studies in vitro have indicated that the enzyme participates in fatty acyl-CoA elongation by catalyzing the elongation of very long chain fatty acids (ELOVLs), particularly essential fatty acids (EFAs), such as arachidonic acid (AA).
AA and its downstream metabolites, which are called eicosanoids, are known to
be involved in many biological processes, such as the regulation of female reproduction and embryonic development. However, eicosanoids have been linked to
the development and progression of cancer. For example, there is strong evidence
that AA and its downstream eicosanoids have a role in ovarian carcinogenesis.
AA is metabolized by three main types of enzymes: cyclo-oxygenases (COXs),
lipoxygenases (LOXs) and cytochrome P450 enzymes (CYP450s). The COX
pathway produces prostaglandins (PGs), prostacyclins, thromboxanes (TXs) and
hydroxy fatty acids, whereas the LOX pathway is responsible for the formation
of leukotrienes, lipoxins and hepoxins. The CYP450 pathway forms epoxyeicosatrienoic acid (EET) and hydroxy fatty acids.
According to knowledge of the potential functions of the HSD17B12 enzyme and
its assumed importance in the FA synthesis and steroid hormone metabolism, a
genetically modified mouse line was generated for further studies. The mouse
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model and human tissue samples were used to characterize the main function of
the HSD17B12 enzyme in embryogenesis, female reproduction and ovarian cancer.
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Ovarian function
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Estrous/menstrual cycle
In mammals, the function of the ovaries is controlled by hormonal changes in
estrous (rodents) or the menstrual (human) cycle. The length of the cycle varies
among different species. In humans, the menstrual cycle is divided into two menstrual phases, follicular and luteal phases, and the average cycle length is 28 days
(Sherman and Korenman 1975, Fehring, Schneider and Raviele 2006). The rodent estrous cycle is normally four to five days long and contains four different
phases: proestrous, estrous, metestrous and diestrous. In mice, both ovaries go
through the same morphological changes during the cycle, and ovulation occurs
at the same time, bilaterally, releasing approximately 10-14 oocytes altogether.
In proestrus, follicles are developing rapidly until ovulation and estrogen levels
start to elevate. Increasing estrogen levels are thought to signal and induce the
surge of LH. The surge of LH and PRL induces estrous and starts ovulation and
the ovulated follicles transform to the corpus luteum by luteinization, a remodelling process in which granulosa and theca cells are dramatically changed morphologically and biochemically. An ovulatory stimulus induces the changes and
leads to the formation of luteal cells, and the proliferating activity of the cells
starts to fade as the corpus luteum maturates (Sato, Nasu and Tsuchitani 2016).
The corpus luteum starts to regress at metestrous and continues to regress in diestrous (luteolysis). The fading activity and regression of the corpora lutea leads
to a new cycle of development and regression (Figure 1).

Figure 1. Hormonal change during
(A) the human menstrual cycle and
(B) the mouse estrous cycle
A - Modified from http://www. goldiesroom.org/ B - Modified from Miller et al 2014
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Feedback effect of hormonal changes during the menstrual cycle regulates the
cycle (Miller and Takahashi 2013) (Figure 2). LH stays low by negative feedback
caused by estrogen. Before ovulation, the feedback of estrogen becomes positive,
initiating the LH surge, after which the estrogen level rapidly decreases. During
the luteal phase, LH and FSH levels decrease due to the rising levels of estrogen
and P4, and without fertilization the hormonal cycle starts again (Levine et al.
1991).
Figure 2. Regulatory feedback of hormonal changes during the estrous cycle. LH regulates hormone
production of the theca and granulosa cells, and
FSH regulates granulosa cell steroidogenesis. LH
stimulates androgen production by theca cells. Androgens are transferred to the granulosa cells,
where aromatase converts androgens to estrogens.
FSH regulates aromatase activity and thus regulates
E2 production. Estrogens inhibit the production of
GnRH and LH. Granulosa cells also produce inhibin B, which inhibits the production of FSH.

Follicular development
Mammalian oocytes originate from embryonic precursors called primordial germ
cells (PGCs). These precursors are formed from cells originating from the endoderm of the yolk sac. In mice, PGSs migrate to the developing ovary, into the
genital ridge around embryonic day (E) 10.5 – 11.5. In humans, PGSs are first
detected at the wall of the yolk sac at gestation week 3-4, whereas migration to
the gonadal area takes place at gestation week 4. After reaching the genital ridge,
the cells are termed oogonias, which are clustered in gonads forming the
germline cysts. The cells then extensively multiply in the next few of days
through mitotic division (Skinner 2005, Bristol-Gould et al. 2006, Xu and
Gridley 2013, Mamsen et al. 2012), thus forming clonal cell clusters. In mice, the
first part of the oogonias enters meiosis at around E13.5 and in humans at 11-12
weeks of gestation. The first meiotic division is finally arrested in the first phase
of prophase I just before birth (Grive et al. 2016, Pepling 2012).
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Figure 3. Development of primordial follicles. The main difference between mouse and
human development is the timing of germline cyst breakdown. Modified from BristolGould et al 2006

The cluster of germ cells, the germline cyst, starts to breakdown, and the oocytes
are surrounded by somatic pre-granulosa cells. Although most of the oocytes are
lost through apoptotic cell death, the surviving oocytes form the primordial follicles and thus the pool of the cells responsible for female fertility (Figure 3). The
timing of germline cyst breakdown is species-specific; in mice, the cyst starts to
breakdown after the first post-natal day, whereas in humans, cyst breakdown
takes place approximately week 16 of gestation (Grive and Freiman 2015, Picton
2001).
The primordial follicles are formed when the single squamous layer of somatic
cells (pre-granulosa cells) encircles the oocyte. The non-growing primordial follicles serve as the resource of developing follicles throughout the reproductive
life of the female (Xu and Gridley 2013, Ding et al. 2010). The activation of primordial follicles is an irreversible process that ends either with fully grown preovulatory follicles and ovulation, or to atresia at some point of development. Due
to the irreversibility of the process, it is important that the initiation and timing of
activation is strictly controlled. The initiation of follicular growth is initiated by
the change in shape of the granulosa cells from flattened to cuboidal, forming the
primary follicle. Granulosa cells proliferate and increase in number, and the oocyte also expands in size (Monniaux 2016, Eppig 2001). When the granulosa
cells form more than one layer around the oocyte, the follicle is called a secondary follicle. Although the follicular development of primary and secondary folli-
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cles occurs without gonadotrophins, it is still highly sensitive to gonadotrophins,
and optimal development to the preantral follicle requires these hormones
(Pepling 2012) (Figure 4).

Figure 4. Histological chances in follicular development in mouse ovaries and schematic overview of follicle growth from the primordial to the preovulatory stage.

Secondary follicles are normally observed in mouse ovaries approximately 10-12
PND and in first preantral follicles at the age of 14-24 days (Matzuk et al. 2002).
After antrum formation, the granulosa cells are divided into two different cell
groups. Those near the oocyte are called cumulus cells, and those cells near the
edge of the follicular wall are called mural granulosa cells. Although the granulosa cells express many common mRNAs and proteins, these two cell types have
their own distinct expression profiles (Diaz, Wigglesworth and Eppig 2007). The
development of secondary follicles (large preantral follicles) to antral follicles
(tertiary follicles) occurs under FSH stimulation. During maturation, the mural
cells start to produce increasing amount of estrogen which affect the hypothalamus, and the hypothalamus stimulates via GnRH the LH release from the pituitary. Cumulus cells support the growth and maturation of oocytes and participate
in production. In addition, the cells are also involved in the production of the
mucinous matrix of the antrum. During the LH surge, the cumulus cells start to
expand and surround and separate the oocyte from the mural cells, leading to ovulation and release of the oocyte-cumulus cell complex into the oviduct (Kumar
et al. 1997, Hussein, Thompson and Gilchrist 2006, Diaz et al. 2007).
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Theca cells compose form the outer cell layer of the follicle. In primordial and
primary follicles, there are no theca cells, but after the formation of the secondary
follicle, the theca cell layer starts to develop from the stromal cells near the follicle in response to signalling from granulosa cells (Tajima et al. 2007). Theca
cells form two different layers, theca interna is a highly vascularized layer of active steroidogenic cells immediately adjacent to the basal lamina, whereas the
theca externa is a loosely organized layer of inactive steroidogenic cells localized
between the interfollicular stroma and the theca interna (Magoffin 2005). The
putative precursors of theca cells do not express the LH receptor. Thus, theca cell
differentiation is gonadotrophin-independent (Young and McNeilly 2010). Consequently, it has been assumed that the development auto and paracrine signalling to follicle itself promotes the development of theca cells from the stroma.
Although many studies have assessed the development of theca cells from the
stroma, the specific factors has yet to be discovered.

Molecular factors underlying folliculogenesis
In humans and other mammals, the ovarian follicle is the core unit of the female
reproductive system. In humans, naturally occurring mutations in genes encoding
BMP ligands have been found to lead to severe problems in human reproduction
(Chang, Qiao and Leung 2016). Although the fundamental process of follicular
development is very similar within different species, most studies have utilized
rodent models.

2.1.3.1 PI3K/AKT pathway and follicular maturation
Oocyte quality is the main limiting factor in female fertility. Oocytes are known
to be regulated by the surrounding microenvironment. Oocytes and granulosa
cells communicate via gap junctions, including three different surrounding connexins: 32, 43 and 45 (Richard and Baltz 2014, Ackert et al. 2001).
Although the molecular mechanism of selection of proliferating primordial follicles is not clearly known, oocytes play an important role in the development of
follicles after the primordial stage. Mouse studies have shown that the activity of
the PI3K/AKT pathway in oocytes place a central role in the initiation of primordial follicle differentiation (Brown et al. 2010, Liu et al. 2006). PI3K activates
AKT, leading to the hypermethylation of FOXO3a and nuclear export, which
allows the primordial follicles to evolve to primary follicle and further mature
and to further mature. The FOXO3a knockout mouse model initially showed
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normal initiation of follicle development and ovulation (Castrillon et al. 2003).
However, the development of the primordial follicles was uncontrolled, eventually leading to a lack of primordial follicles. Females first produce larger litters,
but as early as 15 weeks of age, all the follicles are depleted, causing total follicular atresia and secondary infertility. To study further the mechanism of
FOXO3a in the initiation of follicular development, the role of Pten in the process was studied (John et al. 2008). Pten is known to act as a gatekeeper in the
PI3K/AKT pathway, and as expected, oocyte-specific ablation of Pten leads to
hyperactivity of AKT and increased phosphorylation of FOXO3a, consequently
leading to premature follicular demise and to infertility (John et al. 2007, John et
al. 2008, Uhlenhaut and Treier 2011, Makker, Goel and Mahdi 2014). Reddy et
al studied an oocyte specifically deleted Pten mouse model and reported results
consistent with those obtained for FOXO3a, further validating the mechanism of
premature follicular maturation. Interestingly, elevated serum levels of LH and
FSH have also been observed in mice with a genome-specific deletion of Pten
(Reddy et al. 2008).

2.1.3.2 GDF9 and BMP15 control early folliculogenesis
Mouse studies have also shown that GDF9 (growth differentiation factor 9) and
BMP15 (bone morphogenetic protein 15) are both secreted by oocytes and both
function in granulosa cells, further supporting the differentiation of granulosa
cells. GDF9 knockout female mice are infertile as a consequence of a total block
in folliculogenesis at the primary follicle stage. In addition, in vitro studies have
shown that GDF9 regulates cumulus cell expansion and hyaluronan synthase 2,
COX-2, EP2 and LH receptor activities (Joyce et al. 2000, Yan et al. 2001,
Kidder and Vanderhyden 2010, Otsuka, McTavish and Shimasaki 2011). BMP15
knockout female mice are subfertile mainly as a consequence of the defects in
ovulation and early embryonal development. The double knockout mouse model
of GDF9 and BMP15 is also infertile, mimicking the GDF9 knockout mouse.
These double knockout mice show loss of oocytes and germline cysts and also an
arrest at the primary follicle stage (Yan et al. 2001, Su et al. 2004).
In contrast, sheep carrying a BMP15 deletion are infertile. Follicular development is arrested at the primary/secondary follicle stage, and none of the follicles
develop further. Moore and co-workers showed that ewes with BMP15 point mutations in both alleles had similar fertility problems as GDF9 knockout mice,
which can be explained by in vitro studies showing that the mutated BMP15 inhibits GDF9 secretion (Moore, Erickson and Shimasaki 2004).
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2.1.3.3 Anti-Müllerian hormone in folliculogenesis
Anti-Müllerian hormone (AMH) expression is first detected in early primary follicles, with the highest expression detected in granulosa cells of the pre-antral
and small antral follicles. However, AMH expression is not detected in primordial follicles, theca cells and oocytes or in the ovarian stroma. The distribution of
AMH expression varies inside the follicle so that the expression levels are highest in the granulosa cells surrounding the antrum and oocyte. In addition, the
AMH expression varies between the follicles, with those undergoing atresia
showing elevated AMH expression, in contrast to a complete loss of expression
during formation of the corpus luteum (Durlinger et al. 1999, Durlinger et al.
2002).
The knockout of AMH does not affect to fertility of female mice and ovaries do
not show defect. Surprisingly, the loss of AMH did not affect the fertility of the
female mice and the ovaries did not show any major defects. In the absence of
AMH, a larger population of primordial follicles developed into primary or secondary follicles at an earlier age of compared with WT females. As a consequence of earlier activation of primordial follicle, the AMHKO females had fewer primordial follicles than WT females later in life (Behringer, Finegold and
Cate 1994, Durlinger et al. 1999).

Control of meiosis in oocytes
In mitosis, cells form two identical daughter cells, so called diploid cells with
replicated chromosomes, whereas in meiosis, the genetic information is divided
into haploid cells. In meiosis, there are two division phases, meiosis I and meiosis II. During meiosis I, the homologous chromosomes are separated to opposite
poles, and in meiosis II the sister chromatids are separated. Thus, in meiosis II,
non-identical haploid gametes are formed (Marston and Amon 2004).
In the follicle, the oocyte is surrounded by somatic granulosa cells and extracellular matrix (Eppig, Wigglesworth and Pendola 2002). During follicle growth,
the meiotic division of oocytes is arrested in prophase I, and it is well-established
that the arrest in prophase is dependent on high levels of cAMP inside the oocyte
(Handel and Schimenti 2010).
Regulation of the cAMP concentration and meiotic arrest are based on bilateral
communication between oocytes and granulosa cells. This communication occurs
through the follicular fluid and gap junctions. Two vital isoforms of gap junc-
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tions have been identified and localized in the maturating follicle: GJA1 (connexin-43) and GJA4 (connexin-37). Connexin-43 is localized between the granulosa
cells and connexin-37 in the zona pellucida, providing an information gate between oocytes and granulosa cells (Richard and Baltz 2014). Normal function of
gap junctions is needed for the maintenance of prophase I. During ovulation, the
LH peak affects the gap junctions, leading to the resumption of meiosis (Conti et
al. 2002, Conti et al. 2012). A knockout mouse model for connexin-37 showed
that the protein is essential for female fertility (Simon et al. 1997). Lack of connexin-37 nearly completely prevented the formation of antral follicles and caused
abnormal formation of the corpora lutea. Interestingly, females with one functional allele showed fewer gap junctions but were fertile and had normally developing follicles. This finding indicates that even partially functional gap junctions
are sufficient to allow follicular development. Although the females clearly
showed fertility problems, all the genetically modified male mice were fertile.
Recent studies have shown that the cGMP level in somatic cells plays an important role in maintaining the level of cAMP in the oocyte. Natriuretic peptide
precursor C (NPPC) is released from mural granulosa cells and diffuses through
the gap junctions to the antral fluid. It binds to the transmembrane guanylyl
cyclase natriuretic peptide receptor 2 (NPR2), which is known to be expressed
only in the cumulus granulosa cells and not in oocytes (Shuhaibar et al. 2015, Liu
et al. 2013). The activation leads to the production of cGMP from granulosa cells
by phosphodiesterase PDE5, and cGMP is transferred through granulosa cell gap
junctions to the oocyte. In the oocyte, cGMP inhibits PDE3A and allows GPR3
GS-linked G-protein coupled receptor (GPR3) to produce cAMP and maintain the
meiotic arrest (Figure 5) (Vaccari et al. 2008, Vaccari et al. 2009).
During ovulation, the LH peak leads to the decrease in cAMP levels inside the
oocyte and inactivates PDE5, which in turn decreases cGMP levels. Decreased
cGMP levels lead to de-phosphorylation and activation of PDE3, and consequently, decreased cAMP levels inside the oocyte (Celik et al. 2015, Conti et al.
1998) (Figure 5).
Following the decrease in cAMP levels in the oocyte, the nucleus breaks down
and spindle formation starts. The homologous chromosomes begin to separate,
and half of them start to atrophy to a small compartment called the polar body.
The remaining half of chromosomes stay arrested in the metaphase II spindle
until the oocyte is fertilized (Duncan, Moss and Williams 2006). Although the
LH surge starts the cascade that promotes meiosis via cAMP, prostaglandin E2
(PGE2) has also been shown to be involved in regulating cAMP levels downstream of the LH signal (Rich et al. 2007). Meiosis will be completed only when
the oocyte undergoes ovulation and is fertilized (Downs 2010). Oogenesis is
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strictly controlled, and any problems in these critical developmental windows
may cause infertility, aneuploidy or miscarriage.

Figure 5. Control of oocyte meiotic arrest. Before the LH surge, NPR2 produces cGMP
in mural granulosa cells, while PDE5 degrades cGMP such that the concentration of
cGMP is maintained. cGMP diffuses through gap junctions to the oocyte and inhibits
PDE3A, leading to high cAMP levels in the oocyte and arrested meiosis. The LH surge
inhibits NPR2 and activates PDE5, leading to a significant decrease in cGMP levels in
mural granulosa cells. cGMP starts to diffuse out of the oocyte, leading to activation of
PDE3A, which in turn initiates the degradation of cAMP. Decreased cAMP levels lead
to the resumption of oocyte meiosis. Modified from Shuhaibar et al. 2015 and Downs
et al. 2014.

Ovulation
Ovulation is tightly controlled by FSH and LH (Kumar and Sait 2011). FSH
stimulation is obligatory for developing follicles at the preovulatory stage (Raju
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et al. 2013). In contrast, the LH surge rapidly initiates the final differentiation of
mural granulosa cells and cumulus cells, leading to the resumption of meiosis
and expansion of cumulus cells and eventually ovulation (Figure 6) (Hizaki et al.
1999). Mural granulosa cells start to luteinize and form the corpus luteum after
ovulation. FSH and LH activate many complex pathways, for example, the
cAMP/PKA, ERK 1/2 and PI3K/AKT pathways (Ben-Ami et al. 2006, Takahashi
et al. 2006).

Figure 6. Schematic view of the release of an oocyte from the follicle.
Modified from Duffy M. D. 2015 Review

In rodents, the preovulatory LH surge is initiated by a dramatic increase in the
level of E2 produced by the fully maturated preovulatory follicle (Wide and
Eriksson 2013). The LH surge affects the theca and granulosa cells through the
LH receptor. Interestingly, the LH receptor in rodents are not detected in cumulus cells during ovulation. In addition, LH is known to affect these cells indirectly. Amphiregulin (AREG), epiregulin (EREG) and betacellulin (BTC) are produced rapidly after the LH surge in granulosa cells, but possibly also in theca
cells (Light and Hammes 2015). AREG and EREG mediate the LH signal to cumulus cells and the oocyte.
Nautiyal and co-workers (2010) showed that RIP140-/- (receptor-interacting protein 140) mice were infertile due to the presence of unruptured follicles and oocytes sequestered inside luteinizing follicles. Interestingly, RIP140+/- mice were
also subfertile, and only half of the follicles were able to ovulate (Nautiyal et al.
2010). RIP140 has been suggested to regulate LH-induced expression of AREG,
EREG and BTC, and RIP140-/- cumulus cells showed decreased expression of
AREG in vitro. Shimada and co-workers (2006) showed that PTGS2 null mice
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(also known as COX-2 null mice) expressed significantly lower levels of AREG
and EREG, but not BTC, in cumulus cells in vitro compared with their WT controls. In addition, they showed in vitro that LH induced EGF-like factors via
RIP140, which activated Ptgs2/COX-2 enzyme, thus leading to increased PGE2
synthesis (Shimada et al. 2006).
Both EP1 and EP3 receptor knock-out mice were fertile and had no alterations in
embryonic development (Ushikubi et al. 1998), whereas EP2-deficient mice
showed significantly decreased fertility in females. EP2 null females delivered
smaller litters and had a decreased ovulation rate because the oocytes remained
trapped inside the corpora lutea. Most of the EP2 null follicles did not exhibit
normal cumulus cell expansion before ovulation, causing fertilization problems.
Interestingly, the phenotype of EP2-deficient females was similar to that of
COX-2-deficient females (Hizaki et al. 1999, Kennedy et al. 1999, Tilley et al.
1999). Although EP4-deficient mice displayed normal embryonal development,
the mice died quickly after birth, with the oldest surviving until the third postnatal day, as a consequence of lack of ductus arteriosus closure (Nguyen et al.
1997, Segi et al. 1998).
COX-1 deficient mice were found to be surprisingly healthy. Whereas COX-1
null males were fertile, females had difficulties in induction of parturition, and
almost all pups were born dead or died shortly after birth. In contrast to the
COX-1-deficient mice, COX-2-deficient mice had severe problems, and only half
of the pups survived to weaning. COX-2-deficient females were infertile, showing alterations in cumulus cell activation. Furthermore, stigmata formation (the
exact place were ovulation happens) and ovulation were abnormal (Lim et al.
1997, Langenbach et al. 1999).
LH induces the expression of progesterone receptor (PR) and COX-2, which
leads to prostaglandin synthesis in the preovulatory follicles. PGs modulate proteolytic activity by activating proteolytic inhibitors and preventing the breakdown of the theca layers throughout the follicle wall (Gaytán et al. 2003). PR
enables the apex and ovarian surface to break down and release the oocyte into
the periovarian space. Elevation of the PGE2 concentration is thought to control
the timing of ovulation (Mikuni et al. 1998). The increased levels of PGE and F
and also increased hydroxyeicosatetraenoic acid (HETE, see Figure 13) levels
can be detected in follicular fluid just before ovulation (Sugimoto et al. 1997,
Ochsner et al. 2003, Dozier, Watanabe and Duffy 2008). PGs induce proteolytic
activities, and HETE induces angiogenesis and overall blood flow. In particular,
PGE2 induces proteolytic activity in follicles (Downey, Mootoo and Doyle 1998).
The proteolytic enzymes digest collagens in the follicular wall, allowing the cu-
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mulus-oocyte-complex to be released from the follicle. PGE2 is also thought to
activate the smooth muscle cells in the ovaries and thereby enhance ovulation
(Takahashi et al. 2006, Duffy 2015).
During ovulation, follicular rupture needs to occur properly so that the oocyte is
released in the right direction. If the effects of PGs are inhibited during ovulation,
the oocyte remains trapped inside the follicle and ovulation does not occur
(Gaytán et al. 2003). Gaytán and co-workers showed that blocking prostaglandin
synthesis caused an incorrect direction of ovulation, or the oocytes were completely unable to ovulate. Therefore, it can be concluded that PGs are required for
targeted follicle rupture and correct ovulation. Because of their ability to inhibit
ovulation, PGs are also thought to be useful as emergency, but not monthly, contraceptives (Duffy 2015).
Interestingly, further studies by Gaytán and co-workers showed that although the
administration of indomethacin did not reduce the mRNA level of COX2 but decreased PG levels, it significantly reduced Kiss1 mRNA levels in rodent ovaries
(Gaytán et al. 2009). Furthermore, Kiss1 expression was rescued by the administration of PGE2. Although Kiss1 is a well-known neuropeptide that regulates
the release of GnRH from the brain during the hormonal cycle (Tomikawa et al.
2012), recent studies have shown that intraovarian Kiss1 also regulates follicular
development (Fernandois et al. 2017).

Luteinisation of corpora lutea
During ovulation, the LH surge rapidly initiates the final differentiation of mural
granulosa and theca cells. In most nonprimate mammals, granulosa cells form a
pool of large luteal cells (LLCs) and theca cells form small luteal cells (SLCs)
(Nelson et al. 1992, Arosh et al. 2004). LLCs and SLCs are heavily reorganized
with fibroblasts and endothelial cells while forming the corpus luteum. In contrast, in primates, LLCs are called granulosa-lutein cells and SLCs are thecaluteal cells. In addition, the luteinized cells in primate ovaries are notably less
reorganized, and the cells remain separated in the corpus luteum, unlike in
nonprimate ovaries (Olofsson and Leung 1994, Niswender et al. 2000).
The preovulatory surge of LH affects the steroidogenic pathway so that P4 becomes the primary hormone produced by the ovaries. P4 is one regulator of the
length of the reproductive cycle, and it is needed for the maintenance of pregnancy. Thus, dysfunctions in P4 production have been linked to infertility, abortion
and ovarian cycle disorders. In SLCs, LH also activates adenylate cyclase and
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increases cAMP levels, leading to PKA activation in the cells. PKA increases the
release of cholesterol from cholesterol esters, and cholesterol is in turn metabolized to P4 (Arosh et al. 2004).
Prostaglandin I2 (PGI2) and PGE2 both act as luteotropic hormones in luteal cells,
PGI2 in SLCs and PGE2 in LLCs (Wiltbank, Belfiore and Niswender 1993). PGs
are thought to function in the same manner as LH in luteal cells, thus increasing
the cAMP level and activating protein kinase A (PKA), leading to the formation
of P4. PGI2, PGE2, GH and IGF-I all increase the synthesis of P4 in LLCs
(Wiltbank et al. 1990).
Once the corpus luteum has reached the mature size and maximum potential of
P4 secretion, it remains functional for a few of days, depending on the species. In
the absence of pregnancy, the luteal cells start to regress, and the next reproductive cycle can start (Niswender et al. 2000).

Luteolysis of corpora lutea
Luteolysis means basically the decomposition of the corpus luteum. First, the
luteal cells lose the ability to produce P4; second, they start to diminish themselves. In most mammals including rodents, prostaglandin F2α (PGF2α) originating from the uterus is the main factor initiating luteolysis (Figure 7). PGF2α is
produced in the uterine horn and reaches the ipsilateral ovary via ovarian artery.
In this way, it does not need to travel through the pulmonary circulation, where it
would be inactivated (Olofsson and Leung 1994).

Figure 7. The role of
PGs in the mechanism
of luteolysis; in rodents, PGF2α is first
synthesized in the
uterus and transferred
to the ovary. PGF2α
starts the cycle that
results in the release
of Ca2+, which in turn
leads to luteolysis.
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However, in primates and human ovaries, the luteal PGF2α is produced in the
ovaries and is locally affected. Thus, the release of PGF2α affects the luteal cells
in an autocrine and paracrine manner (Lee et al. 2010). PGF2α affects the blood
flow inside the corpus luteum. Decreased blood flow is one way to induce luteolysis, as the level of nutrients and cholesterol is reduced, leading to the inability to
produce P4. PGF2α activates membrane-bound phospholipase C (PLC), leading to
increased intracellular IP3 and DAG concentrations (Figure 8). Elevated levels of
IP3 increase the release of free Ca2+ from smooth endoplasmic reticulum (SER),
which activates PKC (protein kinase C). Thus, PGs are thought to mediate PKCinduced apoptosis in LLCs (Juengel et al. 2000, Skarzynski, Ferreira-Dias and
Okuda 2008).

Figure 8. Signal transduction underlying the
mechanism of luteolysis in LLCs.

PGE2 and PGF2α function via G-coupled receptors; PGE2 is known to have four
receptor subtypes (EP1-4) and PGF2α two receptor subtypes (FPA-B)PGE2 and
(Narumiya, Sugimoto and Ushikubi 1999). During activation, EP2 and EP4 are
coupled to adenylate cyclase and induce the production of cAMP, which in turn
activates PKA. EP1 and FP are coupled to PLC. PLC generates IP3, which promotes the release of Ca2+ and diacylglycerol (DAG), and further activates protein
kinase C (PKC). The functions of FP receptors in luteal tissues have been widely
studied, whereas the functions of EP receptors in luteal tissues are still largely
unknown (Arosh et al. 2004).
In the case of a pregnancy, the corpus luteum becomes resistant to PGF2α induced luteolysis. One way of preventing corpus luteum degradation is to increase the catabolism of PGF2α
(Sakamoto et al. 1995). The 15-
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hydroxyprostaglandin dehydrogenase (PGDH), which is known to be the ratelimiting enzyme in inactivation of the PGE and F series, is widely expressed in
almost all tissues, and the human chorion is known to express high levels of
PGDH during early pregnancy, in this way shielding the cells from the effects of
uterus-originating PGF2α (Silva et al. 2000).

Figure 9. Ovulation, fertilization and implantation (human).
Modified from Dard et al. 2008 and Clift and Schuh 2013

2.2

Early embryo development – from zygote to organogenesis

From zygote to blastocyst
Embryonic development starts when the oocyte is fertilised (Figure 9). The fertilized oocyte is also called a zygote. This preimplantation period lasts approximately four days in mouse, and during this time the zygote develops into the implanting blastocyst (Artus and Cohen-Tannoudji 2008). In humans, the same development takes six to nine days. First, a dense cluster of cells are formed, and
the zygote starts to divide with no significant growth in size, at the 8-cell stage,
the blastomer start to show the first signs of polarity. Intercellular adhesion increases, leading to compaction and thus producing the morula. The polarity of
the blastomer is important for normal formation of the inner cell mass (ICM) and
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further formation of the embryo (Dard et al. 2008, Artus and Chazaud 2014). In
the morula, the cells first aggregate very closely, but soon divide into two cell
layers. The outer layer of cells forms the trophectoderm (TE), the main function
of which is to form the embryonic part of the placenta, whereas the ICM develops into the embryo (Marikawa and Alarcón 2009). At the 32-cell stage, the TE
layer develops into the fully functional epithelium. The cell layer contains functional Na+/K+ ATPases and aquaporins, thus allowing water and ions to accumulate inside the morula (Bell and Watson 2013). During the formation of the fluidfilled cavity (also known as the blastocoel), the morula slowly transforms into a
blastocyst (Clift and Schuh 2013).
While the blastocyst is expanding, the TE layer is differentiating based on the
close vicinity of the ICM, resulting in polarity of TE cells immediately adjacent
to the ICM. At the time of implantation, the ICM has formed two cell lineages:
epiblasts (Epi) and primitive endoderm (PrE) (Chazaud et al. 2006). Epi surrounds one and PrE surrounds the other side of the TE layer. PrE surrounds part
of the blastocoel. Before implantation, the TE layer starts to hatch through the
zona pellucida, permitting implantation into the uterus. In addition, implantation
of the blastocyst into the decidualized endometrium consistently occurs via the
polar TE portion (Gamage, Chamley and James 2016).
De novo FA synthesis is vital for normal embryonal development, as lipids are
needed for the formation of cell membranes. A knockout mouse model of fatty
acid synthases (FAS) was shown to be embryonic lethal, demonstrating the importance of FA synthesis in embryos development. FAS-/- embryos died prior to
implantation, and some FAS+/- embryos died during various stages of embryonic
development. At embryonic day 9.5, FAS+/- showed retarded development; the
embryos did not finish turning, and they were significantly smaller than the WT
littermates (Chirala et al. 2003).

Gastrulation
In gastrulation, the ICM is reorganized into a three-layered structure. These three
layers are termed the ectoderm, mesoderm and endoderm. After the differentiation of trophoblasts, a layer of the ICM starts to flatten (forming the so-called
embryonic disk), forming a small internal sac called the amniotic cavity. The
floor of the amniotic cavity is formed by the embryonic ectoderm (Boroviak and
Nichols 2017). After formation, the embryonic disk starts to transform in shape,
and one end starts to widen. The narrow (posterior) end is called the primitive
streak (formed from ectoderm), and the anterior end is termed the primitive node,
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the end of which forms a knob-like thickening. The primitive groove forms on
the surface of the streak, which looks like a shallow groove in the surface (Figure
10). From the side of the primitive streak is a third cell layer, the mesoderm,
which is between the ectoderm and endoderm layers. All three cell layers have
their own specific characteristics and give rise to different tissues of the body
(Downs 2002).

Figure 10. Gastrulation – formation of
three germ cell layers. The Epi layer starts
to fold and form a shallow groove. Endoderm cells migrate and differentiate into
endoderm and mesoderm layers.
Modified from classes.midlandstech.edu/
carterp/ Courses/ bio211/ chapter28/
chap28.htm

PGE2 is essential for cell migration during gastrulation. Although COX-1 null
mice were relatively normal, studies conducted using zebrafish embryos showed
a significant role of COX-1, but not COX-2, in prostaglandin metabolism during
gastrulation, and COX-1 expression co-localized with cytosolic PGE2 synthase
(Cha et al. 2006). Cha and co-workers also showed that COX-2 expression was
detectable until the end of gastrulation.

Formation of the early nervous system
In front of the streak, two longitudinal ridges are formed by folding up of the ectoderm. These ridges are called neural folds, between which lies a shallow neural
groove. While the neural folds are elevated, the groove slowly deepens and finally forms a closed tube, the neural tube (Ezin, Fraser and Bronner-Fraser 2009).
The fusion of the neural folds occurs first at the zone where the hind brain will
form. Before the neural groove is completely closed, the ectodermal cells migrate
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along the ridge of the neural folds. These cells form a basement for the sympathetic nervous system, and thus the cells form the so-called neural crest or ganglion ridge (Theveneau and Mayor 2010). While the mesoderm is growing over
the neural tube, the overlying layer of ectodermal cells become separated from
the neural tube (Theveneau and Mayor 2012).
In the cephalic end of the neural tube, three primary cerebral vehicles form after
a series of dilatations. These three structures are the future brain segments: forebrain, midbrain and hindbrain. The walls of the vehicles form the nervous tissue
and neuroglia, while the cavities form the ventricles of the brain. The rest of the
tube forms the spinal cord, and the cavity remains as the neural canal (Creuzet,
Martinez and Le Douarin 2006).
Closure of mammalian neural tube is known to require more than 100 genes
functioning in a correct manner, including Pten. Pten null mice are embryonic
lethal, and mouse embryos die around embryonic day 7.5 (Di Cristofano et al.
1998, Yeh et al. 2011). Thus, they show a severe defect in neural plate formation
and closure. Lack of PTEN leads to the loss of cell polarity, causing problems in
cell migration along the apical-basal axis and the failure of cells to form the columnar neural epithelium. Therefore, PTEN is suggested to be required for stabilization of cell packing during the formation of neural plates (Bloomekatz et al.
2012, Grego-Bessa et al. 2016).

2.3

Hydroxysteroid (17-beta) dehydrogenase enzymes

In humans, 14 different types of HSD17B enzymes have been characterized to
date. These enzymes differ from each other by their tissue distribution, substrate
specificity, subcellular localization and regulation. HSD17Bs catalyze the conversion between 17-keto and 17beta-hydroxysteroids. Among the sex steroids,
the 17beta-hydroxy forms are the highly active forms, whereas the corresponding
17-keto forms are biologically less active. Several HSD17Bs may also metabolize other substrates, such as alcohols, bile acids, FAs and retinols (Adamski and
Jakob 2001, Mindnich, Möller and Adamski 2004, Saloniemi et al. 2012)
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Table 1 Different human HSD17B enzymes and their main enzymatic function.
Data collected form http://www.genecards.org/ (human gene database).

Hydroxysteroid (17-beta) dehydrogenase type 12
HSD17B12 is one member of this enzyme family. HSD17B12 was first characterized as KAR (Moon and Horton 2003). In addition, the HSD17B12 enzyme
has been suggested to catalyze the conversion between E1 and E2 (Luu-The,
Tremblay and Labrie 2006). Mouse HSD17B12 also catalyses the transformation
of 4-androstenedione into testosterone (T) and of dehydroepiandrosterone
(DHEA) into 5-androstene-3α, 17β-diol (3α-diol) (Blanchard and Luu-The
2007). The enzyme has been shown to be highly expressed in mature adipocytes
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compared with preadipocytes in mouse (Bellemare et al. 2009) as well as in primate adipose tissue (Blanchard and Luu-The 2007). Adipose tissue is known to
actively produce E2 locally, and therefore HSD17B12 has been speculated to be
involved in the conversion of E1 to E2. In addition to its role in sex steroid metabolism, it is possible that the main function of HSD17B12 is in lipid metabolism, namely, in FA synthesis (Lukacik, Kavanagh and Oppermann 2006). Studies with zebrafish and Caenorhabditis elegans have also supported the role of
HSD17B12 in the FA synthesis (Mindnich, Hrabe de Angelis and Adamski 2007,
Entchev et al. 2008). Furthermore, Hsd17b12 is at least partly regulated by sterol
regulatory element-binding proteins, similar to many of the genes involved in
lipid metabolism and FA and cholesterol biosynthesis (Nagasaki et al. 2009a).
In humans, HSD17B12 is expressed in various tissues and organs. The highest
expression levels can be detected in heart, kidney, skeletal muscle, brain and liver. In addition, the enzyme is expressed in various steroidogenic tissues, such as
the prostate, testis, adrenal gland, ovary and placenta (Sakurai et al. 2006). Recently, gene expression information has evolved, and in silico data
(http://ist.medisapiens.com/#ENSG00000149084) have shown that the enzyme is
extensively expressed throughout the human body. Luu-The and co-workers
(2006) studied HSD17B12, HSD17B1 and HSD17B7 expression profiles in human estrogen-sensitive tissues, namely, mammary gland, ovary, uterus, vagina,
cervix and placenta. Interestingly, HSD17B12 expression levels were high in all
tissues except the placenta, were HSD17B1 was most highly expressed HSD17B
enzyme. Due to the high expression levels of HSD17B12 in most estrogensensitive tissues, HSD17B12 was speculated to be the main enzyme participating
in estrogen activation (Luu-The et al. 2006).
Interestingly, HSD17B12 possesses an activity similar to FAS, an enzyme complex responsible for de novo FA synthesis (Witkowski, Joshi and Smith 2002,
Jayakumar, Chirala and Wakil 1997, Smith 1994). FAS has been extensively
studied as a candidate target for cancer therapy (Lu and Archer 2005, Liu et al.
2002) and for the treatment of obesity (Loftus et al. 2000), suggesting that
HSD17B12 may also be a candidate for those therapeutic targets. Thus, identifying the physiological and pathological roles of HSD17B12 may contribute to the
development of treatments for cancers and metabolic disorders.
Song and others (Song et al. 2006) have found significant expression levels of
HSD17B12 in breast cancer tissue samples. HSD17B12 was detected both in the
cytoplasm and nuclei in these cells. In addition, there was found a significant
correlation between HSD17B12 and ER-beta receptor expression in breast carcinoma samples. In addition, human cancer cell line studies (Smuc and Rizner
2009) showed that the expression levels of the HSD17B12 enzyme and ER re-
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ceptors were positively correlated in breast and endometrial cancer cell lines,
while the involvement of ERβ in the development and progression of breast carcinoma cells is currently unknown.
In contrast, recent studies have shown that the expression of HSD17B12 does not
correlate with E2 levels in breast cancer tissue (Nagasaki et al. 2009b). Interestingly, HSD17B12 knockdown did not affect the E2 level in breast cancer cell
lines, yet cell proliferation and growth was still affected (Day et al. 2008). Furthermore, Nagasaki and co-workers showed that the reduced breast cancer cell
proliferation in the absence of HSD17B12 was rescued by the addition of AA,
but not E2, to the cell culture. Thus, HSD17B12 affects cancer cell growth via
EFAs, especially AA. Furthermore, most cancer cell lines express COX2, which
is known to metabolize AA to PGs (Allaj, Guo and Nie 2013). Interestingly, in
many cancer studies, high HSD17B12 expression levels are linked to a poor
prognosis and lower survival rate of patients (Nagasaki et al. 2009b, Plourde et
al. 2009).
While several studies have speculated about the function of HSD17B12 in breast
cancer, only one article has addressed the function of HSD17B12 in ovarian cancer. This study showed that HSD17B12 was expressed in ovarian cancer (Szajnik
et al. 2012). In that study, one hundred samples from untreated patients diagnosed with different epithelial ovarian cancer types (serous, mucinous and endometrioid) were studied. The authors concluded that strong staining for
HSD17B12 correlated with a poor prognosis and poor outcome of patients with
ovarian cancer. Thus, weak or moderate staining correlated with a better outcome. They also evaluated the function of HSD17B12 by silencing HSD17B12
expression by siRNA in an ovarian cancer cell culture. Interestingly, blocking
HSD17B12 halted cell proliferation and induced apoptosis. In addition, the addition of AA to the cell culture rescued the phenotype, and the cells started to divide and apoptosis was stopped. In contrast, the addition of E2 had no effect on
the phenotype.

2.4

Synthesis and elongation of fatty acids

The synthesis of FAs starts with the formation of malonyl-CoA. The cytosolic
acetyl-CoA is carboxylated to malonyl-CoA, which then acts as a two-carbon
donor throughout lipogenesis. In the cytosol, synthesis is catalysed by a multifunctional enzyme, FAS, which consumes the malonyl-CoA and NADPH to
form palmitic acid in a cyclic synthesis of seven identical circles. During lipo-
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genesis, palmitic acid (C16:0, saturated FA is formed and must be transformed in
the ER for further elongation (Figure 11).

Figure 11. Synthesis and elongation of FA – synthesis of FAs occurs in the cytoplasm
until palmitic acid (C16:0) is formed. In contrast, diet-based PUFAs and recently synthetized palmitic acids further elongate in the ER. Modified from the thesis of Brolinson
Annelie – Regulation of Elovl and fatty acid metabolism (2009)

FA elongation of very long fatty acids (VLFAs) occurs in the ER. The synthesis
is divided in two parts, elongation and desaturation. In addition, each part contains two enzymes: ELOVL (Ohno et al. 2010) and HSD17B12/KAR are expected to be responsible for elongation and a yet unknown dehydrase and TER
(Moon and Horton 2003) are responsible for desaturation (Figure 11).
The rate-limiting step in VLFA elongation in normal conditions is the first step in
elongation, which is catalysed by ELOVL enzymes. Seven ELOVL enzymes
have been identified, and these enzymes differ by their tissue distribution and
function (Wang et al. 2006). ELOVL1, 3 and 6 are responsible for the elongation
of saturated and monounsaturated FAs, while ELOVL2, 4 and 5 are responsible
for the elongation of polyunsaturated fatty acids (PUFAs). ELOVL5 also plays a
role in elongating some monounsaturated FAs (Jump 2009). ELOVL1 and 3 are
known to elongate very long (>C20) chain FAs. ELOVL2 catalyses the condensation of C20 and C22 PUFAs. ELOVL4 is responsible for elongating VLFAs
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(>26). ELOVL5 has been shown to elongate a broad range of FAs; C16, C18 and
C20 PUFAs and ELOVl6 elongate saturated FAs (C12-C16) (Moon, Hammer
and Horton 2009).

Elongation of diet-derived essential fatty acids
EFAs are described as FAs that animal and human tissues are unable to synthetize and therefore must be obtained from the diet. EFAs comprise two main
groups of PUFAs: omega-3 FAs (ω-3), in which the double bond is at the third
carbon from the end of the chain; and omega-6 FAs (ω-6), in which the double
bond is at the sixth carbon from the end of the chain (Simopoulos 2002). Linoleic
acid (LA) is a precursor for ω-6 PUFAs and alpha-linolenic acid (ALA) for ω-3
PUFAs. LA and ALA are both obtained from the diet as triacylglycerols, which
are hydrolysed in the gastrointestinal track lumen and, after hydroxylation, absorbed and packed in chylomicron phospholipids. Chylomicrons are then taken
up by various tissues throughout the body. The liver is the most active tissue in
the uptake of chylomicrons, especially in humans, and this function is crucial for
less active tissues, such as the brain (Bézard et al. 1994). EFAs are stored in the
outer layer of the cell membrane or used directly for PUFA synthesis in the ER.
AA is the main storage form of PUFAs.

Eicosanoids, the 20-carbon long fatty acids of PUFAs
AA and its downstream metabolites are collectively described as eicosanoids.
AA is metabolized by three main enzymes: COX, LOX and CYP450 (Figure 12).
The COX pathway produces PGs: prostacyclins, TXs and hydroxy fatty acids.
The LOX pathway is responsible for the formation of leukotrienes, lipoxins and
hepoxins, and the CYP450 pathway forms epoxyeicosatraenoic acid and hydroxy
fatty acids (Hyde and Missailidis 2009) (Figure 13).
Prostanoids are a subclass of eicosanoids containing PGs and thromboxanes
(TXs) (Figure 13). PGs and TXs are metabolized from AA via the COX enzymes. COX-1 is known to be constitutively expressed in various tissues and is
responsible for normal homeostasis; COX-2 is inducibly expressed, e.g., by a
stimulus, such as inflammation and in cancer (Crofford 1997, Rouzer and
Marnett 2009). A third COX enzyme, COX-3, has also been found. COX-3 is a
splicing variant of COX-1 (Chandrasekharan et al. 2002).
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Figure 12. Schematic view of the eicosanoid pathway, and the three main pathways
downstream of AA.

AA is stored at the cell membrane and esterified in phospholipids. When prostanoids are needed, these precursors are released from the cell membrane by the
actions of one of three phospholipases (Funk 2001), namely, phospholipase A2
(Pla2), PLC and phospholipase D. Although there are three enzymes, Pla2 is the
only one that can release AA from the cell membrane directly in a single step
reaction (Hyde and Missailidis 2009). AA is first metabolized with COX enzymes to PGH2, which is then further metabolized to various different active
forms of prostanoids. These active forms are then transported immediately out of
the cell where they act locally, in the vicinity of the production cite. Prostanoids
are very unstable, with some having a life-time of less than 30 seconds and those
that are more stable being metabolized very quickly after secretion (Narumiya
2007).
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2.4.2.1 Prostanoids and ovarian function
For ovarian function, the most important prostanoid is PGE2, which acts via prostaglandin E receptors (EP). Each receptor has specific tissue distribution
(Sugimoto and Narumiya 2007), and each receptor activates a specific secondary
messenger pathway. Ovaries mostly express EP2 receptor (EP2-/- mice have been
previously described in chapter 2.2.1). Another interesting finding is that EP3-,
EP4-, thromboxane receptor (TP) and prostacyclin/ prostaglandin I receptor (IP)deficient mice do not show any female infertility, despite the expression of these
receptors in the reproductive track (Tilley et al. 1999).

2.5

Eicosanoids affect the nature of cancer

All eicosanoids are known to be bioactive lipids that are involved in normal development, inflammation and even cancer progression (Menter and Dubois
2012). AA and its downstream metabolites have been identified as active carcinogens or even tumour promoters (Hyde and Missailidis 2009).
Overexpression of COX enzymes has been linked to many different cancers.
High expression levels have been documented in lung, breast, colorectal, prostate, head and neck, and ovarian cancer (Krysan et al. 2004, Barnes et al. 2006,
Chan, Ogino and Fuchs 2007, Khor et al. 2007, Wang 2005, Uefuji, Ichikura and
Mochizuki 2001, Hasegawa et al. 2005, Agarwal 2003, Qiu et al. 2014). In many
cases, especially COX-2 overexpression has been linked to tumour metastatic
activity. Recent studies have shown a link between tumour vascularization and
elevated COX-2 expression (Hyde and Missailidis 2009). Increased PGE2 levels
are especially positively correlated with increased levels of matrix metalloproteinase 9 (MMP-9), which, conversely, activates VEGF signalling.
Four different subtypes of LOX enzymes have been identified: 5-ALOX, 12ALOX and 15-ALOX, which have two isoforms (15-ALOX-1 and 15-ALOX-2).
Increased expression levels of LOX enzymes have been found in many different
cancer types including breast, pancreatic, prostate, lung urinary bladder and colon (Moreno 2009, Schneider and Pozzi 2011). 5-ALOX and its AA downstream
metabolite 5-HETE (Figure 13) in particular have been shown to activate VEGF
signalling, leading to increased angiogenesis. ALOX is also related, especially in
breast cancer, to the metastatic activity of cancer (Erez 2015).
The least studied AA pathway is the CYP450 pathway. Recent studies have
shown that CYP450 produced EETs and HETEs can inhibit apoptosis via the
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PI3/AKT signalling pathway, and 20-HETE has also been shown to induce
VEGF-induced vascularization (Panigrahy et al. 2010, Hyde and Missailidis
2009).

Eicosanoids and ovarian cancer
Elevated expression of COX-2/PTGS2 has been reported in epithelial ovarian
cancer and to be associated with a poor prognosis (Lee, Myung and Song 2013,
Qiu et al. 2014). PGE2 is one of the products that COX-2 metabolizes from AA.
PGE2 is typically very unstable and is inactivated very quickly after formation by
15-PGDH. Interestingly, the level of 15-PGDH is often decreased in cancer,
leading to an accumulation of PGE2, which has been shown to induce cell migration via upregulation of matrix metalloproteinase 2 (MMP2) and MMP9. In ovarian cancer, EGF has been shown to stimulate COX-2 and there by the product of
PGE2, and ovarian cancer cell migration (Qiu et al. 2014). Recent studies with
human ovarian cancer cell lines (SKOV3 and OVCAR5) have shown that EGFinduced COX-2 expression is mediated via the PI3K/AKT signalling pathway
(So et al. 2014).
In addition to COX-2, COX-1 may also play an important role in PGE2 production in ovarian cancer cell lines (Kino et al. 2005). Kino and co-workers studied
ten different epithelial ovarian cancer cell lines and found a positive correlation
between COX-1 expression and the PGE2 concentration, while COX-2 was undetectable. Interestingly, the use of a specific inhibitor of COX-1 in cell culture
significantly decreased the concentration of PGE2.
Although PGE2 is known to promote epithelial cell migration in normal tissue,
interestingly, it inhibits fibroblast migration (Sagana et al. 2009). The opposite
effect of PGE2 on cell migration depending on the cell type has been thought to
be main reason the chemotherapy loses the efficacy. EP receptors can increase
intracellular calcium (EP1) or cAMP (EP2 and EP4) or decrease intracellular
cAMP levels (EP3) (Markovič et al. 2017). PTEN is a well-known tumour suppressor protein, and interestingly, it has been shown to regulate EP2 receptor activity in fibroblasts via positive feedback. In non-cancerous tissues, the activity
of PTEN increases together with the levels of PGE2. In this way, PTEN directly
controls the number of functional EP2 receptors in fibroblasts. Sagana and coworkers (2009) showed that PTEN directly regulates EP2 receptor expression via
cAMP and thus regulates fibroblast activity. In cancer, the expression of PTEN is
often downregulated, leading to increased activity of EP2 receptors and consequently to increased cell migration ability (Sagana et al. 2009).
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Although ovarian cancer is extensively studied, the mechanism by which the
cancer becomes resistant to treatments is still unknown. In ovarian and breast
cancer, the main reason that chemotherapy does not work is that the cancer cells
become resistant to drug-induced apoptosis. COX-2 overexpression is known to
reduce apoptosis, increase cell proliferation and stimulate angiogenesis (AliFehmi et al. 2005). Interestingly, COX-2 has also been suggested to regulate the
expression of survivin in cancer cells (Athanassiadou et al. 2008). Survivin is an
anti-apoptotic protein that is normally observed in embryonic and fetal development, but it is not detected in adults. In addition, survivin has been shown to affect FSH-stimulated VEGF expression in ovarian cancer, and interestingly, survivin has been thought to antagonize FSH and lead to increased VEGF expression (Huang et al. 2008). Huang and co-workers showed a clear correlation between increased VEGF levels and activated PI3K/AKT signalling. In serous adenocarcinoma, they detected a positive correlation between FSH-induced survivin
and phosphorylated AKT. Furthermore, the survivin and AKT levels were correlated with the 5-year survival of patients. Based on these findings, the survivin
and PI3K/AKT pathways are thought to be at least one important mechanism
underlying the development of drug-resistance (Xing et al. 2008).
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Aims of the Study

AIMS OF THE STUDY

The main aim of this thesis was to identify the physiological role of the
HSD17B12 enzyme. The tissue distribution of the HSD17B12 enzyme in mouse
is known to mimic the human tissue distribution. Therefore, to study the function
of the enzyme, a knockout mouse model was generated and characterized. In
addition, the expression of HSD17B12 in human ovaries and ovarian cancer
was studied. Identifying the physiological and pathophysiological function of
the HSD17B12 enzyme is especially interesting because HSD17B12 might function as a drug target candidate for the treatment of cancers, especially ovarian
cancer.

The specific aims of the thesis are as follows:
1.

To study the role of the HSD17B12 enzyme in embryonic development

2.

To study the role of the HSD17B12 enzyme in ovarian function and in female fertility

3.

To study the role of the HSD17B12 enzyme in ovarian cancer

Materials and methods
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MATERIALS AND METHODS

4.1

Experimental animals
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Generation of HSD17B12+/- and HSD17B12-/- mice (I, II)
Table 2 Commercial gene traps used to generate the HSD17B12 knockout mice
(HSD17B12-/-) and mice with one functional HSD17B12 allele (HSD17B12+/-)
(I, II)
Gene trap
clone
AO3OEO6
DC0186

Manufacture
German Gene Trap Consortium
(Munich, Germany)
Sanger Institute (Hinxton, UK)

Location

Used in

Intron 3

I, II

Intron 1

II

The gene trap clone AO3OEO6 (mouse line B) was obtained from the German
Gene Trap Consortium (Munich, Germany), and the gene trap clone DC0186
(mouse line A) was from Sanger Institute (Hinxton, UK).

Figure
13.
Schematic view
of two different
commercial gene
traps used to generate HSD17B12deficient mouse
lines. Mouse line
A – trap DC0186,
from Sanger and
mouse line B –
trap AO3OEO6,
from GGTC.
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The ES cells were injected into C57BL/N6 mouse blastocysts to generate chimeric mice. Breeding of the chimeras with C57BL/N6 mice produced HSD17B12+/mice with one functional HSD17B12 allele and one trapped allele. The mice used
had a mixed (129/C57BL/6N, 1:1) genetic background and wild type (WT) littermates were used as controls in all studies.
The mice were housed in specific pathogen-free conditions at Central Animal
Laboratory, University of Turku, in compliance with international guidelines on
the care and use of laboratory animals. The mice were given soy-free natural ingredient feed (Special Diets Services, Witham, UK). All animal studies were
conducted in accordance with the Finnish Animal Ethics Committee and the Institutional animal care policies of the University of Turku (Turku, Finland), complying with international guidelines on the care and use of laboratory animals.

Genotyping of HSD17B12+/- and HSD17B12-/- mice (I, II)
Genotyping of the mice was carried out with DNA extracted from the yolk sacs
at E7.5-E9.5 or ear marks of 2-wk-old mice.
The primer pair WT forward/ WT reverse amplified an 1100-bp fragment in both
heterozygous and wild-type (WT) mice, whereas the primer pair WT forward/
KO reverse amplified a 420-bp fragment in heterozygous and HSD17B12-/- mice.
The HSD17B12+/- mice was also identified by primers that amplified a 480-bp
internal fragment of the lacZ reporter gene.
Table 3 Genotyping primers and PCR conditions
Product
(bp)
1100

Ta
(°C)
60

CGTGTCCTACAACACACAATACAACC

420

60

I

Sequence

Product
(bp)

Ta
(°C)

Study

TACGATGCGCCCATCTACAC

480

60

II

HSD17B12-/-

Sequence

WT forward

AATCGACAAATGGGACCTAATG

WT reverse

AGCCAATTACAGAGAGCAGAGG

KO reverse
HSD17B12+/Reporter –
forward
Reporter –
reverse

TACCCGTAGGTAGTCACGCA

Study
I
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Breeding test and estrous cycle determination (II)
The fertility of HSD17B12+/- mice was analysed by breeding 10 HSD17B12+/females with WT males, 10 WT females with HSD17B12+/- males and four WT
females with WT males. The litter sizes and the frequency of litters born were
followed for 5 months. Vaginal smears were collected in PBS from 10
HSD17B12+/- and 10 WT females for a period of 50 days to determine the estrous
cycle. The smears were air-dried on microscopic slides, fixed with ethanol and
stained with Mayer’s hematoxylin. The phase of the estrous cycle was then detected by cytology.

4.2

Histological analyses

Embryos and ovarian histology (mouse) (I, II)
E6.5-E8.5 embryos were isolated in ice-cold PBS and fixed overnight in 4% paraformaldehyde (PFA) at +4C. Ovaries from 3-month-old mice (8 HSD17B12+/and 9 WT) were collected at diestrous and fixed in 10% formalin at RT overnight. Both embryos and ovaries were dehydrated and embedded in paraffin using the same protocol. Thereafter, serial 4µm-thick sections were cut, deparaffinized, rehydrated and stained with hematoxylin and eosin (HE).
For quantitation, all ovarian samples were cut (WT, 220 ± 16 sections per ovary;
HSD17B12+/-, 217 ± 15 sections per ovary). All sections were analysed to assess
the histological changes in HSD17B12+/- ovaries (polyovular follicles - POFs,
trapped oocytes – TOs and meiotic spindles).

Human ovarian histology (II, III)
Human ovarian tissue samples were collected from consenting women undergoing elective caesarean sections at the Karolinska University Hospital Huddinge
(Sweden). The thin cortical tissue samples were freshly fixed in 4% PFA at +4°C
overnight, dehydrated, embedded in paraffin, and processed into serial 4-µmthick tissue sections. The study protocol was approved by the Stockholm region
ethics board. Stained slides were digitized with a Panoramic 250 Flash scanning
microscope (3Dhistech, Budapest, Hungary) and viewed and analysed with Panoramic Viewer software (3Dhistech, Budapest, Hungary).
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The in-house collection of tumour specimens was approved by the Turku University Hospital ethics committee. The ovarian tumour tissue microarray (TMA)
consisted of 108 different cystadenocarcinoma tumours of various histology (42
serous, 31 mucinous and 35 endometrioid) and 50 different ovarian adenomas
(including mucinous, serous and borderline serous adenoma). Four micron-thick
sections of formalin-fixed, paraffin-embedded tissue specimens were used for
immunohistochemical staining.
In addition, formalin-fixed commercial TMAs (5µm-thick-sections) and paraffinembedded ovarian carcinomas were used (TMA - OV1005a, US Biomax, Inc.,
Rockville, MD, USA). The TMA included information regarding the FIGO
stage, TNM and pathological grade of the specimens which included ovary serous adenocarcinoma (n=27), ovary mucinous adenocarcinoma (n=3), ovary endometrioid adenocarcinoma (n=10), ovary transitional cell carcinoma (n=5), ovary metastatic carcinoma (n=10), ovary adenoma (n=25, including mucinous, serous and borderline serous adenoma), adjacent normal ovary tissue (n=17) and
normal ovary tissue (n=3) samples. The detailed information for all samples used
in this study and the ages of the patients are shown in Table 3.
Table 4 Description of human ovarian samples (III)
Age (median and range)

53 years (16 - 89 years)

Malignant/ Borderline

Age (median and range)

Number of samples
ELOVL5 HSD17B12 COX2

specimens
Histological subtype
Serous adenocarcinoma

56 years (22 -82 years)

77

69

72

Mucinous adenocarcinoma

57 years (34 - 82 years)

37

32

43

48

45

45

Endometrioid adenocarcinoma 55 years (27 - 77 years
Transitional cell carcinoma

49 years (38 - 66 years)

5

5

5

Metastatic carcinoma

52 years (28 - 65 years)

10

10

10

Borderline serous cystadenoma 55 years (22 - 84 years)

31

20

29

All samples

208

181

204

Benign
Normal ovarian tissue adjacent
to cancer tissue

55 years (22 - 84 years)
48 years (16 - 89 years)
48 years (29 - 63 years)

ELOVL5 HSD17B12 COX2
17

17

17

Serous cystadenoma

55 years (16 - 89 years)

33

26

22

Mucinous cystadenoma

44 years (17 - 83 years)

27

28

26

All samples

48 years (16 - 89 years)

77

71

65
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Beta-galactosidase staining (I)
To visualize the expression of the fusion gene, E7.5-E9.5 embryos were studied.
The embryos were dissected, washed in PBS, and fixed for 60 min in fixative
containing 0.2% glutaraldehyde, 2 mM MgCl2, and 5 mM EGTA in PBS (pH
7.3). Embryos were washed in washing buffer containing 0.02% Nonidet P-40, 2
mM MgCl2, and 0.01% nadeoxycholate in PBS (pH 7.3) three times for 3 min
and incubated overnight at +4 C (or 3 hours at +37°C) with β-galactosidase substrate (X-gal; 1 mg/ml; Fermentas, Hanover, MD) in washing buffer supplemented with 5 mM potassium ferrocyanide and 5 mM potassium ferricyanide. The
stained embryos were further fixed for 2 hours in 4% PFA at room temperature,
washed with PBS, and photographed.

Whole-mount mammary gland staining (II)
Mammary glands were collected from 3-month-old mice and spread out on microscope slides to mimic the normal shape of the tissue in the mouse. The glands
were fixed with a 3:1 mixture of 100% ethanol and acetic acid at +4°C overnight.
The next day, the glands were washed with 70% ethanol for 30 minutes, rinsed in
water and stained with Carmine Alum (1 g carmine and 2.5 g aluminum potassium sulfate, Sigma, St Louis, MO in 500 ml water) at +4°C overnight. The tissues
were dehydrated with increasing concentrations of alcohol and finally with xylene for three days. The slides were mounted with PERTEX® (Histolab Products
AB, Gothenburg, Sweden). For quantification, the glands were imaged with a
stereomicroscope, and the branches of the mammary gland duct were counted
using the ImageJ program.

Immunohistochemistry and immunofluorescence (II, III)
Human and mouse ovarian sections as well as TMA sections were deparaffinized
and rehydrated using a series of 5-minute washes in xylene (x3), 100% ethanol
(x2), 96% ethanol (x2), 70% ethanol (x2) and dH2O (x3). Heat-induced epitope
retrieval (HIER) was performed on a pressure cooker (2100-RETRIVER,
PickCell Laboratories, Amsterdam, Netherlands) for 2.5 hours in citrate buffer
(pH 6.0), and the slides were washed twice for 5 minutes in PBST (1x PBS +
0.05% Tween). The sections were then circumscribed with an ImmEdge™ Pen
(H-4000, Vector Laboratories, Burlingame, CA) and incubated for 10 minutes
with 3% BSA + 10% NGS (normal goat serum) in PBST at RT in a humid
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chamber. The sections were then incubated overnight with one of the primary
antibodies (Table 4) in 3% BSA + 10% NGS in PBST at 4°C.
In addition, human and mouse ovarian sections were incubated with a mixture of
purified HSD17B12 protein fragment (Table 4) and an excess of antigen was
used to test the nonspecific binding of the primary antibody.
On the following day, endogenous peroxidase activity was blocked with 3% H2O2
(Sigma-Aldrich, St. Louis, MO) treatment (20 minutes, RT). After washing, the
sections were incubated for 1 hour with secondary antibody (Table 5) at RT. To
detect peroxidase, 3,3’-diaminobenzidine (DAB) was used (Liquid DAB + Substrate Chromogen System, DAKO, Copenhagen, Denmark), and the sections were
counterstained with MAYERS HTX Histolab (Histolab Products AB, Gothenburg,
Sweden). Finally, the sections were dehydrated using a series of washes in 96%
ethanol (2 x 3min), 100% ethanol (2 x 3 minutes) and xylene (3 x 5 minutes) and
mounted with PERTEX® (Histolab Products AB, Gothenburg, Sweden).
For immunofluorescence, mouse ovarian sections were incubated overnight with
primary antibody against α-tubulin (Table 4) in 3% BSA + 10% NGS in PBST at
4°C. On the following day, the sections were washed with PBST and incubated
for 1 hour with secondary antibody (Table 5) in PBST at RT. The slides were
washed with PBST and finally mounted with VECTASHIELD® Hard Set
Mounting Medium with DAPI (Vector Laboratories, Burlingame, CA).
Table 5 Primary antibodies used in studies I, II, III
Target

Manufacturer, catalog #

Dilution
used
For human:
1,7 ug/ml
(1:60)

Application

Used in

IHC, WB

II, III

HSD17B12

Atlas Antibodies, Stockholm,
Sweden, # HPA016427

ELOVL5

ThermoFisher Scientific, Waltham,
MA, USA, #PA5-32741

6,7 ug/ml
(1:150)

IHC

III

COX2

ThermoFisher Scientific, Waltham,
MA, USA, #PA5-16817

0,3 µg/ml
(1:600)

IHC

III

Tubulin
alpha

LabVision-NeoMarker,
Tubulin-alpha Ab-2, Clone DM1A

0.2ug/ml
(1:1000)

IF

II

GAPDH

HyTest Ltd, anti-GAPDH, Cat. 5G4
Mab 6C5

0.3 µg/ml
(1:1000)

WB

II

PrEST
Antigen
HSD17B12

Atlas Antibodies, Stockholm,
Sweden (APrEST73031)

1:2 of
#HPA016427

IHC

II

For mouse
0,8 ug/ml
(1:120)
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Table 6 Secondary antibodies used in study II
Antibody
Alexa fluor 488
(Goat-antimouse IgG)
Antirabbit IgG, HPRlinked secondary
antibody

4.3

Dilution
used

Application

Used in

Life Technologies

1:500

IF

II

Cell Signaling Technology, Danvers, MA

1:3000

WB

II

Manufacture

Western blot analysis (II)

For native Western blotting, tissues (mouse WT ovary and HSD17B12+/- ovary)
were homogenized in cold homogenization buffer (RIPA –150 mM Tris-HCl,
pH7.4; 1% NP-40, 150 mM NaCl, 0,5% NaDeoxycholate, 1 mM EDTA and 1
mM SDS) with ULTRA-TURRAX® on ice. Homogenates were incubated on ice
for 30 minutes and mixed occasionally. The lysates were centrifuged at 12 000 g
for 20 minutes at +4°C. Supernatants were removed, and the protein concentration was determined with a BCA kit (Pierce™ BCA Protein Assay Kit, Thermo
Scientific, Waltham, MA) according to the manufacturer’s instructions. Samples
were diluted to equal protein concentrations and combined with 4x SDS sample
buffer without β-mercaptoethanol (125 mM Tris-HCL, pH 6.8, 300 mM SDS,
40% glycerol, 0.6 mM bromophenol blue). Protein samples (30 µg/well) and molecular weight marker (Precision Plus Protein™ Standard, Dual Color, BIORAD, Berkley, CA) were separated by using commercial precast gels (MiniProtein® TGX™ Gels, BIO-RAD, Berkley, CA) first for 10 minutes at 50 V,
followed by 60 minutes at 100 V. Proteins were transferred to PVDF blotting
membrane (Amersham™ Hybond™ P 0.45 PVDF, GE Healthcare, Life Science,
Buckinghamshire, UK) using the BIO-RAD TRANS-BLOT® TURBO™ transfer system for 30 minutes at 25 V. All the following steps were performed with
gentle agitation. Membranes were blocked with 5% non-fat milk (Fat-Free Milk
powder, Valio, Finland) in PBST (PBS + 0.1% Tween) for 60 minutes at RT.
Membranes were then incubated with primary antibody (Table 4) or with housekeeping protein antibody (Table 4) in 5% non-fat milk in PBST at +4°C overnight. Membranes were warmed to RT and incubated for 60 minutes, and then
washed three times for 10 minutes with PBST at RT. The secondary antibody
(Table 5) in PBST was incubated with the membranes for 60 minutes at RT. Finally, the membranes were exposed to Western Lightning® ECL Pro reagent
(PerkinElmer, Inc., Waltham, MA) for 1 minute at RT and visualized using a
LAS-4000 (FUJIFILM).
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In vitro blastocyst culture (I)

Heterozygous mice with one disrupted allele (HSD17B12+/-) were mated, and
E3.5 embryos were collected by flushing the uteri of pregnant females. Blastocysts were cultured individually in ES cell medium without leukemia inhibitory
factor on gelatin or feeder cells (Life Technologies, Inc., Invitrogen, Carlsbad,
CA) in 5% CO2 at 37°C. The expansion and growth of the ICM was followed for
7 day, after which the cultured cells were genotyped.

4.5

Gene expression analyses

RNA isolation and quantitative real-time RT-PCR (I, II)
For quantitative real-time RT-PCR (qRT-PCR) analyses, mouse ovaries were
collected at the diestrous phase of the estrus cycle. Total RNA extracted using
TRIsure reagent according to the manufacturer’s instructions (Bioline reagents,
London, UK), and the RNA was treated with deoxyribonuclease (DNase) I
(DNase I Amplification Grade Kit; Invitrogen Life Technologies, Paisley, UK).
Reverse transcription PCR was carried out using the DyNAmo cDNA synthesis
kit (Thermo Scientific, Waltham, MA), and quantitative PCR was performed using the DyNAmo Flash SYBR Green qPCR kit (Thermo Scientific, Waltham,
MA).
Table 7 RT-qPCR primers and PCR condition used in studies I, II
Gene

Sequence

Hsd17b12

L19

ACCAAAACGTGGAATGAAGATT
TTTCTTGATGGTGTTGTCCAAG
CTGAAGGTCAAAGGGAATGTG
GGACAGAGTCTTGATGATCTC

Product
(bp)
250

250

Ta (°C)

Study

60

I, II

60

I, II

Whole-genome microarray (II)
Microarray analyses were made for WT (n = 6) and HSD17B12+/- (n = 6) mice at
the diestrous at age of 2 months. The microarray experiments were carried out at
the Finnish DNA Microarray and Sequencing Centre, Turku Centre for Biotech-
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nology using the MouseWG-6 v2 Expression BeadChip (Illumina, San Diego,
CA) which contains a total of 48 000 probes (Shi et al. 2006).
Normalization of the microarray data was performed using quantile normalization. Differentially expressed genes were identified using the Limma-package in
the statistical software R (http://r-project.org). The level of statistical significance
was set at P < .05 to identify up- and down-regulated genes. Pathway analyses
were carried out at the Finnish DNA Microarray and Sequencing Centre using
the KEGG (Kyoto Encyclopedia of Genes and Genomes) database, for which a
false discovery rate (FDR) was used as the cut-off for pathway enrichment. Data
from single cell human oocyte DNA sequencing were acquired from the European Nucleotide Archive (accession code PRJEB8994) and aligned to the human
genome (version hg18) using tophat2/ bowtie2 (Kim et al. 2013, Langmead and
Salzberg 2012). Tags were annotated and counted within the gene bodies using
Homer and then imported into R (Heinz et al. 2010). Tag counts were transformed to log2 counts per million reads and plotted with ggplot2.

4.6

Measurements of biologically active products

Measurement of reproductive hormones (II)
We measured the uterus wet weight and ovarian weight and collected blood samples from WT (n = 10) and HSD17B12+/- (n = 10) female mice at 3 months of
age at diestrous. The serum was stored at –20°C until used. Serum folliclestimulating hormone (FSH) and luteinizing hormone (LH) concentrations were
measured by immunofluorometric assays as described previously (Haavisto et al.
1993, van Casteren, Schoonen and Kloosterboer 2000) and prolactin (PRL) was
assessed using the DuoSet® ELISA Developmental kit (R&D Systems, Inc.) for
mouse PRL (Krol et al. 2011). E2, E1, A-dione, T and progesterone (P4) were
analysed in serum and ovarian samples using a gas chromatography tandem mass
spectrometry method (Nilsson et al. 2015). For intra tissue measurements of E2,
E1 and P4 the ovaries (10 HSD17B12+/- and 8 WT) were collected at diestrous
and homogenized in sterile water (1 whole ovary/0.5 ml), and the homogenates
were used for analysis.
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Fatty acid measurements from ES cells (I)
Blastocysts (E3.5) were used to isolate ES cells, and blastocysts were cultured in
vitro (Bryja et al. 2006). Lipids were extracted using the modified Folch method
(FOLCH, LEES and SLOANE STANLEY 1957), in which FA formed the methyl esters and the esters were prepared from the lipid extracts at 92°C by boron
trifluoride-catalysed transesterification (MORRISON and SMITH 1964, Agren,
Julkunen and Penttilä 1992) The esters were dissolved and analysed by gas
chromatography with flame ionization detection (AutoSystem; PerkinElmer,
Norwalk, CT). The LA and AA were identified with help of FA methyl ester
mixtures 68D and 37 obtained from -Check Prep, Inc. (Elysian, MN), and Supelco (Bellefonte, PA), respectively.

Measurement of eicosanoids and oxidized fatty acids (prostaglandins)
(II)
Ovarian samples from 3-month-old mice (10 HSD17B12+/- and 10 WT) were
collected at diestrous, snap frozen in liquid nitrogen and stored at –80°C for further analyses. Eicosanoids and other oxidized PUFAs were extracted from samples with aqueous acetonitrile that contained deuterated internal standards. The
metabolites AA, 6-keto prostaglandin F1alpha (6 ketoPGF1α), prostaglandin D2
(PGD2), PGE2, PGF2α, and thromboxane B2 (TXB2) were determined by
HPLC-tandem mass spectrometry (LC-MS/MS) with Multiple Reaction Monitoring (MRM) in negative mode using a ABSciex 4000 QTrap® mass spectrometer
with electrospray ionization (Applied Biosystems/ MDS Analytical Technologies, Darmstadt, Germany). The LCMS/ MS method used for the analytical determination of eicosanoids has been published (Unterwurzacher et al. 2008).

4.7

Statistics (I, II, III)

Hotelling’s T2 -test was used to evaluate differences in multivariate means of
AA, 6 keto PGF1a, PGD2, PGE2, PGF2a, and TXB2 concentrations in the ovary
between WT and HSD17B12+/- mice. Testing was conducted using R statistical
software (R Development Core Team. R: A language and environment for statistical computing. Rstatistical software version 3.0.1; 2013. Available from:
http://www.R-project.org) with the package ‘Hotelling’ (Curran, JM. Hotelling:
Hotelling’s T-squared test and variants; R package version 1.0 –2; 2013. Available from: http://cran.r-project.org/web/packages/Hotelling/). The significance of
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the presence and absence of PO (polyovular follicle), M (meiotic spindle) and
TO (trapped oocyte) in WT and HSD17B12+/- mice was tested using Fisher’s
Exact test. Due to the frequent absence of occurrences in WT mice, the data were
binarized into observed/nonobserved occurrence of an event.
Other statistical analyses were carried out with Microsoft Excel or SigmaPlot/Stat (Systat Software, Erkrath, Germany). Statistical significance between groups was determined with Student’s t test, the Mann-Whitney test or
ANOVA. Significance was determined as P < .05, and the results are presented
as the means ± standard error of the mean (SEM).

Quantitation of immunohistochemistry and statistical analyses (III)
The stained slides were digitized with a Panoramic 250 Flash scanning microscope (3DHISTECH), intensities were quantified with QuantCenter from
3DHISTECH Ltd (Budapest, Hungary), and the results were confirmed manually. Statistical analyses were carried out with GraphPad Prism (GraphPad Software, CA, USA). Depending on the analysis, statistical significance between
groups was determined with Student’s t test, the Mann-Whitney test, linear regression or ANOVA. The significance level was determined as P < 0.05, and the
results are presented as the means ± standard error of mean (SEM).
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RESULTS

5.1

Generation of the HSD17B12-/- mouse line (I, II)

To study the function of the HSD17B12 enzyme, a knock-out mouse line was
generated. Two mouse lines were initially generated to disrupt the mouse
Hsd17b12 gene with commercially available embryonal stem (ES) cell lines. The
gene trap in ES cells from Sanger Institute (DC0186) was localized in intron one
(between exons one and two), and the gene trap in ES cells from the German
Gene Trap Consortium (AO3OEO6) was localized in intron three (between exons three and four). In both mouse lines, the fusion protein contained b-geo, allowing the study of the gene expression of HSD17B12 by beta-galactosidase
staining. In addition, both of these two mouse line showed identical results, while
most of the studies were carried out using the ES cells obtained from the Sanger
Institute.

5.2

Fully functional HSD17B12 is essential for normal ovarian function and embryonic development (I, II)

The HSD17B12 gene is widely expressed in both mouse and human ovaries (II)
Immunohistochemical analyses localized HSD17B12 in both mouse and human
ovaries in the oocyte, granulosa cells, theca interna, corpus luteum and surface
epithelium. In both species, the most intensive staining was observed in the corpus luteum. In human ovaries, the theca interna was also intensively stained. In
addition, the ovaries of HSD171B12+/- mice showed weaker HSD17B12 expression than WT ovaries. The lower HSD17B12 expression in these mice was further confirmed by Western blot analyses. The WT mouse ovaries showed strong
staining of a 68-kD protein, whereas HSD17B12+/- mouse ovaries showed about
half the staining intensity of the protein. The HSD17B12 expression levels were
also studied by qRT-PCR, and again HSD17B12+/- ovaries showed half of the
HSD17B12 expression level of that observed in WT ovaries. HSD17B12 expression analysed by qRT-PCR was also altered according to the estrous cycle phase,
and the highest levels were detected in diestrous and in pseudopregnant ovaries.
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HSD17B12+/- females showed decreased fertility and prolonged estrous
cycle (II)
Interestingly, the HSD17B12 +/- males were fully fertile, while the females had
multiple fertility problems. The HSD17B12+/- females gave birth at a random
frequency, while the WT female litters were born regularly between 22 days. In
addition, the HSD17B12+/- females also had smaller litters compared with WT
females when both of them were mated with WT male mice. Vaginal smear
analyses showed a significantly prolonged estrous cycle in HSD17B12+/- females, consistent with the increased time between litters. Females had an especially increased diestrous phase, which varied from 2 to 45 days. Because the
ductal branching of the mammary gland is known to be regulated at puberty by
the cyclic changes in E2 and P4, the mammary glands of HSD17B12+/- mice
were studied at the age of 3 months. In accordance with the prolonged estrous
cycle, the HSD17B12+/- females showed significantly fewer numbers of ductal
branches than WT female mammary glands.

HSD17B12+/- females showed dysfunction in oogenesis and ovulation
(II)
Both HSD17B12+/- and WT ovaries contained all the different stages of follicles,
and CLs were also present. In addition, there were no differences in the weight
and size of the ovaries between the genotypes. Nevertheless, HSD17B12+/- ovaries had multiple defects. HSD17B12+/- females had an increased number of
polyovular follicles in ovaries (figure 14A), varying from one to three polyovular
follicles in each ovary, while one polyovular follicle was found in one of the nine
WT ovaries. Polyovular follicles are often formed as a consequence of dysfunction in germinal cyst breakdown, and thus the ovaries at the postnatal day (PND)
three were analysed for the formation of primordial follicles. Interestingly, there
were no differences between the genotypes.
In addition, HSD17B12+/- ovaries showed trapped oocytes (TO, figure 14B), i.e.,
the oocyte remained inside the luteinizing granulosa/theca cells after ovulation,
further indicating the dysfunction in follicular wall breakdown during ovulation.
Seven of eight HSD17B12+/- ovaries had one to three TOs, whereas the WT ovaries had none.
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Figure 14. Histological defects
observed
in
+/HSD17B12 ovaries A, Polyovular
follicle
seen
in
+/HSD17B12 ovaries. B, Oocyte trapped inside the luteinizing granulosa cells. C and D,
Meiotic spindle (metaphase)
with pyknotic cells observed
around the oocyte, indicating
apoptosis. E and F, Meiotic
spindle (anaphase). Modified
from Kemiläinen at al. 2016

Interestingly, the HSD17B12+/- female ovaries showed a disrupted regulation of
the meiotic arrest of oocytes (figure 14C-F). In HSD17B12+/- ovaries, meiotic
spindles at metaphase and even a few spindles at anaphase could be detected at
the diestrous phase, and interestingly, already in secondary follicles. To further
study the defect in meiotic arrest, the size of the follicles with meiotic spindles
was measured and compared with the fully mature antral follicles from WT ovaries. According to the measurements, the follicles containing the meiotic spindles
were not mature, and spindles were found only in the atretic follicle, indicating
that the premature resumption of meiosis leads to follicular atrophy. The presence of meiotic spindles was confirmed by HE and double immunofluorescence
(α-tubulin and 4’,6-diamino-2-phenylindole) staining.
A whole-genome microarray study of the mouse transcriptome further supported
our results showing the disturbance of meiotic arrest. The pathway analyses
showed that in HSD17B12+/- ovaries, genes related to the control of meiosis were
significantly affected. Additionally and interestingly, several genes related to
meiotic arrest were downregulated, whereas the meiotic activators were upregulated. Table 4 shows several other interesting genes that were significantly differently expressed in HSD17B12+/- ovaries compared with WT according to our
microarray study.
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Table 8. Microarray results: A list of several interesting genes that are significantly differently (p < 0.05) expressed in HSD17B12+/- and WT ovaries .
Symbol
FC
Pla2
1,841
Fads2
1,82
Fads3
1,475
Elovl1 1,482
Elovl6 -1,469
Alox5
Ptgs1

Definition
Mus musculus phospholipase A2, group IVF (Pla2g4f), mRNA.
Mus musculus fatty acid desaturase 2 (Fads2), mRNA.
Mus musculus fatty acid desaturase 3 (Fads3), mRNA.
Mus musculus elongation of very long chain fatty acids 1 (Elovl1), mRNA.
Mus musculus ELOVL family member 6 (Elovl6), mRNA.

Ptges

1,372 Mus musculus arachidonate 5-lipoxygenase (Alox5), mRNA
1,174 Mus musculus prostaglandin-endoperoxide synthase 1 (Ptgs1), mRNA.
Mus musculus prostaglandin E synthase (Ptges),
1,842 mRNA.

Aurka
Mos
Skp1a
Cdc20

1,571
1,625
-1,895
1,864

Kiss1
Erbeta
GJA1
GJA4
Pten
Rb1

2
-2,6
-1,4
1,8
-1,5
-1,9

Ckmt1

1,9

Sdc1
Cldn3
Gpr172b

2,1
2
1,8

Mus musculus aurora kinase A (Aurka), mRNA.
Mus musculus Moloney sarcoma oncogene (Mos), mRNA.
Mus musculus S-phase kinase-associated protein 1A (Skp1a), mRNA.
Mus musculus cell division cycle 20 homolog (S. cerevisiae) (Cdc20), mRNA.
Mus musculus KiSS-1 metastasis-suppressor, mRNA
Mus musculus estrogen receptor 2 (beta) (Esr2)
Mus musculus gap junction membrane channel protein alpha 1 (Gja1)
Mus musculus gap junction protein, alpha 4 (Gja4)
Mus musculus phosphatase and tensin homolog (Pten)
Mus musculus retinoblastoma 1 (Rb1)
Mus musculus creatine kinase, mitochondrial 1, ubiquitous (Ckmt1), nuclear gene encoding mitochondrial protein
Mus musculus syndecan 1 (Sdc1)
Mus musculus claudin 3 (Cldn3)
Mus musculus G protein-coupled receptor 172B (Gpr172b)

HSD17B12 in early embryonal development of mice (I)
HSD17B12+/- mice were fertile, although the females showed decreased fertility
as described above. However, HSD17B12-/- pups could not be produced, indicating that the null mice died in utero. To study the time of death, HSD17B12-/embryos were examined at different ages of gestation.
At E7.5 and E8.5, HSD17B12-/- embryos were observed, but the embryos were
already significantly retarded at E7.5 compared with the WT or HSD17B12+/embryos. In HSD171B12+/- embryos, the localization of HSD17B12 expression
was detected by β-galactosidase staining, and a low expression level was observed at E7.5 in the embryonic ectoderm and in the yolk sac (Figure 16). In
HSD17B12-/- embryos, the boundary between the embryonic and extraembryonic
regions was morphologically poorly defined. Further analyses revealed that the
null embryos had initiated gastrulation, but the embryonic, and especially the
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extraembryonic ectoderm, had not developed normally. Thus, the chorion was
not formed, and the allantois was histologically abnormal.
At E8.5, morphological and histological differences between the HSD17B12-/and WT embryos further increased. Most null embryos lacked somites but had
developed the primitive neural tube and headfold. At E8.5, HSD17B12 expression was detected in the neural folds at both anterior and posterior ends and in
yolk sac, but the expression was highest in the fore-, mid- and hind brain (Figure
16). Null embryos were significantly smaller that WT embryos and lacked all the
normal morphological structures.

Figure 15. HSD17B12 during early development in mice. A, At E7.5 HSD17B12-/-,
embryos were already developmentally retarded compared with WT embryos. B and C,
At E7.5, HSD17B12 expression was studied with β-galactosidase staining and was localized in embryonic ectoderm in WT embryos (arrowhead). D, At E8.5, HSD17B12
expression was detected in open neural tube. E, At E9.5, the strongest expression was
observed in neural tube but also broadly in the whole embryo. Modified from Rantakari
et al. 2010

At E9.5, HSD17B12-/- embryos could be distinguished from WT embryos based
on severe abnormalities in the yolk sack, which did not have any detectable
blood vessels. In addition, the null embryos were covered with boll-like structure
lacking all normal morphological and histological structures. At E9.5,
HSD17B12 expression was detected in the neural tube (Figure 16).

HSD17B12+/- female mice have no defects in the production of reproductive hormones (II)
HSD17B12 has been suggested to have a role in the biosynthesis of steroids, and
because of the multiple dysfunctions observed in the ovaries, the reproductive
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hormone concentrations were measured in the ovaries and serum of WT and
HSD17B12+/- mice. All measurements were performed at diestrous. There were
no differences in LH, FSH and PRL levels. Furthermore, there were no differences in ovarian concentrations of E1, E2, P4, A-dione or T. In addition, the intraovarian ratios between E1 and E2 or A-dione and T were similar in WT and
HSD17B12+/- mice. In agreement with the normal production of estrogen, the
uterus wet weight study did not show any differences between WT and
HSD17B12+/- females.

Lack of HSD17B12 leads to disrupted fatty acid synthesis decreasing
embryonic growth in vitro (I)
To study the cell proliferation of HSD17B12-/- embryos, the growth of the ICM
of blastocysts was analysed in vitro. Blastocysts were collected at E3.5 from
HSD17B12+/- matings and cultured separately. Interestingly, the morphology of
the knockout blastocysts was normal, indicating that the absence of HSD17B12
does not disturb the preimplantation stage of embryonic development. In 90% of
cultures, null blastocysts in the ICM did not grow, whereas the ICM failed to
grow in 20% of WT and HSD17B12+/- blastocysts. In accordance with these findings, we were unable to isolate null mutated ES cells from blastocysts. FA measurements were performed in isolated WT and HSD17B12+/- ES cells, and interestingly, the level of AA was significantly decreased in HSD17B12+/- ES cells
compared with WT cells. LA is obtained from the mother via the placenta, and
therefore the level was the same in WT and HSD17B12+/- ES cells.

HSD17B12+/- ovaries had decreased levels of AA and its downstream
eicosanoids (II)
To study further the role of HSD17B12 in the metabolism of AA and its downstream metabolites, the intraovarian levels of AA, 6-keto PGF1α, PGD2, PGE2,
PGF2α, and TXB2 were measured (grey boxes in figure 16). According to the
pathway analyses, the concentrations of prostaglandin pathway metabolites were
significantly decreased in HSD17B12+/- ovaries (Hotelling’s T2 test P>0.005).
Interestingly, there were no chances in the expression of COX1/PTGS1 or
COX2/PTGS2 mRNA in ovaries, further indicating that HSD17B12 has a significant role in AA synthesis in mouse ovaries.
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Figure
16.
AA
and
downstream
metabolites
(12-HPETE:
12hydroperoxyeicosatetraenoic acid, 12-HETE: 12-hydroxyeicosatetraenoic acid, 15HPETE: 15-hydroperoxyeicosatetraenoic acid, 15-HETE: 15-hydroxyeicosatetraenoic,
5-HPETE; 5-hydroperoxyeicosatetraenoic acid, LTA4: leukotriene A4, LTB4: leukotriene B4, LTC4: leukotriene C4, LTD4: leukotriene D4, LTE4: leukotriene E4, LTF4: leukotriene F4, 14,15-EET: 14,15-epoxyeicosatrienoic acid, PGG2: prostaglandin G2,
PGH2: prostaglandin H2, PGI2: prostaglandin I2, 6-keto PGF1α: 6-keto prostaglandin
F1α, PGD2: prostaglandin D2, TXA2: thromboxane A2, TXB2: thromboxane B2, PGE2:
prostaglandin E2 and PGF2α: prostaglandin F2α).

5.3

HSD17B12 expression is correlated with prognosis of the ovarian
cancer (III)

As shown in the present study, the HSD17B12 enzyme is involved in AA synthesis, and AA and its downstream metabolites have previously been linked to cancer progression. We have also shown that HSD17B12 is broadly expressed in
human ovaries. These data motivated us to study further the role of HSD17B12
in ovarian cancer and its co-expression with its upstream and downstream enzymes in the AA pathway, namely, ELOVL5 and COX2, in 144 malignant and
70 benign ovarian lesions.
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ELOVL5, HSD17B12 and COX2 are weakly expressed in benign ovarian lesions (III)
In mucinous and serous cystadenoma specimens, HSD17B12, COX2 and
ELOVL5 enzymes were all expressed in the stroma, whereas only COX2 was
also detectable in the epithelium. Moreover, the intensity of HSD17B12 staining
varied in the stroma between the samples. In borderline serous cystadenoma, all
three enzymes were expressed in the cytoplasm of the epithelium, while varying
expression of HSD17B12 was observed in the stroma similar to that observed in
serous cystadenoma samples. In addition, the expression of ELOVL5 and COX2
varied more in borderline samples than in serous cystadenoma samples. In summary, all three enzymes were expressed at relatively low levels in all benign
ovarian lesions, and their expression was localized in the cytoplasm.

The expression of HSD17B12, COX2 and ELOVL5 increases as benign
serous ovarian lesions progress to higher grade adenocarcinoma (III)
In serous adenocarcinoma samples, all three enzymes, HSD17B12, COX2 and
ELOVL5, were detected in the cytoplasm of the epithelium. The expression levels
of all three enzymes increased when the ovarian lesions progressed from benign to
malignant stages, although significant differences were only observed within grade
two and grade three cancers. The intensity of HSD17B12 staining also increased
together with the FIGO stage of the cancer, but not with the cancer grade. Statistically, the difference was significant between FIGO Ia-c and FIGO IIIa-c samples.
In contrast, ELOVL5 did not show clear changes in expression levels according to
the grade or FIGO stage. However, there was a trend toward a negative correlation
between the ELOVL5 intensity and the FIGO stage. COX2 expression increased
together with the cancer grade, and the increase was statistically significant between grade one and two or three. Although COX2 expression slightly increased
together with the FIGO stage, the increase was not statistically significant.

The expression levels of HSD17B12, COX2 and ELOVL5 increased with
the grade of the endometrial adenocarcinomas, but not in mucinous adenocarcinoma and transitional cell carcinomas (III)
In endometrioid adenocarcinoma, the expression of all three enzymes,
HSD17B12, COX2 and ELOVL5, increased together with the cancer grade, and
the staining was localized to the cytoplasm in the epithelium. However, the in-
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crease was statistically significant only between grade three and one or two,
grade one and two or three, and grade one and three, in the case of HSD17B12,
COX2 and ELOVL5, respectively. All enzymes, HSD17B12, COX2 and
ELOVL5, showed weak cytoplasmic staining in mucinous adenocarcinoma samples. Although the transition from mucinous cystadenoma to adenocarcinoma
significantly increased the expression of all three enzymes, they did not show any
changes in expression with an increasing cancer grade or FIGO stage. Transitional cell carcinomas showed a consistently high expression level of HSD17B12
in the cytoplasm of epithelial cells, regardless of the cancer grade. The expression level of ELOVL5 in the epithelial cell cytoplasm was low, and the level varied between samples. Similarly, the COX2 expression level in the cytoplasm of
epithelial cells varied highly from very weak to extensively high. In ovarian metastatic carcinoma samples, all enzymes showed a high variation of expression
levels between samples. The expression was localized in the cytoplasm of the
epithelium, but there was no correlation between the expression level and the
cancer grade.
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DISCUSSION

6.1

HSD17B12 is essential for normal ovarian function and embryonic development
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The HSD17B12 enzyme is a member of the HSD17B enzyme family. Although
the HSD17B enzymes are involved in steroid metabolism, the main function of
the HSD17B12 is still under debate. Some studies indicate that the main role of
the enzymes is the conversion of E1 to E2 (Luu-The et al. 2006), but other studies show that the enzyme is involved in FA synthesis (Adamski and Jakob 2001,
Mindnich et al. 2004, Saloniemi et al. 2012).

A decreased level of the HSD17B12 enzyme does not affect steroid levels
According to our studies, HSD17B12+/- females were subfertile, showing multiple ovarian dysfunctions. Females with only one functional allele had a significantly prolonged estrous cycle, and the diestrous phase was particularly prolonged. In diestrous, the ovary is preparing to start a new cycle or, conversely,
waiting for fertilization and pregnancy. In diestrous the CL is the main structure
to stabilize the phase, and its correctly timed lysis allows the estrous cycle to
continue. In our studies, normal CLs and all follicular stages were observed in
HSD17B12+/- ovaries. Interestingly, there were no differences in serum and intraovarian hormone levels in HSD17B12+/- females compared with WT females
and the ratio between E1 and E2 was not changed. This finding supports the hypothesis that HSD17B12 does not affect ovarian function by altering the steroid
environment, but rather would acts via another pathway, possibly altering local
prostaglandin synthesis. In mice, CL remains fully functional until the appearance of the PGF2a signal, originating ipsilateraly from the uterus (Lee et al.
2010). PGF2a initiates the cascades of events in which luteinized cells are decomposed (Figure 8). In contrast, decreased levels of PGF2a lead to an increase in the
lifetime of CL, thus prolonging the estrous cycle (Niswender et al. 2000).
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Fully functional HSD17B12 is needed to maintain normal prostaglandin
levels in mouse ovaries
HSD17B12+/- females had significantly lower levels of AA and its downstream
metabolites, PGs, in the ovaries. PGs are known to regulate multiple processes in
the ovaries, and PGE2 in particular is needed for follicular maturation, ovulation
and the maintenance of meiotic arrest. Conversely, PGF2a is needed for the initiation of luteolysis. HSD17B12+/- females showed several problems in the ovaries,
such as polyovular follicles, trapped oocytes and meiotic arrest failure (Figure
17).
Interestingly, COX2-deficient mice have a phenotype similar to HSD17B12+/females (Lim et al. 1997), such as failed ovulation, fertilization, implantation and
decidualization. In contrast, COX1-deficient mice are healthy but have problems
in the induction of parturition (Langenbach et al. 1997). COX1 is known to be
constitutively expressed, while COX2 is inducible, which may explain the differences between the two mouse models (Lim et al. 1997, Langenbach et al. 1999).
COX enzymes are known to be the gatekeepers in prostaglandin production, and
PGE2 especially is well known to be important for many normal ovarian functions.
PGE2 functions through the G protein-coupled receptor EP2. EP2deficient mice have a phenotype similar to COX2-deficient mice, with smaller
litters and a decreased ovulation rate. Most of the follicles in EP2 null mice did
not have normal cumulus cell expansion before ovulation, causing problems in
fertilization (Hizaki et al. 1999, Kennedy et al. 1999, Tilley et al. 1999).
Some studies have shown the importance of PGs in ovulation. Gaytán and coworkers (2009) have shown that the inhibition of PGE2 during ovulation prevents follicular wall rupture. The absence of PGs prevents ovulation and leads to
a trapped oocyte, i.e., the oocyte stays inside the luteinizing granulosa and theca
cells. HSD17B12+/- females showed similar reproductive dysfunctions as COX2-/mice and EP2-/- mice, supporting our findings and conclusion that Hsd17b12 regulates female fertility via PGs.
Although the decreased prostaglandin levels could explain many of the
HSD17B12+/- female fertility problems, the cause of the formation of polyovular
follicles remains unexplained. According to our studies, there were no differences between genotypes in germinal cyst breakdown. Ovaries were studied at
PND 3, and no defects were observed in HSD17B12+/- mice. In contrast, we were
able to identify one polyovular follicle in one WT ovary, indicating that POFs
could also be formed accidentally.
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HSD17B12 regulates meiotic arrest in oocytes
The most interesting finding in HSD17B12+/- ovaries was the identification of
uncontrolled meiotic resumption. In these mice, we could detect a visible meiotic
spindle already in secondary follicles and in diestrous. In most cases, we could
see the transition to metaphase, but in a few cases even the transition to anaphase
was seen.
Normally, meiosis is arrested until the preovulatory peak of LH, which initiates
the cascade that allows meiotic resumption (Figure 5) (Handel and Schimenti
2010). This signal is mediated by somatic cells via gap junctions; in follicles, two
gap junctions are responsible for transforming the cGMP and cAMP signals.
GJA1 (Cx43) is localized between the granulosa cells and GJA4 (Cx37) is localized in the zona pellucida (Richard and Baltz 2014).
Interestingly, according to the whole-genome transcriptome study of
HSD17B12+/- ovaries, GJA1 gene expression was downregulated (FC -1.4) and
upregulated (FC +1.8). To study the function of GJA4, Simon and co-workers
(1997) generated a GJA4-deficient mouse model, and as expected, knockout females were infertile because they were unable to develop antral follicles. Interestingly, the females lacking one allele of the GJA4 gene were completely normal
and fertile, indicating that even partially functioning gap junctions are enough for
follicular development (Simon et al. 1997). According to these findings,
HSD17B12+/- female fertility problems are most likely not caused by the decreased expression of GJA1 and GJA4.
Recent studies have shown that PGE2 also has specific receptors in the oocyte
(Kim, Harris and Duffy 2014), as well as in the surrounding somatic cells. Interestingly, Duffy and co-workers (2010) showed that the addition of PGE2 to oocytes in vitro decreased the number of maturated oocytes and prevented the resumption of meiosis. They also showed that the level of administered PGE2 was
consistent with the measured cAMP level in the oocyte, and changes in cAMP
are known to regulate meiotic arrest and resumption. In our studies,
HSD17B12+/- ovaries have significantly decreased levels of PGs, and the regulation of meiotic arrest was also disturbed. As previously shown, increased levels
of PGE2 inhibit meiotic resumption, and consistently, our findings showed that
decreased levels of PGE2 cause premature meiotic resumption (Conti et al.
2012), indicating the need for a delicate balance in the PGE2 concentration in the
ovary.

66

Discussion

Lack of HSD17B12 leads to embryonic lethality
According to our findings, HSD17B12 is essential for embryonic development
and even for ES cell survival, and the absence of the enzyme leads to multiple
developmental defects.
The correct balance of FAs is known to be essential during embryonic development; precise levels of AA and DHA especially are needed for neuronal development. Previous studies have shown that deletion of FAS leads to embryonic
lethality and that partial deletion of FAS leads to developmental defects (Chirala
et al. 2003). Thus, FAS+/- embryos died at various stages of development, and at
E9.5, the embryos had not turned and were significantly smaller than normal littermates. According to our results, HSD17B12+/- ES cells had significantly decreased levels of AA, and in blastocyst cultures, HSD17B12-/- blastocysts failed
to grow ICM. Furthermore, we were unable to culture HSD17B12-/-ES cells.
HSD17B12-/- embryos survived longer than FAS-/- embryos, consistent with the
observation that FAS is needed for the synthesis of all FAs in the body, whereas
HSD17B12 is mainly involved in AA synthesis. Thus, we conclude that the decreased level of AA during early embryonic development is at least one significant cause of the embryonic lethality (Figure 17).
Interestingly, in the whole-genome transcriptome study of HSD17B12+/- ovaries,
we observed a significant downregulation of the Pten gene (FC -1.5). Mouse
studies have shown that the deletion of Pten causes severe problems in neural
tube formation and closure (Bloomekatz et al. 2012). In our studies, HSD17B12
expression was localized at E7.5 in embryonic ectoderm and at E8.5 in neural
folds in both regions of body, anterior and posterior. In addition, at E7.5,
HSD17B12-/- embryos showed histological abnormalities in both embryonal ectoderm and mesoderm layers. The layers showed an increased cell mass, and the
cavities, conversely, were not properly developed. Interestingly, the expression
pattern of HSD17B12 was similar to Pten. In addition, Pten-deficient embryos
also exhibited deficiencies in mesodermal migration, leading to hypoplasia of the
heart. Considered together, HSD17B12 and Pten-deficient mice had similar embryonic defects, including expression localization and morphological defects.
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Figure 17. Physiological role of HSD17B12 in early embryonal development and ovarian function.

6.2

HSD17B12 expression increases together with the malignancy of
ovarian cancer

HSD17B12 has been shown to be involved in the conversion of E1 to E2, as well
as in the synthesis of long-chain FAs, especially AA, a well-known precursor of
PGE2 (Moon and Horton 2003, Luu-The et al. 2006). Both of these enzymatic
activities are highly relevant in cancer development and progression. According
to the present data, HSD17B12 is widely expressed in human ovaries (such as in
the theca interna, corpus luteum, granulosa cells, oocytes, and surface epithelium), and studies by others have linked the overexpression of HSD17B12 to a
poor prognosis of ovarian cancer, and also to resistance to cisplatin treatment. In
addition, in vitro studies have shown that silencing HSD17B12 expression with
siRNA in cancer cell lines leads to growth inhibition and increases apoptosis
(Nagasaki et al. 2009b, Szajnik et al. 2012). Additionally, our data using knockout mice indicated an essential role for the enzyme in cell proliferation during
development.
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According to our results, HSD17B12 expression increases together with COX2
expression in ovarian serous and endometrioid adenocarcinomas. COX2 is a
well-known prognostic factor in ovarian cancer; higher expression levels are
linked to a poor prognosis. Conversely, increased expression of HSD17B12 has
also been linked to a poor outcome thought to correlate to a poor outcome of patients.
Interestingly, the expression of ELOVL5 was not increased while the ovarian
cancer grade increased. ELOVL5 is the partner of HSD17B12 in the synthesis of
AA from diet-based LA. Although COX2 and HSD17B12 have been linked to
ovarian cancer metabolism, the increase of ELOVL5 expression has mainly been
seen in castrate-resistant prostate cancer. Although ELOVL5 synthesizes AA
together with HSD17B12 in normal tissue, the expression of these enzymes in
cancer is differentially regulated, and the level of ELOVL5 in cancer cells remains relatively stable while the grade and FIGO are increasing. Taken together,
the effect of HSD17B12 on ovarian cancer development likely occurs via its involvement in the synthesis of AA and its downstream metabolites.
Interestingly, according to the whole-genome microarray study of the mouse
transcriptome from HSD17B12+/- ovaries, a significant upregulation of KISS1, a
well-known tumour suppressor gene, was observed. Although this result is from
mouse ovaries with downregulated HSD17B12, it provides another theoretical
mechanism of enzyme-mediated ovarian cancer progression. Gaytan and coworkers (2009) have shown that the expression of KISS1 is resulted by PGE2 in
normal mouse ovarian tissue. Interestingly, according to clinical studies of ovarian cancer patients, the elevated expression level of KISS1 is negatively correlated with the metastatic activity and poor prognosis (Cao et al. 2016). Other studies
have also shown, in vitro and in vivo, that KISS1 activity suppresses metastatic
activity (Jiang et al. 2005). In addition, Jiang and co-workers showed that PKC-α
activity is negatively correlated with KISS1 expression in cancer. In addition, in
normal ovaries, PKC-α is known to be regulated by PG (Figure 8). According to
these findings, the hypothetical pathway is presented in Figure 14, providing another possible mechanism by which HSD17B12 is involved in ovarian cancer
progression, in addition to via AA and its downstream metabolites.
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Figure 18. Hypothetical pathway
by which HSD17B12 affects the
metastatic activity of ovarian
cancer.
In
pathway
A,
HSD17B12 is downregulated,
leading to the upregulation of
KISS1 and decreased metastatic
activity. Pathway B shows the
effect
of
upregulated
HSD17B12, leading to the downregulation of KISS1 and increasing metastatic activity.
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7

Conclusions

CONCLUSIONS

In conclusion, our studies have shown that the HSD17B12 enzyme plays an important role in ovarian function and embryonic development. According to our
studies with HSD17B12-/- embryos and ES cells, as well as with HSD17B12+/females, the enzyme has a significant role in the synthesis of AA and its downstream metabolites. Based on our studies, the main function of the HSD17B12
enzyme is in FA metabolism, namely, AA synthesis, and not in steroid hormone
synthesis.
1.

HSD17B12 is essential for embryonic development, and the absence of the
enzyme leads to abnormal neuronal development, leading to embryonic lethality, mainly because of decreased levels of AA.

2.

Fully functional HSD17B12 is needed for normal fertility and ovarian
function. Thus, only one functional allele with reduced expression of the
protein is not sufficient to maintain normal levels of AA and its downstream metabolites, eicosanoids.

3.

HSD17B12 is co-expressed with COX2 in ovarian cancer lesions, and
COX2 is known to affect cancer growth via PGs, supporting our hypothesis that HSD17B12 similarly affects ovarian cancer progression via involvement in the production of AA and its downstream metabolites.
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