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ABSTRACT 
 

Infertility is a compelling problem an increased prevalence among couples. Although multiple 
causes have been hypothesized to increase the risk of infertility, changes in lifestyles and 
environment are the possible links to the causes. While germ cells represent the eternal link 
between generations, epigenetic modification in germ cells provides a conceivable link 
between the environmental influences and alterations in gene expression across generations. 
During embryonic development, there are several important processes that can affect fertility, 
including germ cell specification, germ cell migration along hindgut, germ cell localization at 
gonads, sex differentiation and further stages of gametogenesis. We are particularly interested 
in polycystic ovarian syndrome (PCOS) as it is the main cause of infertility worldwide. PCOS 
is highly heritable, with estimated 70% familial heritability. However, in total, 19 loci 
significantly linked to PCOS from genome-wide association studies (GWAS) only account for 
~10% of its heritability. Recent studies suggest that epigenetic regulation of embryonic 
development and germline modification resulting from hyperandrogenism in the uterine 
environment contribute to the onset of PCOS in offspring and across generations.  

 

This thesis includes three studies to understand the possible causes related to infertility during 
early embryonic development and germline. The aim of Study I is to investigate cellular 
heterogeneity of epiblast during early embryonic development by single-cell transcriptomic 
analysis. The aim of Study II is to investigate whether prenatal androgen exposure leads to 
transgenerational transmission of PCOS. The aim of Study III is to study molecular effects of 
fetal and adult programming by androgen in different PCOS-like mouse models as well as a 
maternal obesity mouse model by transcriptional profiling of key organs.  
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1 INTRODUCTION 
1.1 EARLY MOUSE EMBRYONIC DEVELOPMENT 

 

The mouse embryonic development is a dynamic and self-organized process. From a fertilized 
egg to a gastrulation embryo, it comprises a tightly regulated set of lineage specification 
processes as well as simultaneous establishment of the embryonic axes (Fig.1) (Rossant and Tam, 
2009). These processes involve the formation of a blastocyst at embryonic day (E3.5), followed 
by compaction during which the cells segregate to form trophectoderm (TE), or inner cell mass 
(ICM), and along with time, form primitive endoderm (PE) and the epiblast (EPI) from ICM. 
Blastocysts comprise of the EPI, the extraembryonic primitive endoderm and the trophectoderm 
three cell types. Blastocyst implantation commences a conversation between the uterus and the 
embryo, enabling the reorganization of both the maternal tissues and the embryo (Bedzhov et al., 
2014). From embryonic day (E4.5) to embryonic day (E6.5), epiblast cells quickly proliferate 
and reorganize into a cup-shaped columnar epithelium before gastrulation. The pluripotent EPI 
serves as the foundation for patterning and specification of germ layers and the germline that 
build the embryo proper. Various important steps are involved in establishing gastrulation 
including specification of germ layer progenitors; establishment of the embryonic axes and 
coordinating with tissue movements (Tam et al., 2006). Moreover, the inductive signal 
interactions between extra-embryonic cells and embryonic cells are important for embryonic 
patterning and lineage specification.  

 

Prior to gastrulation, the post-implantation mouse embryo exhibits distinctive morphological 
asymmetries such as the establishment of anterior-posterior (A-P) asymmetry. WNT, NODAL 
signaling pathways in the visceral endoderm (VE) which forms from PE could contribute to the 
establishment of A-P axis in pre-gastrula embryos and positioning the primitive streak (Rossant 
and Tam, 2004). Wnt family member 3 (Wnt3) expression in the posterior epiblast demarcates 
the identity of EPI which later denotes the formation of primitive streak during gastrulation 
(Rivera-Pérez and Magnuson, 2005). The anterior polarity of the EPI maintains the uncommitted 
state of EPI by the antagonizing signals of the WNT, BMP and NODAL signaling pathways from 
distal VE and extra-embryonic tissues (Arkell and Tam, 2012). Much have been studied on 
signaling factors and lineage specifiers in pre-gastrulation embryos, however, this dynamic 
process can augment differences in individual cells to generate various cell fates. In order to test 
the variation within single cell lineages, more and more advanced single-cell technologies 
(Kelsey et al., 2017), can provide a better understanding of cellular interactions, sensitivity to 
inter-cellular variation, and an evidence for heterogeneity in early mice post-implantation 
embryonic development, including germ cell lineage specification.  
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Fig.1 Illustration of mouse embryo development from fertilization to gastrulation. The 
morphological changes from fertilization (E0) to gastrulation (E6.0). VE, visceral endoderm; 
EPI, epiblast; EXE, extraembryonic ectoderm. E0, embryonic day 0; E2; embryonic day 2; 
E3.5, embryonic day 3.5; E6, embryonic day 6. 

 

1.2 FORMATIVE PLURIPOTENCY WITH THE COMPETENCY FOR GERM CELL 
SPECIFICATION 

  

Pluripotency can be divided into naïve and primed stages. These refer to pre- and post- 
implantation states in the mouse embryo in vivo, and are associated with embryonic stem cells 
(ESCs) and epiblast stem cells (EpiSCs) in vitro respectively. In mouse embryos, pluripotency 
arises within the ICM of the blastocyst and lasts 4-5 days until somatogenesis (Osorno et al., 
2012). Upon implantation, EPI alters its cellular properties and undergoes a global transcriptomic 
and epigenomic change. This includes the expression of pluripotency related genes, DNA 
methylation, chimera development and the formation of germline specification. Formative 
pluripotency has been proposed as a stage between naïve pluripotency and primed pluripotency 
in vivo and in vitro (Smith, 2017). In vitro, epiblast-like cells (EpiLCs) are derived from ESCs 
during a 24–48-hour induction period in response to fibroblast growth factor (FGF) and activinA 
signaling. These cells resemble epiblast and have acquired the competence for germline 
induction. Formative epiblast have been hypothesized to act as a launching pad for multi-lineage 
differentiation; especially for the germline lineage (Fig. 2A), because naïve pluripotent cells 
(ESCs) must undergo a process of maturation before lineage decision. Meanwhile, primed cells 
(EpiSCs) are partially specified, and are cell fate biased. In our work, we have applied single cell 
RNA sequencing technology (Smart-seq2) (Picelli et al., 2014) to investigate the heterogeneity 
of epiblast cells, where the primordial germ cells (PGCs) are specified. We found that the epiblast 
cells of pregastrula embryos display three cell phases and we also captured transitions of 
pluripotency. This corresponds to the anterior, transition and posterior clusters in principal 
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component analysis (PCA) plot (Fig.2B) (Cheng et al., 2019). These three positional phases 
correspond to the pluripotency spectrum from naïve ESCs and primed EpiSCs (Fig. 2C).  

 

 

       

 

Fig.2 (A) Phased progression and heterogeneity model of pluripotency stage.  Cells transit 
pluripotency from naïve stage to formative stage and further to primed stage along with lineage 
commitment. (B) Diffusion map demonstrating anterior, transition and posterior; three clusters 
of EPI cells. (C) PCA plot of EPI cells corresponding to ESCs and EpiSCs.  

 

1.3 MOUSE GERM CELL SPECIFICATION  

 

The requirement of the formative state is a link between germline lineage and somatic lineage 
specification of the pluripotent founders. At E6.25, the posterior part of epiblast segregates to a 
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group of competent founder cells as PGCs, in response to the signal from bone morphogenetic 
protein 4 (BMP4) secreted from surrounding extraembryonic ectoderm (EXE) tissues (Lawson 
et al., 1999).  

 

The initiation of PGC specification involves the complex signaling crosstalk within the egg 
cylinder before gastrulation.  BMP4, BMP4 antagonists, and an epiblast derived WNT3 signaling 
are involved in the process. Antagonists of BMP4 are secreted from the anterior visceral 
endoderm (AVE), inhibiting the anterior epiblast cells transform into germ cells. Moreover, in 
response to BMP4, the expression of Wnt3 in the epiblast provides the competence for 
preparation of germ cell precursor fate (Rivera-Pérez and Magnuson, 2005). The signaling of 
WNT3 and BMP4 also activates the expression of transcription factor PR domain zinc-finger 
protein1 (Prdm1), PR domain zinc-finger protein 14 (Prdm14) and transcription factor AP-2 
gamma (encoded by Tfap2c), all of which are crucial for germline specification (Ohinata et al., 
2009).  

 

The key repressors of somatic fates are crucial for germ cell specification. Prdm1 also known as 
Blimp1, a transcriptional repressor and the earliest known marker of PGC fate that appears at 
E6.25 in a few pluripotent EPI cells, functions through repression of somatic mesodermal 
lineage. This is followed by upregulation of Prdm14 and AP2γ, i.e.  the other two key 
transcriptional factors during PGC specification (Ohinata et al., 2005; Yamaji et al., 2008).  

 

Wnt3, acting as one of the earliest signaling genes, is expressed in the posterior VE and epiblast 
at around E5.75, which is known to activate primitive streak genes that are critical for 
gastrulation. It has been shown that some factors such as T (known as brachyury), one of WNT3’s 
target genes, can be induced by WNT-β-catenin signaling during gastrulation to promote germ 
cell fate (Aramaki et al., 2013). We detected the expression of Wnt3 in a discrete subset of EPI 
cells at E6.25 and E6.5 in the counterpart of transition and posterior phase (Fig. 3). Our discovery 
also provides an interesting clue to explore how WNT3 maintains and stabilizes the formative 
pluripotency that exits the naïve phase but maintains the competence for germ cell specification.  
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Fig. 3 Wnt3 expression in the EPI cells.  

1.4 GERM CELL MIGRATION  

 

Germ cell migration is a complex and lengthy process which starts with the specification in 
epiblast and proceeds through different stages of migration, proliferation, apoptosis, epigenetic 
programming, sex differentiation and gametogenesis to ultimate formation of mature oocytes and 
spermatozoa. Therefore, each step following specification provides an opportunity for the 
emergence of heterogeneity. It is possible this is a selective step to make sure that the germ cells 
form the highest quality of adult gametes. PGCs migration is another crucial step to fulfill a 
reproductive competence. After PGC specification, the specified PGCs form a cluster of 30-40 
cells at the base of the allantois at ~E7.25 far from their permanent tissue niche, which then later 
migrates along hindgut and colonizes the genital ridge at E10.5 (Saitou and Yamaji, 2012). It has 
been reported that stromal cell-derived factor 1 (SDF1) and the stem cell growth factor ligand 
(KITL) secretes from somatic cells, regulate PGC proliferation and survival while directing their 
movements (Gu et al., 2009). SDF1 binds to the chemokine receptor type 4 (CXCR4) on the 
leads them to migrate to the gonadal ridge. KITL binds to c-KIT on the PGCs and plays an 
important role in directing PGCs to gonadal ridge, whilst preventing apoptosis by promoting 
survival factors like NANOS3 and dead-end protein homolog 1 (DND1) during PGC migration 
(Molyneaux et al., 2003).  

 

1.5 SEX DIFFERENTIATION 

 

The next major differentiation event is sex differentiation. Shortly after a period of mitosis 
approximately at E12.5, germ cells are referred as oogonia and develop in clusters to form cysts 
while interacting with somatic cells in the ovary. The differentiation factors start to activate to 
produce female organs including Sf1, R-spondin-1, Wnt4, Dax1, and cytochrome P450, family 
11, member A1 (Cyp11a1) (Chassot et al., 2014). Wnt4 expression is increased, which inhibits 
the expression of Cyp11a1, delays steroidogenesis and increases the expression of female 
differentiation factors, Follistatin and Dax1 (Yu et al., 2006). Oogonia begin to enter meiosis at 
about E13.5 and are then referred as oocytes. Oocytes proceed through the prophase I of meiosis 
to diplotene stages until arrested at E18.5, followed by cyst breakdown. Meiotic initiation is 
regulated by retinoic acid (RA), secreted by somatic cells in the mesonephros, which actives 
Stra8 to promote meiosis of oocytes during early ovarian development (Anderson et al., 2008). 
Some oocytes undergo apoptosis after sex determination, and mouse oocytes clusters break down 
into single oocytes. A large number of oocytes are lost during the formation of primordial 
follicles (Pepling, 2006).  
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1.6  FOLLICLE DEVELOPMENT 

 

Ovarian follicles are the main functional unit of the ovary, which houses oocytes and surrounding 
somatic cells including granulosa cells and theca cells. In mice, folliculogenesis is a carefully 
regulated and prolonged developmental process, starting with primordial follicle recruitment and 
ending in either ovulation or atresia. There are two phases during folliculogenesis: 1) the 
gonadotropin-independent phase which begins with activation of primordial follicles and ends 
with formation of small antral follicles and 2) the gonadotropin-dependent phase which involves 
a constant growth of small antral follicles to pre-ovulatory antral stage and ovulation (Ma et al., 
2004).  

 

Pituitary gonadotropins can influence early folliculogenesis during the gonadotropin-
independent stage. However, this is not always the case as follicles can develop into antral 
follicles despite the lack of luteinizing hormone (LH) and follicle-stimulating hormone (FSH). 
Upon activation of the primordial follicle, communication between the oocyte and somatic cells 
enables the exchange of numerous regulatory signals that regulate oocyte metabolism, cell cycle 
progression and fertilization. Transforming growth factor-beta family cytokines (Tgf-b) is critical 
in regulating early folliculogenesis which serves as positive regulators to promote preantral 
follicle growth (Knight and Glister, 2006). On the other hand, the gonadotropin-dependent phase 
is closely regulated by hypothalamus-pituitary-gonadal (HPG) axis. Steroidal hormone also plays 
an important role in this process. Gonadotropin-releasing hormones (GnRH) from hypothalamus 
regulates FSH and LH secreted from anterior pituitary. The positive and negative HPG axis loops 
coordinate follicular maturation with sexual behavior and preparation for pregnancy. Estradiol is 
produced by developing follicles under the influence of FSH, which also inhibits LH production. 
However, when estradiol levels across a certain point - an LH surge is triggered. The oocyte’s 
meiotic division is resumed as a result, and maturation starts before the oocyte is again arrested 
at MII stage (metaphase of second meiotic division). This oocyte is ovulated into the fallopian 
tube. 

 

1.7  OOCYTE MATURATION 

 

Mouse oocyte maturation is a tedious process to reach the competences for fertilization. Starting 
from the primordial follicle stage, the oocyte takes weeks to complete its growth, a 100-fold 
increase in size (Gougeon, 1996). During the maturation process, oocytes closely interact with 
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somatic cells, particularly granulosa cells. It has been found that metabolic cooperation, mediated 
by gap junctions and various cell-cell interactions, occurs between oocytes and somatic cells in 
the follicle to ensure sufficient substrate supplies to the developing oocytes (Li and Albertini, 
2013). For example, oocyte-secreted factors like growth and differentiation factor 9 (GDF9) and 
bone morphogenetic protein 15 (BMP15) are directly involved in the modulation of energy 
metabolism, which are fundamental pathways that are lacking in oocytes but highly active in 
granulosa cells (Sugiura et al., 2005).  

 

Moreover, paracrine signaling in oocyte maturation can stimulate preantral and antral follicles 
growth in many species, and androgens have been demonstrated as the most common steroid 
hormone in this setting (Emori and Sugiura, 2014). The action of androgens appears to be critical 
for normal follicle development and oocyte maturation. Androgens have also been shown to 
increase the granulosa cells’ responsiveness to FSH for oocyte maturation (Laird et al., 2017). 
The androgen functions by binding the androgen receptor (AR) in the cell cytoplasm and then 
translocating the hormone-receptor complex to the nucleus, where it binds to a specific sequence 
in the target gene’s promoter and promotes gene transcription (Askew et al., 2012). It has been 
reported that in AR knockout mice, there is significant disruption of hypothalamic regulation of 
gonadotropins, associated with abnormalities of ovary follicle development, and mice lacking 
AR showed reduced litter size (Walters et al., 2018a).  

 

1.8  ANDROGENS AND POLYCYSTIC OVARY SYNDROME (PCOS) 

 

PCOS is an endocrine disorder and the main cause of infertility in women worldwide, affecting 
~15% of women of reproductive age. It is clinically characterized by hyperandrogenism, 
anovulation and polycystic ovarian morphology (PCOM). According to Rotterdam diagnostic 
criteria, at least two out of three features presented in the mentioned symptoms are diagnosed as 
PCOS (Dumesic et al., 2015). Hyperandrogenism is a key factor in the pathogenesis of PCOS, 
which is exhibited in more than 80% of women with PCOS, leading to increased production of 
ovarian theca cells and promoting early follicular growth that does not reach dominant stage and 
subsequent leads to ovulatory dysfunction (Rosenfield and Ehrmann, 2016). There is clear 
evidence showing there is an aberrant follicular development in women with PCOS. An increased 
number of preantral follicles and a higher proportion of primordial follicles have been activated 
in the ovaries of women with PCOS compared to control (Webber et al., 2003). The expression 
of a proliferation marker (Mcm-2) of preantral follicles has been shown to be increased in PCOS 
women (Stubbs et al., 2007).  
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Furthermore, about 75% of women with PCOS showed LH hypersecretion (McCartney et al., 
2002). This is due to an increased pulsatile release of GnRH hormone from hypothalamus, 
leading to the elevated pulse frequency of LH by the pituitary gland. The neuroendocrine defect 
is thought to cause the increased ovarian theca cell production and ovarian hyperandrogenism 
and ovulatory dysfunction (Walters et al., 2018b).  

 

Moreover, insulin resistance and hyperinsulinemia are exhibited in about 30% of women with 
PCOS (Cassar et al., 2016). Insulin enhances androgen production by stimulating the ovarian 
theca cells, and hyperinsulinemia in PCOS can elevate ovarian androgen production (Diamanti-
Kandarakis and Dunaif, 2012). In addition, the sex hormone transporter, sex hormone binding 
globin (SHBG) is inhibited by hyperinsulinemia, which further contributes to 
hyperandrogenemia (Hammond, 2016).  

 

1.9 ANDROGENS AND FETAL PROGRAMMING 

 

The impact of excess androgen in animal models of PCOS indicates that exposure to excess 
androgen during fetal life may be as important as in adult life for the development of PCOS 
(Stener-Victorin et al., 2020). During pregnancy, the animals are given vast amounts of 
testosterone, which is enough to overload the buffering androgen action and cause fetus 
androgenization, mimicking many aspects of PCOS, including reproductive and metabolic 
dysfunction. This evidence provides the possibility that PCOS is a developmental disorder 
resulting from aberrant “programming” by excess androgen (Gorry et al., 2006).  

 

Several PCOS-like mouse models have been created for fetal programming by uterus androgen 
exposure including the prenatal androgen (PNA) model, which is established by 
dihydrotestosterone (DHT) exposure to pregnant dams at gestational days between E16.5-18.5. 
The female first-generation offspring exhibit a disturbed estrous cycle with elevated testosterone 
and LH levels, and metabolic alterations in adulthood (Moore et al., 2015). In our study, to further 
explore the androgen effects on the most affected tissues by fetal programming, we 
transcriptomically profiled the key organs of F1 generation from the PNA mouse model. 
Furthermore, we used the PNA mouse model to investigate whether the maternal androgen 
excess environment can contribute to the inheritance of PCOS-like traits transgenerationally. The 
detailed findings are displayed in the result part as well as the publication.  
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1.10 ENVIRONMENTAL EFFECTS ON PCOS 

 

There is growing evidence indicating that an adverse effect of maternal diet and hyperandrogenic 
exposure can manifest in further generations without further pathological exposure. The 
offspring across several generations have an increased propensity to develop metabolic, 
cardiovascular, and endocrine dysfunction. It has previously been reported that maternal high fat 
diet in mice increases both body size and insulin resistance till the second generation, and then 
almost vanishes in the F3 generation in females, suggesting an imprinting mechanism (Dunn and 
Bale, 2009). I and my colleagues have reported that daughters of mothers with PCOS are likely 
to be diagnosed with PCOS; this was also reported in a Swedish national cohort and a case control 
study from Chile (Risal et al., 2019). From our PCOS-like mouse model, the PNA mouse model, 
in which only F0 is treated with DHT, we have identified global gene expression alterations in 
the oocytes from F1-F3 female offspring. This is in line with transgenerational inheritance of 
PCOS-like phenotypes including reproductive and metabolic dysfunction. Next, we identified 
changes in the expression of genes that affected placental functions in F2 fetuses, suggesting that 
maternal uterine environment may play a great role in the process of affecting fetal life.  

 

For a long time, it was well-known that parental lifestyle can influence offspring’s development 
and these effects may last several generations. The mechanisms underlying this phenomenon 
remain unclear to this date. Recently, scientists have proposed epigenetics as an answer to this 
question. Epigenetic mechanisms such as DNA methylation and chromatin modification that can 
control gene expression, may be responsive to environmental perturbations. Adverse 
environmental exposure during sensitive developmental period can induce modifications in the 
epigenome of the embryo including the germline (Skinner et al., 2013). Therefore, alterations in 
the epigenome can cause heritable phenotypic changes that persist for several generations 
(Maccari et al., 2017). This phenomenon can be integrated into the hypothesis of the 
developmental origins of health and disease (DOHaD) (Barker, 1998), which seeks to explain 
why the period from conception to birth or the first years of life is important for determining 
lifelong susceptibility to non-communicable disease like diabetes mellitus and obesity. This 
sensitive period coincides the developmental timing which the germ cells are undergoing 
epigenetic programming. Thus, aberrant epigenetic remodeling in germ cells might potentially 
induce permanent modifications to the epigenome that are passed on to subsequent generations. 
This phenomenon is proposed as transgenerational epigenetic inheritance, which means exposure 
to an event in generation (F0) and the effect of this event must be observed in the third (F3) or 
fourth generation (F4). The mechanism underlying transgenerational epigenetic involves 
maintenance of DNA methylation, de novo methylation and small RNAs (Houri-Zeevi and 
Rechavi, 2017).  
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PGC specification leads to the greatest change of DNA methylation in fetal mouse germline. 
PGC specifies at E6.5 in the posterior epiblast, which are highly methylated as somatic cells but 
loses 90% of its global methylation in the following 7 days (Lee et al., 2014). In the fetal 
germline, demethylation occurs in two main states. The first starts at E8.0, during their migration 
to genital ridges (Seki et al., 2005). Bisulfite sequencing (Kobayashi et al2013) analysis 
suggested that the first demethylation is caused by inactivation of the maintenance methylation 
mechanism, which involves down-regulation of the expression of Uhrf1 and removal of UHRF1 
protein from nucleus. The passive demethylation diminished about 30% of global methylation 
levels when PGCs arrived at genital ridges (Kagiwada et al., 2013). Moreover, down-regulation 
of the de novo DNA methyltransferases DNMT3A, DNMT3B, and DNMT3L prevents 
restoration of methylation patterns during replication, contributing to a rapid loss during the first 
wave of demethylation (Kurimoto et al., 2008). Specific sequences include differentially 
methylated regions (DMR) in imprinted loci. Germline specific genes remain methylated despite 
a widespread reduction lasting until the second wave of demethylation. The second 
demethylation initiates at E11.5 once PGCs enters genital ridges. This process requires ten-
eleven translocation proteins (TET): TET1 and TET2 proteins, which oxidized 5-methylcytosine 
(5mC) into 5-hydroxymethylcytosine (5hmC) (Vincent et al., 2013). 5hmC is further oxidized 
and replaced by base excision repair, whereas the passive pathway involves replication coupled 
dilution of 5mC under the absence or inhibition of maintenance DNA methyltransferase DNMT1 
activity (Kagiwada et al., 2013). 

 

In summary, epigenetic changes in the gene expression during early mammalian development 
occurs in response to adverse intrauterine exposure and can lead to heritable phenotypic changes 
that persist for several generations.  

 

1.11 ANIMAL MODELS OF PCOS  

 

In the past years, many PCOS-like animal models have been developed to study PCOS 
etiopathogenesis. The rodent models (mice and rats) are the most common (Stener-Victorin et 
al., 2020), because the insightful findings from customized animal models are often ways to gain 
a fundamental understanding of a human disorder. Rodents and humans share evolutionarily 
conserved similarities in the regulation of reproductive function by the hypothalamic-pituitary-
gonad (HPG) axis and ovarian folliculogenesis.  
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Besides the maternal excess androgen exposure during fetal life (i.e., PNA), exposure to 
androgen in postnatal life also produces the metabolic and reproductive features of PCOS such 
as the peripubertal mouse model. The peripubertal androgenized mouse model is induced by 
continuous DHT exposure through a slow releasing pellet implanted subcutaneously from 
puberty presenting robust ovarian and cardiometabolic features mimic PCOS symptoms 
(Caldwell et al., 2014).  

 

Altered sympathetic activity has been hypothesized in the development of PCOS. Increased 
expression of nerve growth factor (NGF) has been shown in women of PCOS ovaries (Dissen et 
al., 2009). It has been reported that women with PCOS have a 2-fold increase in NGF in the 
ovarian follicular fluid compared to their control, indicating the role of NGF in the PCOS 
pathology. In mice, excess ovarian NGF causes irregular cyclicity, compromised fertility, 
enhanced ovarian sex steroid production, and elevated granulosa cell apoptosis (Dissen et al., 
2009). The genetically modified 17NF model overexpresses NGF in theca cells driven by 17α-
hydroxylase promoter, leading to ovarian hyperandrogenism (Streiter et al., 2016). (Dissen et al., 
2009). Moreover, these transgenic mice also display mildly elevated LH levels with increased 
testosterone production and metabolic dysfunction as reflected by impaired glucose metabolism 
and energy metabolism, aberrant adipose tissue morphology and function, and hepatic steatosis 
mirroring the PCOS pathophysiology. We have subsequently used the peripubertal androgenized 
mouse model and the 17NF mouse model to examine PCOS in adult programming in our study.  

 

1.12 OBESITY MOUSE MODEL 

 

PCOS is tightly linked to obesity, which is one of the important factors contributing to the 
development of PCOS. It has been shown that there are shared metabolic traits by large-scale 
genome-wide meta-analysis between PCOS and obesity (Day et al., 2018). Furthermore, the 
maternal obesity mouse model affects female germ cells and their offspring as well (Risal et al., 
2019). Obesity and excess androgen may affect female fertility independently with distinct target 
as half of PCOS women are normal weight. Therefore, we include obesity mouse model to study 
the pathophysiology of lean PCOS and obese PCOS. In our study, we identified common 
transcriptome targets in hypothalamus, ovary adipose tissue and MII oocytes in the first-
generation offspring of the maternal obesity mouse model and PCOS mice models. More detailed 
results can be found in the result section and manuscript III. 
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2 AIMS 
 

Study I: To investigate cellular heterogeneity of pluripotency transition in epiblast and X 
chromosome dynamics during early mouse development. 

 

Study II: To investigate whether maternal in utero exposure to androgens and/or maternal 
obesity leads to transgenerational transmission inheritance in adult female and to identify 
candidate genes that are involved in the transgenerational effects.  

 

Study III: To define the molecular effects of fetal and adult programming by androgen in 
different PCOS-like mouse models as well as maternal obesity model.  
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3 MATERIALS AND METHODS 
This part contains the main materials and methods used in this thesis. Detailed methodology 
can be found in the following publications.  

3.1 ETHICAL CONSIDERATIONS 

 

The Stockholm Ethical Committee for Animal Research granted permission to all animal 
experiments in study I to III (ethical permit numbers: study I: 2593-2607, study II: 10798-2017, 
study III: 20485-2020) in accordance with all applicable laws of the European Community and 
the European Parliament's 2010/63/EU directive on the protection of animals used in research. 
The regional ethical review committee, Stockholm, Sweden, granted its approval to the 
register-based study in study II (diary numbers 2013/862-31/5; 2016/1214-32).  

 

3.2 SAMPLE COLLECTION AND ANIMAL MODELS 

 
Study I:  
 
Mouse embryos generated from mating between C57/BL/6J and CAST/EiJ mice were used 
for the first study. Table 2 shows single-cell samples from groups of embryos at different 
time points.  

 

Table 2 A summary table of single-cell samples from groups of embryos of different time 
points. 

Study II: 

Animal models:  

  

Following a well-established protocol, the PNA model was generated by injecting 250 ug DHT 
dissolved in a solution (containing 5 uL benzyl benzoate and 95 uL sesame oil) to pregnant 
female mice from E16.5 to E18.5 (Moore et al., 2013; Witham et al., 2012). This model was 
used to mimic PCOS women in pregnancy with elevated levels of circulating androgen 
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(Glintborg et al., 2018; Sir-Petermann et al., 2002). The control mice were administered with 
100 uL of the vehicle without DHT.  

 

The PNA mice with maternal obesity were generated by the DHT treatment in combination 
with a high fat/high sucrose (HFHS) diet. The HFHS diet contained 58% fat, 26% 
carbohydrates, 17% sucrose and 16% proteins, whereas the control diet had 10 % fat, 73 % 
carbohydrate and 17 % protein.  

 

To study the transgenerational effects of maternal androgen excess and maternal obesity in the 
offspring, we bred three generations of mice. The first generation (F1) was directly exposed to 
maternal lineage (F0) which was treated with DHT with/without the HFHS diet. The second 
generation (F2) was derived from PGCs of the F1 generation which were also directly exposed 
to the environmental excess androgen with/without the HFHS diet. The third generation (F3) 
was derived from the F2 generation and was indirectly exposed to environment excess 
androgen with/without the HFHS diet.   

 

Study III: 

Animal models:  

  

We used four animal models of PCOS as well as an obesity mice model in study III to 
investigate the fetal programming (F1 generation) due to the maternal effect and the adult 
programming of PCOS. The fetal programming mice models comprised of the PNA mice 
model and the HFHS mice model mentioned in Paper II. The adult programming study 
comprised of two animal models: the peripubertal androgenized mice model and the 17NF 
mice model.  

 

The peripubertal androgenized mice model was generated by continuous exposure to a 10 mm 
DHT pellet from pubertal period and onwards. This model was generated to mimic PCOS with 
reproductive and metabolic phenotypes. At 4 weeks of age, the female mice were given an 
implant containing a 10 mm DHT pellet or a control pellet (for the control group) and exposed 
for 7 weeks.  

 

A transgenic mice model of PCOS referred to as 17NF was also used in this paper (Dissen et 
al., 2009). The 17NF mice carry a transgene that expresses NGF under the control of the 
17alpha-hydroxylase gene promoter. Thus, NGF is overexpressed in the theca cells of the ovary 
in these animals. The 17NF mice were generated to mimic PCOS-like symptoms including 
reproductive and metabolic phenotypes and were bred to homozygosity. To be comparable, 
B6background mice were used as the control group. 
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3.3  EXPERIMENTAL STUDY 

3.3.1 Single-cell sample preparation from early-stage embryos 

       

First, the embryos were dissected from decidua and were washed with DMEM medium twice. 
TrypLE was used to dissociate embryos into single cells for 15 minutes, then a mouth pipette 
was used to manually pick single cells. The picked single cells were collected into PCR tubes 
with Smart-seq2 lysis buffer. 

 

3.3.2  Sample collection of MII oocytes, embryos and organs 

  

In study II and study III, mice were fasted for 2 hours before the collection of oocytes, 
embryonic tissues and organs. In study II, embryonic tissue (placenta) and organs (liver, 
subcutaneous adipose tissue) were dissected from F1, F2 and F3 female mice, and the embryos 
were collected at E12.5, and E18.5 of F2 generation in androgenized lineage and obese lineage. 
In study III, subcutaneous adipose tissue, ovaries, and hypothalamus were collected from the 
PNA model, the peripubertal androgenized mice model, the 17NF mice model as well as the 
maternal obesity mice model. The tissues were quickly dissected on ice, snap froze in liquid 
nitrogen and then stored at -80°C.  

  

In study II and study III, the MII oocytes from the PNA (F1 generation, F2 generation and F3 
generation of female offspring), peripubertal androgenized, 17NF and maternal obesity mouse 
models were collected from 20-week-old female mice. To superovulate these mice, they were 
given an injection of 5 IU (international unit) of pregnant mare’s serum gonadotropin (PMSG) 
and 5 IU of human chorionic gonadotropin (hCG) after 48 hours. The Cumulus-oocyte 
complexes were then dissected out from the oviduct ampulla, 16 hours after hCG injection. 
The single MII oocytes were isolated from the complexes and rinsed with M2 medium. 

 

3.3.3 RNA extraction and mRNA expression analysis 

 

Mice embryonic tissue and mice organ tissue (liver, placenta, subcutaneous adipose tissue, 
hypothalamus, and ovary) were homogenized in 1 mL TRI reagent. Total RNA was extracted 
following manufacturer’s instructions. The eluted RNA was treated with DNaseI to remove 
DNAs. A small amount (500 ng) of total RNA was used to synthesize cDNA. Quantitative real-
time PCR was performed using SYBR Green PCR Master Mix for relative gene expression 
analysis. A housekeeping gene Gapdh was used to normalize the expression of target genes. 
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3.3.4 3.4.4 Bulk RNA sequencing library preparation 

 

Total RNAs were isolated from mouse subcutaneous adipose tissue, hypothalamus and ovary. 
For bulk RNA sequencing, 1 ng of total RNA was used for sequencing library construction. 
Smart-seq3 protocol was used to generate sequencing libraries (Hagemann-Jensen et al., 2020). 
Briefly, messenger RNAs (mRNAs) were reversed transcribed by Maxima H-minus reverse 
transcriptase. The second strand cDNAs were synthesized by a template-switching reaction 
followed by 12 cycles of PCR amplification using KAPA HIFI Hot-Start polymerase (Roche). 
The cDNAs were cleaned up using 22% PEG beads (Sigma Aldrich) and quality checked using 
BioAnalyzer 2100 (Agilent Technologies). Then, 200 pg of cDNA was used for tagmentation 
by Tn5 transposase (Illumina) and followed by 10 cycles of PCR amplification.  

 

3.3.5 Single-cell sequencing library preparation from early mouse embryos 

 

The cDNA library was prepared using Smart-seq2 protocol (Picelli et al., 2014). mRNAs were 
reverse transcribed using SuperScript II enzyme after cell lysis. Template switching reaction 
was utilizing for second-strand synthesis. cDNA amplification was prepared by 18 cycles of 
PCR reaction using KAPA HIFI HotStart ReadyMix. cDNA libraries were then cleaned up 
using 22% PEG beads and quality checked using BioAnalyzer. Sequencing libraries were 
generated by tagmentation of 1 ng cDNA using Tn5 transposase followed by 8 cycles of PCR 
amplification.  

 

3.3.6 Sequencing library preparation of MII oocytes from PNA model, 
maternal obesity model and 17NF model  

 

cDNA library was prepared using Smart-seq2 protocol as mentioned before. mRNAs were 
reverse transcribed by SuperScript II reverse transcriptase after cell lysis. Template switching 
reaction was used to synthesize second-strand cDNAs. cDNA amplification was performed 
with 14 cycles of PCR reaction using KAPA HIFI HotStart ReadyMix. cDNA libraries were 
then cleaned up using 22% PEG beads and quality checked using BioAnalyzer. Sequencing 
libraries were generated by tagmentation of 1ng cDNA using Tn5 transposase followed by 8 
cycles of PCR amplification.  

 

3.3.7 Sequencing library preparation of MII oocytes from Peripubertal model  
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cDNA library was generated using Smart-seq3 protocol. Following by cell lysis, mRNAs were 
reverse transcribed using Maxima H-minus reverse transcriptase. The second strand for cDNA 
amplification was conducted by a template-switching reaction followed by 14 cycles PCR by 
KAPA HIFI Hot-Start polymerase (Roche). The cDNA was cleaned using 22% PEG beads and 
quality checked using BioAnalyzer (Agilent Technologies). Then, 200 pg cDNA was 
tagmented with Tn5 transposase (Illumina) followed by 10 cycles of PCR amplification.  

 

3.4 BIOINFORMATICS AND STATISTICAL ANALYSIS 

 

3.4.1 RNA sequencing data processing for early mouse embryonic sample  

 

Raw reads were mapped to the mouse reference genome (GRCm38/mm10) by STAR with 
default parameters. Cells of low quality (less than 5000 expressed genes) and lower mapping 
ratios (less than 70%) were excluded.  

 

3.4.2 RNA sequencing data processing and quality control for MII oocytes 

 

Mouse reference genome (GRCm38/mm10) was used to align the raw reads by STAR with 
default parameters. For the samples constructed by Smart-seq3 protocol, zUMIs  (Parekh et al., 
2018) pipeline was applied for mapping process. Cells of low qualities (fewer than 3000 
expressed features) and lower mapping reads (less than 200,000) were excluded.  

 

3.4.3 Bulk RNA sequencing data processing and quality control  

 

Raw reads were mapped to the mouse reference genome (GRCm38/mm10) by STAR with 
default parameters. zUMIs  (Parekh et al., 2018) pipeline was applied for mapping process. 
Cells of low complexity (fewer than 5000 expressed genes) and lower mapping reads (less than 
20,000) were excluded.  

 

3.4.4 Data Normalization and batch effect correction for MII oocyte 
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Seurat normalization method ‘LogNormalize’ was used to normalize three generations of MII 
oocytes from the PNA and the maternal obesity model. Then the Seurat ‘ScaleData’ function 
was applied to remove the batch effect due to technical variations.  

 

3.4.5 Differential gene expression analysis and Gene Ontology analysis 

 

The differential gene expression analysis was calculated after removing batch effect and the 
read counts were analyzed by ‘DESeq2’ R package. Differential expressed genes (DEGs) were 
defined by p < 0.05 and the absolute value of log2 foldchange over 0.5. Ontology analysis of 
DEGs were conducted by ‘Clusterprofiler’ R package.  

 

3.4.6 Pseudospace analysis in EPI cells 

 

In order to identify subclusters, a diffusion map was used to analyze the EPI cells. Counts were 
normalized by estimateSizeFactorMatrix function from ‘DESeq2’ R package, and then the top 
variable genes were used for separating the EPI cells into three-dimensional space at the 
diffusion map (k = 3). Further, principal curve was calculated by ‘princurve’ R package based 
on the first two dimensions. The pseudospace cell trajectory was obtained based on the 
projected coordinated on the first dimension of the diffusion map.  

 

3.4.7 Weighted gene co-expression network (WGCNA) analysis  

 

Data were analyzed by ‘WGCNA’ R package (Zhang and Horvath, 2005). The power 
parameter with soft threshold of 9 was selected by ‘pickSoftThreshold’ function. The Pearson 
correlation was used in the analysis and the correlation between module eigengenes and 
different treatments of mice models were calculated to identify modules of interest which were 
significantly associated with the treatments of mice models.  

 

3.4.8 Cell-Cell communication analysis 

 

To investigate cell-cell communication between MII oocytes and other ovarian cells, 
‘CellChat’ R package (Jin et al., 2021) was used to analysis the ligands and receptors between 
the cells. Ligand-receptor pairs were defined based on ‘CellChatDB’ database. Based on 
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biological function, all the interactions were grouped into 229 signaling pathway families. The 
differentially expressed signaling genes were identified by Wilcoxon rank sum test with 
significance level of 0.05.  

 

3.4.9 Metabolic pathway analysis of MII oocyte  

 

Metabolic pathway quantification in MII oocytes was conducted by ‘scMetabolism’ R package 
(Wu et al., 2022). The function AUCell was used to quantify the metabolic activity after 
implementing the Seurat pipeline. The genes for pathway analysis can be found online 
(https://github.com/wu-yc/scMetabolism).  

 

3.4.10 Statistical analysis 

 

In the cohort study in study II, correlations between maternal PCOS and daughters diagnosed 
with PCOS were calculated by stratified Cox regression models with hazard rations of 95% 
confidence intervals. Potential confounding variables were adjusted in the model according to 
daughter’s year of birth, maternal education, maternal region of birth and maternal age at 
daughter’s birth. The statistical analysis in case-control study in study II were conducted using 
GraphPad Prism. The detailed descriptions of statistical analysis can be found in the Method 
section of the respective publications.  
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4 RESULTS 
This part summaries the main findings of the three studies included in the thesis. More detailed 
information can be found in the respective publications.  

 

4.1 STUDY I:  

4.1.1 Transcriptome profiling of 1,724 single cells from pregastrula embryos   

  

Next-generation sequencing (NGS), especially single-cell RNA sequencing, is a powerful tool 
for investigating the intracellular transcriptomes on embryogenesis. In this study, we have 
sequenced over 2000 single cells to reconstruct the developmental trajectory from pregrastrua 
embryos from E5.25 to E6.5 four time points. Three major clusters were found, which were 
annotated as EPI (Pou5f1), VE (Amn) and EXE (Bmp4) according to their marker genes (Fig 
4). As we detected, Wnt3 expression was highly expressed at E6.25 and E6.5 of EPI cells with 
positive correlation of primitive streak markers including T, Mixl1, and Eomes, and with 
negative correlation of pluripotency markers like Dppa4. These results indicate the 
heterogeneity of EPI cells.  

 

 

 

Fig 4 Transcriptome profiling of 1,724 single cells (a), t-SNE plot of pregrastrua embryos 
from E5.25 to E6.5. (b), Expression of lineage marker genes presented in t-SNE plot; EPI 
lineage marker: Pou5f1; EXE lineage marker: Bmp4; and VE lineage marker: Amn.  

 

 

4.1.2 Heterogeneity of EPI cells with spatial trajectory 

 

a b
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To further investigate the heterogeneous fates of EPI cells, we applied a 3D diffusion map to 
reconstruct the developmental trajectory of the EPI cells. We identified three clusters of EPI 
cells and designated the three clusters as anterior, posterior and transition state which is an 
intermediate state with co-expression of both anterior and posterior related genes (Fig 5a and 
5b). To refine the resolution of spatial allocation of individual EPI cells, we assigned the EPI 
cells from a 3D dimensional pseudo-space trajectory onto a 2D dimensional pseudo-space 
trajectory based on principal curve (Fig 5c). Then we compared the transcriptome the anterior, 
posterior and transition states using naïve pluripotency cells ESC cells, primed pluripotency 
cells EpiSCs and intermediate pluripotency cells EpiLCs. We found that EPI cells of three 
states covered from naïve to primed pluripotency (Fig 5c).  

 

 

          

 

Fig 5 Spatial trajectory in EPI lineage. (a), Three clusters (anterior, posterior and 
transition) presented in 3D diffusion map. (b), Cells in three states (anterior, posterior and 
transition) annotated by embryonic age. (c), PCA plot of EPI cells and ES2i, ESC, EpiLCs, 
and EpiSCs fitted onto principal curve.  

 

    

4.1.3 The dynamics of XCI and XCR in early mouse embryonic development 

 

To understand the dynamics of XCI and XCR in EPI, VE and EXE lineage, we calculated the 
expression of allele-specific X-linked genes. We found in female cells that the expression of 
the X-linked genes presented significantly different in EPI lineages with 74.5% of reads and 
EXE lineages with 85.4% of reads, indicating XCR initiates in EPI lineages (Fig 6a and 6b). 
In EPI lineages, at E5.5, we discovered that the expression of Xp and Xm alleles are almost 
equally expressed. XCR reversed the silencing of Xp was entirely established in EPI lineages, 
and most EPI cells completed random XCl by E6.5.  
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Fig 6 Dynamics of XCl and XCR. (a), Percentage of gene expression of Xm in EPI, VE and 
EXE at different time points. (b), Percentage of gene expression of Xm and autosome in 
developmental timeline in EPI, EXE and VE lineage was presented in boxplot.  

 

4.1.4 Conclusion 

 

Our study provides a detailed transcriptional analysis of post-implantation embryonic 
development. We captured three states of EPI cells (anterior, transition and posterior) along 
pluripotency continuum and we studied the dynamic X chromosome activity in gastrula 
embryos. Our results provide a valuable resource to develop the methodology in vitro to 
maintain the formative pluripotency.  
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4.2 STUDY II:  

4.2.1 Swedish national cohort study  

 

A Swedish national wide register-based study indicated that there is an increased risk of 
daughters of women with PCOS diagnosed of PCOS compared to daughters born to women 
without PCOS. Seventy-one percentage of daughters of women with PCOS met the Rotterdam 
criteria for diagnosis of PCOS in the longitudinal study.  

 

4.2.2 Prenatal androgen exposure causes transgenerational reproductive 
and metabolic dysfunction in offspring 

 

We explored that F2 generation of androgenized lineage has smaller embryo size at E12.5 and 
E18.5 compared to the control group. We further analyzed the expression of genes (Tfap2c, 
Akt1, Ascl2) that affect placenta function, showing a decreased gene expression level at E12.5 
in androgenized lineage. And female offspring of F1, F2 and F3 had longer anogenital distance 
than controls in androgenized lineage. These results indicate that prenatal androgen exposure 
causes transgenerational reproductive dysfunction.  

 

We found that female offspring of F1 and F3 had increased fat mass and F1-F3 female offspring 
in androgenized lineage showed a larger adipose size with altered gene expression affecting 
adipogenesis and lipid biosynthesis. We also discovered that F1 and F3 female offspring 
displayed impaired energy balance in the androgenized and obese lineages. Taken together, 
these results suggest that prenatal androgen exposure leads to transgenerational metabolic 
dysfunction.  

 

4.2.3 Transcriptome profile of MII oocytes from F1 generation to F3 
generation  

 

To further explore fetal reprogramming through maternal germline, we did transcriptome 
profile of the female offspring of MII oocytes from F1 generation to F3 generation 
androgenized lineage and obesity lineage. We found 410 DEGs in androgenized lineage and 
231 DEGs obese lineage respectively (Fig 7a). Then we annotated these DEGs with biological 
ontology analysis. The top biological enrichment terms of germ cell and reproductive process, 
steroid hormone signaling pathways and glucose homeostasis were involved in androgenized 
lineage, whereas several metabolic processes such as energy metabolites, ATP metabolic 
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process and mitochondrial transport signaling pathways were involved in obese lineage. (Fig 
7b and 7c).  

 

 

 

Fig 7 (a), DEGs of MII oocytes from F1 to F3 generations in androgenized lineage and obese 
lineage displayed in Venn diagram. (b), GO enrichment terms in androgenized lineage. (c), GO 
enrichment terms in obese lineages. 

 

4.2.4 Common gene signatures in serum of daughters from women with 
PCOS 

 

We first compared our DEGs of MII oocyte with the DEGs in subcutaneous adipose tissue of 
women with PCOS in previous study. We found 33 DEGs in androgenized lineage and 23 
DEGs of MII in obese lineage which overlapped with human adipose tissues (Fig 8a). Many 
genes in androgenized lineage such as Pogz, Tmem214, Rhoa, Tial1 are involved in embryonic 
development. We examined the DEGs in human serum samples from daughters of women with 
and without PCOS from Chile as well as the serum sample from women with PCOS or without 
PCOS. Our result showed that FABP5 increased expression in human serum, whereas the 
expression of RNF141, INTS3 and INIP were downregulated, similarly to gene expression 
profile of MII oocytes in androgenized lineage (Fig 8b).  
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Fig 8 (a), Overlapping DEGs of MII oocyte in androgenized lineage and obese lineage human 
adipose tissues. (b,c) mRNA expression level of TIAL1, FABP5,  INIP, and RNF141 in serum 
of women with PCOS and daughters of women with PCOS.   

 

4.2.5 Conclusion 

 

Our results of transgenerational effects in the PNA mouse model and the maternal obesity 
mouse model suggest that there is a strong adverse effect of androgen excess during the 
gestation stage. These transgenerational consequences are exhibited in both metabolic and 
reproductive dysfunctions, which are mediated by environmental androgen excess in utero and 
oocyte-derived factors. By comparing human and mouse tissue, we found common 
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transcriptional signature, suggesting that transgenerational effects can be evaluated in different 
tissues.  

4.3 STUDY III:  

4.3.1 Transcriptome profile of hypothalamus, ovary and adipose tissue in 
PCOS-like mouse model and obesity mouse model 

 

In order to investigate the fetal and adult reprogramming in PCOS-like mouse models as well 
as the effects of maternal obesity, we performed transcriptome profile of key target tissues in 
those animal models. We found the greatest number of DEGs in the PNA model compared to 
the others in hypothalamus, suggesting fetal programming effects. As chronic anovulation is 
one of the hallmarks of women with PCOS and irregular estrous cycle is one of the most 
prominent phenotypes in these PCOS-like mouse models. We identified several common and 
unique DEGs of different animal models in the ovaries that might lead to ovarian phenotypes. 
By comparing those DEGs in different animal models, we performed gene ontology (GO) 
enrichment analysis. We identified common pathways like the ERK1 and ERK2 pathways, the 
ovarian follicle development pathway (shared by the PNA and the peripubertal androgenized 
model) and the unique pathways in PNA such as placenta development and maternal behavior 
in the peripubertal androgenized model.  

 

Obesity is a common feature in women with PCOS and adipose tissue dysfunction is likely 
involved in the development of PCOS and associated metabolic disturbances. Our animal 
models have shown increased fat mass and enlarged adipocytes. By transcriptome profile of 
adipose tissue in different mice models, we identified the largest number of DEGs (1910) in 
the peripubertal androgenized model, suggesting potential adult programming of DHT in 
adipose tissue. Next, we compared the biological function of those DEGs in different animal 
models. Lipids, glucose and regulation of inflammatory response was enriched in all models, 
whereas the testosterone response was enriched in the PNA, the peripubertal androgenized 
model and the obese model. Our finding suggests that adipose tissue is largely affected. We 
then performed correlation analyses between the DEGs in each animal model and the DEGs in 
the adipose tissue of women with PCOS (Divoux et al., 2022)，and we found strong 
correlation between each model and women with PCOS. We discovered that Ms4a6e is 
common to all PCOS-like models, also with high fold change in expression in adipose tissue 
of women with PCOS.  

 

4.3.2 Transcriptome profile of MII oocytes and cell-cell communication 
between ovary and MII oocyte in each mouse model 
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We perform transcriptomic profile of MII oocytes, to understand how different windows of 
androgen and maternal obesity exposure affects MII oocytes mouse models. We detected the 
most DEGs were in the 17NF model, suggesting that the genetic modification of granulosa 
cells greatly affects the oocytes. GO annotation enrichment analysis revealed that there were 
several pathways involved in all animal models: namely glucose metabolic process, insulin 
response and meiotic cell cycle. Several unique pathways were found in the 17NF model – 
namely ovarian follicle formation pathway, the steroid pathway and ERBB signaling pathway.  

 

As androgens stimulate the growth of preantral and antral follicles, and impair follicle 
maturation, to explore the communication between MII oocytes and surrounding follicular 
niche by androgen, we conducted cell-cell communication by ligand-receptor analysis. We 
identified several distinguished signaling pathways in each animal model. We found that the 
BMP signaling pathway, the KIT signaling pathway, the Adiponectin signaling pathway, the 
EGF signaling pathway, the IGF singling pathway and the insulin signaling pathway were 
affected by androgen and maternal obesity exposure.    

 

4.3.3 Fetal and adult androgen exposure modulates metabolic pathways in 
MII oocytes 

 

Because emerging evidence indicates that metabolism is a major determinant of oocyte quality, 
we investigated whether any metabolic changes affect MII oocyte quality in our animal models. 
We quantified the metabolism activity of MII oocytes, and we found unique metabolic changes 
in PCOS-like and maternal obesity mouse model. Peptide hormone metabolism is affected in 
the PNA model (Fig 9a); glucose metabolism is significantly decreased in the maternal obesity 
model (Fig 9b); steroid hormone homeostasis is significantly decreased in the peripubertal 
androgenized model (Fig 9c) and oxidative phosphorylation metabolism pathway is 
significantly upregulated in the 17NF mouse model (Fig 9d).  
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Fig 9 (a-d) Significant metabolic pathways in PNA, Maternal obesity, Peripubertal 
androgenized and 17NF mice model respectively. 

 

4.3.4 Conclusion  

 

Our study provides a comprehensive transcriptomic profile of key target tissues in the PCOS-
like animal model and the maternal obesity model, which is a unique resource for the research 
community. Several common functional pathways are identified across all the animal models 
despite of different gene targets. Ovary and adipose tissue are more affected than the 
hypothalamus in the peripubertal androgenized model, the 17NF model and the maternal 
obesity mouse model. Fetal programming exerts a strong effect on hypothalamic gene 
expression, especially in the PNA mouse model. The adipose tissue of the peripubertal 
androgenized model was the most affected, which was in line with the phenotype of this model.  
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5 DISCUSSION AND FUTURE PERSPECTIVE 
 

In this thesis, we applied single-cell RNA sequencing to study the pregastra embryos’ 
development as single cell RNA sequencing technology is a useful tool to elucidate the 
dynamics of molecular regulation of lineage differentiation and particular cell type in a 
heterogeneous population. Moreover, single-cell RNA sequencing analysis allows us to 
reconstruct the cell-lineage trajectories and the cell state transition. 

 

In study I, we found that EPI cells displayed three cell states (anterior, posterior and transition) 
along the pluripotency continuum which correlate the pluripotency spectrum from naïve ESCs 
to primed EpiSC. Our findings indicate that the epiblast of pregastra embryos undergo 
pluripotency transition and could represent the counterpart of formative pluripotency in vivo. 
According to Smith et al, naïve pluripotent cells need to go through a maturation process for 
lineage decision and the primed cells have already partially determined (Smith, 2017). Thus, 
the formative state between the naïve state and the primed state is important for obtaining the 
competence of lineage decision and germ cell fate. We captured formative pluripotency which 
can serve as an improved point for guiding the differentiation to germline, as germline 
competence is acquired in the formative pluripotency between the naïve and the primed states.  

 

Meanwhile, we explored the expression of Wnt3 in EPI cells which maintain and stabilize the 
formative pluripotency that exits the naïve pluripotency but remains competent for germ cell 
specification. Our finding provides an interesting clue to explore whether Wnt3 signaling can 
stabilize the transient competence for PGCLC induction in vitro. Our current study applied 
GSK inhibitors (CHIR99021) that actives WNT signaling pathway to maintain formative 
pluripotency in vitro. We proved that WNT signaling sustains naïve gene expressions as a 
counter force of differentiation induced by FGF2 and activinA.  

 

In study II, we studied whether environmental factors (maternal androgen excess and maternal 
obesity) could contribute to the onset of the disease and whether the PCOS phenotype could be 
transgenerationally transmission inherited in female offspring. Our findings provide the 
evidence that maternal androgen excess can initiate the PCOS-like phenotype in the offspring 
spanning multiple generations. Metabolic dysfunction in androgenized lineage including 
increased fat mass, larger adipocytes, higher liver triglyceride concentration and larger lipid 
droplets can be transgenerationally transmitted, which is in line with previous clinical studies 
in humans (Petta et al., 2017).  
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The cause of transgenerational inheritance of PCOS might be genetic and epigenetic 
modifications to the germline. Oocytes needed for early embryo development can have long-
lasting effects on the progeny and potency of future generations. Our sequencing result of MII 
oocytes showed the altered gene expression across generations, suggesting prenatal androgen 
exposure has more adverse and long-lasting effects on oocyte function.  

 

Future research can focus on the molecular mechanisms that leads to these phenotypes such as 
the milder effect on F2 generations. Moreover, we might apply a multi-sequencing method to 
understand the genetics and epigenetics underlying the transgenerational effects.  

 

In study III, we performed transcriptomic mapping of key target tissues among different 
PCOS-like mouse models. Although there are several mouse models that has well characterized 
PCOS features, no comprehensive transcriptomic profiling at the molecular level across key 
reproductive and metabolic tissues has been done to this date. We compared common and 
unique molecular features in the hypothalamus, ovary, subcutaneous adipose tissue and MII 
oocytes in order to define the molecular effects of fetal and adult programming by the 
administration of androgen in the PCOS-like mouse model and the maternal obesity model. 
We show that fetal programming exhibits a strong effect on the hypothalamic gene expression 
compared with adult programming.  This suggests that the altered regulation of hypothalamus-
pituitary-gonad (HPG) axis might contribute to the PCOS phenotype. By comparing the cell-
cell communication between oocytes and the ovary, we found several common and unique 
signaling pathways driven by androgen exposure and maternal obesity. Our studies of 
transcriptomic profiling of multiple organs might provide the novel knowledge about their 
interactions and help to identify common affected pathways to understand the pathology and 
possible treatments of PCOS. It’s possible that our findings are directly transferable to the study 
of humans, but this remains to be investigated in future studies.
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