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INTRODUCTION

Genetic variation, particularly single-nucleotide polymorphisms (SNPs), has
shown to influence health and disease susceptibility for multiple complex diseases.
This has been supported by many genome-wide association studies (GWAS)
which have unravelled thousands of genetic variants in association with health
traits. However, studies of genetic variation underlying female reproductive
health traits remain limited, with only a small proportion of all GWAS focusing
on this area. Currently, the availability of population-based biobanks, such as the
Estonian Biobank, and population-based birth cohorts such as the Northern
Finland Birth Cohort 1966, provide a valuable framework for studies in this field.
Additionally, GWAS set the ground to move from genetic variations to poten-
tially affected genes, proteins, biological pathways and tissues, serving as a foun-
dation for forming hypotheses that can be validated through functional experi-
ments. Understanding the genetic variation that is associated with a trait is
important as it can provide insights into disease aetiology, prediction, and poten-
tial treatments. Another notable outcome of GWAS is the construction of poly-
genic risk scores (PRS), which provide a summary of an individual’s genetic pre-
disposition for a certain trait. PRS has the potential to predict disease suscepti-
bility and serve as a tool to further explore disease biology, for example, relation-
ships with a certain trait’s comorbidities. PRS have attracted massive attention in
the pursuit of the so-called personalised medicine. This thesis aims to decode the
genetic underpinnings of selected female reproductive health traits through
GWAS and explores PRS as a tool for both risk stratification and for informing a
trait’s biology. In conclusion, this research, placed at the intersection of genomics
and female reproductive health, is poised to address a knowledge gap in both
national and international research systems through the availability of large geno-
mic datasets coupled with electronic health records (EHRs) and biological mea-
surements.

In the first part of the thesis, I will touch on the motivation for studying
women’s health, introduce the three female reproductive health traits studied and
the technological framework of the studies. Then, I will review the main genetic
epidemiology tools we have used to study the genetic associations underlying
different female reproductive health traits (GWAS and PRS), and introduce the
state-of-the-science in the field of female reproductive genomics. In the second
part, firstly I will describe the novel genetic findings and their characterisation
for traits such as pelvic organ prolapse (POP) and anti-Miillerian hormone (AMH)
levels, illustrating how larger sample sizes can advance our understanding of the
biology underlying those traits. Secondly, I will highlight the value of population-
specific initiatives with a unique demographic history for detecting population-
enriched alleles in association with polycystic ovary syndrome (PCOS) and AMH
levels. Thirdly, I will explore the use of PRS as a tool to both stratify and predict
disease risk in POP and as a tool to inspect PCOS biology and its comorbidities.
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1. REVIEW OF THE LITERATURE

1.1. Studying women's health: why does it matter?

In today’s rapidly changing healthcare landscape, it is crucial to recognize the
importance of the study on women’s health and address some of the challenges
that have led to its undervaluation and underrepresentation. Despite women re-
presenting half of humanity, we are often being invisibilized or treated as an
atypical population by the medical and research community. Numerous factors
have contributed to the neglect of research on women’s health over the years,
including a lack of acknowledgement and insufficient funding. Consequently,
this leads us to a field which has been understudied and poorly understood.

Women face the challenge of existing within a healthcare system that was
largely designed by and for men. Historically, the majority of studies, whether on
humans or animals, primarily focused on males. A gender bias is evident across
the full spectrum of research, spanning from basic science, translational studies,
to clinical trials, where for instance women were not included until the end of the
200 century in the United States (Beery & Zucker, 2011; Merkatz, 1998; Nielsen
et al., 2017; “Putting Gender on the Agenda.,” 2010).

This broad overlook of women in research has led to a dangerous precedent
where the medical and research community assumed they could apply male-
focused views and results universally. This leads us to a world where, for example,
women’s heart attack symptoms are largely overlooked (Mehta et al., 2016), or
drugs that are present in the market have disproportionately adverse side effects
for women (Watson et al., 2019). However, various national initiatives, such as
the White House Initiative on Women’s Health Research and the Women’s
Health Interest Group from the European Institute of Women’s Health, highlight
the importance of understanding the underlying biology of women’s health.

A similar situation applies when looking at conditions affecting the female
reproductive system, falling into an area (reproductive health) which has not been
typically the main dish on lunchtime conversations. The societal community’s
taboo and also the medical reluctance towards sexual and reproductive health
issues in the last centuries has further extended this problem, discouraging their
study and acknowledgement, and perpetuating a culture of silence, stigma and
misunderstanding. This situation creates significant barriers for seeking trust-
worthy information, support, and access to necessary healthcare services.

Another significant obstacle to the study of overall reproductive health is
limited research funding. For instance when looking at grant databases main-
tained by the Canadian Institutes of Health Research and the National Institutes
of Health in the US, these show that the number of grants for research on non-
reproductive organs is 6—7 times higher than the number for reproductive organs
(Mercuri & Cox, 2022). This problem extends beyond the reproductive domain,
since a gender-biased funding disparity has also been reported when looking at
funding directed to the study of conditions that affect more women than men,
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which receive significantly less funding compared to the reverse situation
(Women’s Health Research Lacks Funding — These Charts Show How, n.d.).

These research gaps and disparities in funding are likely to result in more
significant and severe health issues. For instance, when women present with
symptoms of disease, delays in diagnosis are the rule rather than an exception,
for instance for endometriosis, where a long diagnostic delay after symptom onset
is common (Horne & Missmer, 2022; One in Three Women with Female Health
Conditions Forced to Wait Three Years for Diagnosis | The Independent, n.d.),
or POP, where a lack of awareness seems to be perpetuated by the stigma and
embarrassment around the symptoms, which may prevent seeking medical help.
At the same time, early diagnosis opportunities and referral to specialist services
are often missed by the general practitioners according to women’s experiences
when receiving care for POP (Abhyankar et al., 2019). Until the study of
women’s health and reproductive health is made a priority, their health outcomes
will continue to be poorly understood and mistreated, imposing a substantial
health burden. With women constituting two thirds of the worldwide health and
social care workforce (Value Gender and Equity in the Global Health Workforce,
n.d.), their well-being directly impacts the prosperity of communities at large.

In this thesis, I hope to illustrate how progress can be made when women’s
reproductive health traits are brought to the forefront, having a special focus on
the role that genetics might have in shaping susceptibility to different reproduc-
tive traits in women. Genetics offers a valuable tool to discover the causal
biological mechanisms underlying these conditions. The advancements in genetic
technologies and genetic epidemiology methods from the last decades enable a
good opportunity for the study of genetics underlying women’s reproductive
health traits, facilitating the discovery and characterisation of affected variants,
genes, mechanisms and drug targets. However, I acknowledge genetics is only an
incomplete part of the picture and there is a long way and many questions still
ahead to cover. It is important to note that this work represents just a partial and
limited view of the broader spectrum of women’s health concerns.

The path to change those lines however is to start — even with small actions —
recognising, talking about, and researching those.

1.2. Female reproductive health: beyond fertility

According to the World Health Organisation, reproductive health is ‘a state of
complete physical, mental and social well-being in all matters relating to the
reproductive system. It implies that people are able to have a satisfying and safe
sex life, the capability to reproduce and the freedom to decide if, when, and how
often to do so’ (Reproductive Health, n.d.).

From that perspective and definition, the primary concerns related to re-
productive health are those affecting an individual’s sexual life, reproductive
capacity, and freedom and autonomy to make choices in this regard, yet these are
not the only problems stemming from reproductive health dysfunction. In the case
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of women, there is a wide-range of female reproductive health outcomes across
the lifespan and matters affecting the reproductive system extend beyond their
impact on fertility and the events constraining the reproductive lifespan, with an
extended association with various health domains such as metabolic traits
(Nichols et al., 2024) and mental health (Zaks et al., 2023). Several conditions
originating in the reproductive tract significantly affect women’s quality of life
and can develop at various stages throughout their lives independently of the
pregnancy status and/or choices in this regard.

Traditionally, ‘reproductive lifespan’ is defined from the time of onset of
puberty (known as the start of reproductive maturity with onset of menstruations,
or menarche, as a main hallmark) until the menopause (known as the time when
the pool of oocytes is depleted and menstrual cycles cease, around the age of 50—
52 years on average (“Variations in Reproductive Events across Life: A Pooled
Analysis of Data from 505 147 Women across 10 Countries.,” 2019)). It is esti-
mated that natural fertility in women ceases around 10 years before menopause
(Lambalk et al., 2009). Beyond the context of oocyte ageing and fertility issues,
other reproductive health issues may emerge during the so-called reproductive
lifespan, such as PCOS (a common and multifaceted endocrinopathy), menstrual
irregularities or menstrual dysfunctions such as heavy menstrual bleeding, endo-
metriosis (a chronic painful inflammatory condition where the endometrial-like
tissue grows outside the uterus), uterine fibroids (benign growth of the uterus),
sexual dysfunctions, sexually transmitted infections, etc. Also, significant prob-
lems may arise around menopause, including pelvic floor dysfunctions such as
POP, a descent of the pelvic organ into the vaginal cavity, urinary and anal in-
continence, and pelvic pain. Furthermore, women may be susceptible to various
reproductive cancers like cervical, ovarian or endometrial cancers, and other
hormone-dependent cancers, such as breast cancer. For many of these conditions,
hormones and hormonal fluctuations play a central role (Fauser et al., 2011;
Moolhuijsen & Visser, 2020), which also underlines the importance of hormonal
regulation in women’s reproductive health.

Women’s reproductive health issues affect not only women themselves.
During pregnancy, issues such as ectopic pregnancy (a premature implantation of
the embryo in the fallopian tube), can also arise at early stages, or in later stages,
including preeclampsia (characterised by high blood pressure and the presence of
proteins in urine during pregnancy), gestational diabetes (high blood sugar
disorder developing during pregnancy), or even during childbirth, including, but
not limited to, preterm birth. There is also an increased recognition that pregnancy
complications are associated with chronic disease later in life both for the baby
and the mother, such as an increased risk for cardiovascular disease or mental
health disorders (Andraweera & Lassi, 2019; Lahti-Pulkkinen et al., 2020;
McNestry et al., 2023; Riise et al., 2019; Taufer Cederlof et al., 2022; Zhao &
Xia, 2022).

This diverse list of traits, while not exhaustive of all female reproductive con-
ditions, illuminates the broad spectrum of traits and varied stages throughout a
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woman’s lifetime where reproductive health issues can cause an impact. Con-
sequently, female reproductive health constitutes a multifaceted and complex
domain, influenced by a combination of environmental, lifestyle, and genetic risk
factors. This multifactorial nature forms the foundational basis for the current
thesis. Here, we study three common heritable traits that significantly influence
women’s reproductive health in different stages of life as examples to illustrate
how genomic epidemiology can be used to study underlying biology and develop
potential risk stratification tools (Figure 1).

1.2.1. Female reproductive conditions used as examples

The three traits studied include two prevalent conditions, POP and PCOS, along-
side with the exploration of genetic factors influencing variations AMH levels in
pre-menopausal women (Figure 1). The subsequent section will introduce the
main clinical and epidemiological characteristics of these specific phenotypes.

1.2.1.1. Pelvic Organ Prolapse (POP)

POP is characterised by a descent of pelvic organs into the vaginal cavity (M. D.
Barber, 2016). The prolapse of the anterior vaginal wall, or cystocele, is the most
common form of POP, followed by rectocele (posterior vaginal prolapse) and
uterine prolapse (M. D. Barber, 2016). Overall, POP affects around 40% of
women after menopause (Hendrix et al., 2002; Kirby et al., 2013; Nygaard et al.,
2004) and it is estimated that around 3—-6% of those present a descent of the
organs beyond the vaginal opening, which is considered the most severe form of
POP (M. D. Barber, 2016). Notably, prolapse is the most common indication for
hysterectomy (a surgical procedure where the uterus is removed) in postmeno-
pausal women. The lifetime risk of gynaecological surgery for POP is up to 19%
in the general female population (Nygaard et al., 2004).

The main symptoms of prolapse include a bothersome sense of vaginal bulge,
urinary, bowel, and/or sexual dysfunction, which substantially affect a woman’s
quality of life (Ellerkmann et al., 2001; Jelovsek & Barber, 2006). Common risk
factors are age, number of children, operative vaginal delivery, and body mass
index (BMI) (Blomquist et al., 2018; Giri et al., 2017; Vergeldt et al., 2015).
However, despite its health and economic impact, the aetiology of this complex
disorder remains poorly understood, although lifestyle, environmental and genetic
risk factors likely play a role. Genetic factors have been estimated to explain 43%
of the variation in POP risk (Altman et al., 2008), based on comparing mono- and
dizygotic female twins. Only recently has there been a large-scale assessment of
genetic susceptibility to POP (Olafsdottir et al., 2020), pointing towards con-
nective tissue metabolism and estrogen exposure in its aetiology, and marking the
beginning of the genome-wide association study era for this trait. This study
estimated the SNP heritability (SNP-h?, that is the proportion of the phenotypic
variance explained by SNPs) in the meta-analysis to be 12.4% (95% CI 9.9—
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14.8%). While the first study into the genetic underpinnings of POP was encour-
aging, it was still only the first attempt with limited sample size, leaving the
possibility open that many more genetic associations are yet to be revealed.

Despite there being evidence POP symptomatology aggravation could in some
cases be prevented with timely interventions, such as implementing lifestyle
changes and pelvic floor muscle training (Abhyankar et al., 2019; Hagen et al.,
2017), currently, the identification of women with increased risk of POP cannot
be accurately achieved by any clinical, imaging and/or manual exploration tests
performed in the gynaecological practice. Additionally, these tests are recording
changes in structural anatomy that have already taken place, disabling the long-
term prediction and potential prevention of POP. Thus, there is lack of evidence
and means for early detection of women who are at risk of developing POP,
potentially useful information for preventing symptomatology aggravation and
reducing the need for surgical treatment.

1.2.1.2. Polycystic Ovary Syndrome (PCOS)

PCOS is one of the most common endocrinopathies affecting reproductive aged
women, with impacts across the lifespan from adolescence to post menopause
(Teede et al., 2023). PCOS is defined by a combination of signs and symptoms
of androgen excess and ovarian dysfunction. The latest international evidence-
based guideline estimates PCOS prevalence to be around 10—13% (Teede et al.,
2023) and recommends using the Rotterdam criteria for PCOS diagnosis, re-
quiring the presence of at least two of the following symptoms: oligo- or anovu-
lation (irregular or absent menstruation), clinical or biochemical hyperandro-
genism, and/or polycystic ovaries either seen in ultrasound or inferred by AMH
measurements, after exclusion of related disorders (Teede et al., 2023).

PCOS is the most common cause for anovulatory infertility, caused by disrup-
ted follicle development owing to dysregulation of the Hypothalamic—Pituitary-
Gonadal (HPG) axis. This results in follicle arrest and an increase in the number
of antral follicles in the ovaries, as well as a 2- to 3-fold increase in levels of
AMH (Silva & Giacobini, 2021).

While ovulatory dysfunction in women with PCOS often subsides with age,
they might still display higher AMH and later onset of menopause (de Ziegler
et al., 2018; Forslund et al., 2019; Minooee et al., 2018; Piltonen et al., 2005; Tyrmi
et al., 2022). In addition to the reproductive features, PCOS is also characterised
by metabolic disturbances such as obesity, insulin resistance and dyslipidemia (T.
M. Barber & Franks, 2021; S. S. Lim et al., 2019; Ollila et al., 2016), as well as
a higher risk for Type 2 Diabetes (T2D) (Rubin et al., 2017) and depression
(Hollinrake et al., 2007). Women with PCOS also have an increased risk for endo-
metrial cancer and a recent study suggested an increased risk of ovarian cancer
among postmenopausal women with PCOS (Frandsen et al., 2023), although the
majority of studies do not indicate a higher susceptibility to other types of cancer
(Barry et al., 2014; Ding et al., 2018; Dumesic & Lobo, 2013; Gottschau et al.,
2015).
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Despite the high prevalence of the syndrome, the aetiology of this syndrome
remains largely unknown, a challenging study considering the high heterogeneity
of the condition. Similarly, a clear view of which factors and how those factors
influence AMH levels remains to be determined. Considering the complex nature
of PCOS, it is likely that both genetic and environmental factors contribute to its
development (Abbott et al., 2019; Koivuaho et al., 2019; Moghetti & Tosi, 2021).
Notably, the heritability of PCOS is estimated to be around 70% (Risal et al.,
2019; Vink et al., 2006). In 2018, the first large genetic study for PCOS was
published (F. Day et al., 2018), comparing genome-wide profiles from around
10,000 women with PCOS to around 100,000 female controls without the diag-
nosis. Three main findings arose from that study: firstly, it clearly supported a
shared genetic architecture across diverse diagnostic criteria for PCOS; secondly,
it pointed to the identification of genetic links between PCOS and various
metabolic traits, as well as male-pattern balding and thirdly, the authors detected
three novel genetic signals near the genes PLGRKT, ZBTB16, and MAPRE]
beyond other 11 previously reported genetic regions identified in smaller-scale
genetic studies (Chen et al., 2011; F. R. Day, Hinds, et al., 2015; Hayes et al.,
2015; Y. Shi et al., 2012). However, given the high heritable component of the
condition, there is likely room for more genetic risk factors to be identified through
analysing larger sample sizes, implementing newer methods or technologies, or
focusing on datasets available for specific populations with unique demographic
history. Those avenues may lead to the detection of more genetic risk factors of
the condition and potentially uncover affected underlying biology, a step to
deepen our understanding towards multifaceted health conditions such as PCOS.

1.2.1.3. Anti-Mdullerian hormone (AMH)

Despite owing its name to its classical role in male sexual differentiation, in
women AMH is expressed by the ovarian granulosa cells during the primary to
small antral stage of follicle development (Weenen et al., 2004) (Figure 1).
Starting to rise postnatally, serum AMH levels peak at mid-twenties and after this
the levels decrease with age, with undetectable levels following menopause, sig-
nalling depletion of ovarian reserve (Finkelstei et al., 2020) (Figure 1). As a result,
AMH is primarily known as a serum marker for ovarian reserve (Moolhuijsen &
Visser, 2020), becoming widely utilised in infertility clinics (Tobler et al., 2015),
despite little knowledge on which factors affect its variation. The generalised
implementation of serum AMH measurement has also led to an increase in diag-
nostic assays, including automated assays, although direct comparison of results
between assays remains problematic (Moolhuijsen & Visser, 2020). Furthermore,
little is known about endogenous and exogenous factors that influence serum
AMH levels, which also limits proper interpretation of AMH values in a clinical
setting. Therefore, identifying factors that contribute to the variation in AMH
levels is of significance.

Recent genetic studies in around 7,000 pre-menopausal women have estimated
a heritable component in the variance of AMH (SNP-h” estimation of 15%
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(SE = 7%), an estimate based on the contribution of SNPs only) (Verdiesen et al.,
2022), highlighting genetic variation in regions in or near the genes MCMS, AMH,
TEX41 and CDCA?7 to associate with AMH levels. Given this heritable compo-
nent, there is likely room to detect more genetic risk factors associating with
AMH variation, which might offer valuable insights into the biology underlying
other proxy phenotypes of ovarian reserve. Examples include antral follicle count
(AFC), which is assessed through transvaginal ultrasound and folliculogenesis,
the process by which follicles in the ovary develop and mature, involving several
stages of growth and culminating in the release of a mature oocyte) (Baerwald
et al., 2012; Gershon & Dekel, 2020) (Figure 1).

Disrupted follicle development originating from disrupted HPG axis, can lead
to anovulatory infertility, which results in follicle arrest and an increase in the
number of antral follicles in the ovaries, which associates with increased levels
of AMH (Silva & Giacobini, 2021). Anovulatory infertility and/or irregular
menstruation may be a hallmark of PCOS, and therefore higher AMH levels have
been associated with PCOS as well (Homburg & Crawford, 2014). Additionally
to PCOS, previous studies have indicated that variations in age-specific circu-
lating AMH levels are linked with several health conditions, including an asso-
ciation between higher AMH levels and breast cancer (W. Ge et al., 2018) and
also an association between low AMH levels and higher prevalence of auto-
immune disease such as systemic lupus erythematosus (Luo et al., 2020) (Figure 1).
The identification of genetic risk factors influencing AMH levels also give tools
to assess potential genetic associations between AMH and other health condi-
tions, such as breast cancer.

1.2.2. The value of genetics and genomics

Genetics and genomics have emerged as a key layer in modern scientific research,
offering valuable insights into a wide range of phenotypes, including reproductive
health conditions. The slow progression in the comprehension of these conditions’
aetiology contrasts with the rapid evolution and increased accessibility of geno-
typing and sequencing technologies. Through the establishment of genomically
profiled biobanks worldwide, there is now unprecedented access to vast reposi-
tories of biological samples and associated data linked to health traits, facilitating
investigations into the genetic underpinnings of female reproductive phenotypes.
These biobanks serve as dynamic resources, enabling the integration of molecular
data with health records, such as EHRs, offering ways to study the complex inter-
play between genetic susceptibility and environmental factors in disease develop-
ment. The collaborative nature of genomic studies, often involving the combi-
nation of data from multiple biobanks or cohorts, has notably expanded sample
sizes, enhancing the robustness and statistical power for detecting genetic risk
factors underlying complex traits. In the next section, I will introduce the main
population-based initiatives that have catalysed such studies, offering opportuni-
ties to provide genetic insights into biological mechanisms governing female re-
productive health and disease.
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Epidemiology and definitions of the three
reproductive phenotypes investigated
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Figure 1. Clinical summary of the traits investigated (A) pelvic organ prolapse (POP) (B)
polycystic ovary syndrome (PCOS), and (C) Anti-Miillerian hormone (AMH). ANM: age
at natural menopause, POI: premature ovarian insufficiency. AMH levels trajectory are
an approximation of average % levels in the average healthy population, note that age 50
marks the onset of menopause in this representation. Created with BioRender.com and
adapted from “Human Ovary Anatomy (healthy)” and “The Effects of GnRH and Gon-
adotropin Secretion”. Retrieved from https://app.biorender.com/biorender-templates
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1.3. The value of biobanks, cohorts and
electronic health records

The term ‘biobank’ has been used since about 1996 (Loft & Poulsen, 1996) in order
to describe collections of human biological samples. In 2006, the Organisation
for Economic Co-operation and Development (Sampogna, 2006) has defined a
‘biobank’ as ‘a collection of biological material and the associated data and infor-
mation stored in an organised system for a population or a large subset of a popu-
lation’. Often, biobanks contain health data linked with genomic information,
which provide valuable resources for the genetic research community. So far, bio-
banks have been central to examining the role of individual genetic susceptibility
and exposures to external factors in the development of specific health conditions
by combining molecular data with other associated health data. For instance,
large-scale genetics analyses have been pursued leveraging data from nearly two
thousand diagnoses across three large biobanks (Kurki et al., 2023).

In comparison to disease- or trait-based cohorts centred around a particular
phenotype or several relevant phenotypes, biobanks enable cost-effective genetic
discovery for hundreds to thousands of phenotypes, in a fast and systematic
manner since these phenotypes can be usually curated from real-time longitudinal
records, EHRs (Bowton et al., 2014). Other sources of information might include
registry-based data (such as death or cancer registry data), epidemiological ques-
tionnaires, imaging data, laboratory test results, etc. For instance some studies
presented joint analyses of genetics and imaging measurements such as neuro-
imaging measures (S. M. Smith et al., 2021) or optical coherence tomography
measures (Currant et al., 2021, 2023), hormone measurements (Ruth et al., 2020;
Venkatesh et al., 2024), circulating metabolic markers (Karjalainen et al., 2024)
or drug adverse responses (Krebs et al., 2020), amongst others.

The earliest nation-wide biobank is Iceland’s deCODE genetics which started
in 1996, and was subsequently acquired by a company. The deCODE study has
so far gathered genotypic and medical data from more than 160,000 volunteer
participants, comprising well over half of the adult population in Iceland (Gulcher
& Stefansson, 1999). Being instrumental in the current thesis, another of the first
biobank initiatives was established in Estonia in 2001, the Estonian Biobank
(EstBB). The EstBB cohort is a volunteer-based sample of the Estonian resident
adult population (aged >18 years) hosted in the Estonian Genome Centre of the
University of Tartu. The EstBB currently includes genomic and electronic health
records data for over 200,000 individuals (representing around 20% of the Esto-
nian adult population) (Leitsalu et al., 2015; Ojalo et al., 2024). Additional cent-
res in Europe have more recently launched their biobank initiatives, subsequently
becoming the leading initiatives in the field, such as the UK Biobank (UKB)
(Bycroft et al., 2018) and the FinnGen study (Kurki et al., 2023). The UKB, which
was initiated in 2006, captures detailed phenotype information matched to genetic
data for more than 500,000 individuals (Bycroft et al., 2018). The FinnGen study
is a large public-private partnership initiated in 2017 and aiming to collect and
analyse genome and health data from 500,000 Finnish biobank participants,
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currently analysing genetic and health information from nearly 300,000 indi-
viduals (Kurki et al., 2023). In comparison to other populations, biobanks from
population isolates with a special genetic makeup such as Finland, and to a lesser
extend Estonia, provide an added value, since they can provide opportunities for
the detection of population-specific or population-enriched alleles, where GWAS
in other populations remain largely underpowered to identify those (Kurki et al.,
2023).

There have been multiple other significant initiatives worldwide such as
Biobank Japan (Nagai et al., 2017), China Kadoori Biobank (Walters et al., 2023),
Lifelines in the Netherlands (Sijtsma et al., 2022), the Million Veteran Program
in the USA (Gaziano et al., 2016), the All of Us Research Program in the US
(Denny et al., 2019), etc. While biobank initiatives have emerged in nation-wide
settings, joint initiatives have also been launched, such as the Global Biobank
Meta-analysis Initiative created in 2019. This initiative brings together 23 bio-
banks with a primary aim to work jointly to understand the genetic basis of human
health and disease (Zhou et al., 2022) (Figure 2).

Since their inception, biobanks have facilitated biomedical discoveries at an
unprecedented scale (Bycroft et al., 2018; Kurki et al., 2023; Leitsalu et al., 2015).
Also, some biobanks returned or plan to return individual genomic research re-
sults to their participants, for instance the GeneRISK study in Finland (Widén
et al., 2022) in deCODE or EstBB, which assessed hereditary breast and ovarian
cancer genetic risk disclosing the risk to the participants (Leitsalu et al., 2021;
Stefansdottir et al., 2020).

At the same time, biobanks pose several challenges such as obtaining informed
consents and related privacy concerns, data security and governance, achieving
diverse and representative participant cohorts, harmonisation of data structures
and common protocols, communication and engagement, as well as building and
maintaining a trust relationship with the participants (Akyiiz et al., 2021).

While large-scale biobanks have gained prominence, smaller, population-
specific birth cohorts with decades of follow-up analysis offer a complementary
approach to the study of genetic susceptibility to disease, as well as some advant-
ages compared to population-based biobank initiatives. For instance, these cohorts
tend to allow for more detailed and in-depth data collection on participants, which
enable higher granularity and deeper characterisation of phenotypes, usually in-
cluding phenotypes that would be difficult to obtain from large biobank initia-
tives. However, it is important to note that these might have been designed with
specific established research questions, contrary to biobank initiatives which tend
to be agnostic and wider in scope.

One example of such population-specific birth cohort initiative is the Northern
Finland Birth Cohorts program (NFBC), which was initiated in the 1960s in the
two northernmost provinces of Finland to study risk factors involved in preterm
birth and intrauterine growth retardation, and the consequences of these early
adverse events on subsequent morbidity and mortality (Rantakallio, 1988). The
uniqueness of NFBCs is that the data of the cohorts were obtained from early
fetal life (including maternal health during pregnancy) to adulthood. The
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NFBC1966 includes 12,058 live births to mothers in the two northernmost pro-
vinces of Finland, with different follow-up times and data acquisitions. One
advantage of NFBC1966 is that it has reduced selection bias (being more rep-
resentative of the whole population), with a high data coverage, including 96.3%
of all births in 1966 in the region of Northern Finland (Rantakallio, 1988).

Amongst various applications in the study of health conditions, EHR-linked
biobanks or population-based birth cohorts with deeper phenotyping provide
opportunities to focus on less prevalent diseases that have been understudied, and
thus provide a valuable framework for the study of genetic susceptibility to re-
productive conditions in women. In the context of this thesis, we have focused on
the study of the implementation, interpretation and potential applications around
two of the main genomic epidemiology tools in the study of complex health traits:
firstly, GWAS and secondly, PRS, which definitions, interpretations and appli-
cations are reviewed in the next chapters.
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Hospital/Health center-based, N = 486k
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Ontario Health Study UK Biobank
7.3k Mass General. | | 500k

Brigham
26k

Michigan Genomics Initiative
55k

HUNT Study
70k
Colorado Center . { FinnGen China Kadoorie
for Personalized Medicine - ' g X gl T 343k Biobank
34k H i i 101k
! _f National Biobank of Korea
UCLA Precision Health Biobank ... Sfp } : Biobank Japan 80k
27k i 179
""""""""""""""""" I Taiwan Biobank
b 93k
Biobank of the Americas i ety H H
Genomelink H e T - Qatar Biobank

20k 14k

The QSkin Sun and Health Study
17k

Figure 2. 23 biobanks across four continents which were included in the Global Biobank
Meta-analysis Initiative as of April 2022, bringing the total number of samples with
matched health data and genotypes to more than 2.2 million. Biobanks are coloured based
on the sample recruiting strategies and k denotes thousand units. Extracted from Zhou
et al. 2022 and reprinted with permission of the journal.
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1.4. Genome-wide association studies (GWAS)

1.4.1. An introduction to GWAS

GWAS test for differences in the allele frequency of millions of variants between
individuals who differ phenotypically and aim to identify associations of geno-
types with phenotypes (Uffelmann et al., 2021). Phenotypes are commonly defi-
ned as binary traits (comparing two groups of individuals, for instance presence
or absence of disease), or quantitative measurements on a whole study sample
(such as hormone levels, height variation, etc.).

The most commonly studied genetic variants in GWAS are SNPs. SNPs are
variations in the DNA sequence that affect a single base pair and are the most
common genetic variation among people. On average, compared to a reference
human genome, a person’s ~6 billion-nucleotide genome sequence will have
~5 million SNPs (Carlson et al., 2003). SNPs typically have two alleles, which
are two commonly occurring base-pair possibilities for a SNP location. The fre-
quency of a SNP can be given in terms of the minor allele frequency (MAF) or
the frequency of the less common allele.

Generating reliable results from GWAS requires careful quality control before
and after conducting the GWAS. Some steps include removing rare or mono-
morphic variants, removing variants that are not in Hardy—Weinberg equilibrium,
filtering SNPs that are missing from a fraction of individuals in the cohort, identi-
fying and removing genotyping errors, and ensuring that phenotypes are well
matched with genetic data (for instance in those cases where self-reported bio-
logical sex is not concordant to X and Y chromosomes), or removing individuals
who are ancestry outliers (Turner et al., 2011).

GWAS are most commonly based on SNP-genotyping arrays, which are more
affordable, and generally more suitable for detecting common variants. While
SNP-genotyping arrays does not offer full genome-wide coverage, imputation
involves the statistical inference of genotypes that have not been assayed directly
using a sequenced haplotype reference panel. Some commonly used panels are
the 1000 Genomes Project (Auton et al., 2015), TOPMed (Taliun et al., 2021) or
population specific imputation reference panels such as in the Estonian popu-
lation (Mitt et al., 2017) or the SiSu v3 in the Finnish population (Kurki et al.,
2023).

Typically, in GWAS, logistic or linear regression models are used to test for
associations, depending on whether the phenotype is binary or continuous,
respectively. Software methods have evolved to be computationally efficient and
may also allow to account for case-control imbalance and sample relatedness such
as SAIGE and REGENIE (Mbatchou et al., 2021; Zhou et al., 2018). Covariates
to control for confounding variables (such as age, sex), to correct for population
stratification (for example using principal components (PCs) from pairwise IBD
matrix), and to correct for technical variability (for example batch numbers) are
included to account for stratification and avoid confounding effects (Price et al.,
2010). Testing millions of associations between individual genetic variants and a
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phenotype of interest requires a stringent multiple- testing threshold to avoid false
positives, and usually a genome-wide significant threshold p =5 x 107 is used
(Risch & Merikangas, 1996).

Typically, after the regression model is ran, lead or sentinel variants (the
variant which shows the minimal p-value in association testing) are reported from
GWAS along with their genomic risk loci, which are blocks of correlated SNPs
nearby (thresholds are usually set +/— 250-500kb from the lead variant). Neigh-
bouring genetic variants are often correlated, as they tend to be inherited together
due to co-segregation in meiotic recombination, what we know as linkage dis-
equilibrium (LD) (Slatkin, 2008).

Large sample sizes are key for continued and increased variant-trait dis-
coveries in GWAS. To this end, combining datasets through meta-analysis is a
cost-effective solution, which enables a joint analysis of different GWAS studies
by combining summary association statistics for each variant and phenotype of
interest from different studies (Zeggini & loannidis, 2009). This approach in-
creases the power to detect association signals by increasing sample size (Zeggini
& loannidis, 2009), enabled by the development of efficient softwares such as
GWAMA or METAL (Migi & Morris, 2010; Willer et al., 2010). In response to
the rapid increase in the number of published GWAS, the GWAS Catalog was
initiated in 2008 aiming to provide a consistent, searchable, visualisable and
freely available database of SNP-trait associations (https://www.ebi.ac.uk/gwas/
home) (Sollis et al., 2023), which can be integrated with other resources. The
GWAS Catalog clearly shows an exponential growth in the number of studies
and sample sizes over time — of note reaching the threshold of one million partici-
pants for traits such as height (Yengo et al., 2022), smoking initiation (M. Liu
etal., 2019), educational attainment (Okbay et al., 2022) and blood pressure
(Evangelou et al., 2018).

1.4.2. Interpretation of GWAS

17 years far from the first well-designed GWAS by the Wellcome Trust Case
Control Consortium (“Genome-Wide Association Study of 14,000 Cases of
Seven Common Diseases and 3,000 Shared Controls.,” 2007), thousands of
GWAS:s have now been published, identifying thousands of genetic loci for many
human diseases and traits (Sollis et al., 2023). This framework has sometimes
yielded interesting genetic associations for various phenotypes (for instance, F'70O
in association with obesity (Frayling et al., 2007; Z. Zhang et al., 2023) and valu-
able inputs for drug development, exemplified recently by the first Clustered
Regularly Interspaced Short Palindromic Repeats (CRISPR)-based approved
therapy for sickle cell disease & beta-thalassemia which targets the gene BCL114,
initially identified by GWAS (Menzel et al., 2007; Uda et al., 2008).

However, as the International Common Disease Alliance (ICDA) highlighted,
the goal and huge challenge ahead now is to move from disease-associated loci
to disease biology, to disease treatment (the “Maps to Mechanisms to Medicine”
challenge) (/CDA Recommendations and White Paper.Pdf — Google Drive, n.d.).
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In order to do that, there is the need to develop systematic ways to discover which
are the exact causal variants affecting the trait of interest, their immediate mole-
cular effect, the target genes on which these variants act and in which cell types
and states these genes operate, along with defining which pathways are affected.
At the same time there is the need to interrogate a wide spectrum of causal alleles,
to investigate the potential effects of variants in other diseases and also build on
effective cellular and animal models to aid study of disease processes (/CDA
Recommendations and White Paper.Pdf — Google Drive, n.d.).

So far, these aspects have remained a challenge due to various reasons. Firstly,
most traits are influenced by thousands of causal variants (Holland et al., 2020),
which are correlated with causal and non-causal variants that are physically close
as a result of LD (Slatkin, 2008). The genetic variants identified are often asso-
ciated with many other traits (Watanabe et al., 2019), a situation known as pleio-
tropy (Stearns, 2010; Wagner & Zhang, 2011), which can interfere with inter-
pretation of the variant’s effect on a phenotype since the same variant can have a
direct biological influence on more than one phenotypic trait in some cases
(Solovieff et al., 2013). Variants may also be exhibiting gene-environment corre-
lations, and variants identified from GWAS usually explain a relatively moderate
portion of the phenotypic variance and individually confer very little risk (Abdel-
laoui et al., 2023). A majority of the trait-associated variants are either localised
in intergenic regions or introns (Hindorff et al., 2009), which are difficult to inter-
pret and more likely to have regulatory effects, compared to coding variants which
tend to have clear functional consequences (Maurano et al., 2012; Musunuru
et al., 2010). These inherent features of GWAS make direct biological, causal
inferences complicated. Additionally, complex traits-associated loci often con-
tain multiple genes, making it challenging to distinguish the affected ones, and
traits’ pathophysiology might involve interaction of multiple cell types.

For example, in coronary artery disease (CAD), the development of atheroscle-
rotic plaques involves monocytes, lymphocytes, mast cells, neutrophils and smooth
muscle (Insull, 2009). It is unclear in which cell types the GWAS variants act,
i.e. which cell types are the true drivers of a disease. Single-cell RNA (scRNA)
sequencing data allows to create cell type specific transcriptome profiles, which
can then be aligned with GWAS to implicate cell type specificity of the traits. For
instance, using scRNA-sequencing, a study identified 12 atherosclerosis-asso-
ciated cell states and found that Vcam1+ smooth muscle cell state contributed the
most to the heritability of CAD (Ord et al., 2023).

Therefore, post-GWAS analyses are of crucial importance to enhance the
interpretation of GWAS and the imminent growth of several scientific driving
forces in human genetics, cell biology and data science, constitute a favourable
road ahead to translate GWAS findings into valuable mechanistic and medical
insights (Figure 3). Many integrations of GWAS data with molecular traits such
as gene expression, chromatin activity and/or other omics layers exist and here
I will review a selection of methods that have been of wide use and interest. These
aim to functionally annotate the associated variants, to nominate the affected gene
or genes in the locus that potentially mediate the trait’s association, to test which

26



downstream network or pathway may be affected and lead to changes in function,
and which is the relevant tissue and/or cell type where the discovered genetic
signals cause an effect. To this end, different in silico approaches have been
implemented to infer the molecular effects of GWAS variants and I will introduce
some of the most common tools next. While these methods can be implemented
individually, also platforms have been created to enhance annotation, prioriti-
zation, visualization and interpretation of GWAS results such as FUMA (Func-
tional Mapping and Annotation of Genome-Wide Association Studies), an online
platform for annotation of GWAS signals (Watanabe, Taskesen, Van Bochoven,
et al., 2017). While certain authors have developed systematic softwares which
aim to prioritise genes from GWAS signals, such as MAGMA (de Leeuw et al.,
2015), DEPICT (Pers et al., 2015) or PoPs (Weeks et al., 2023), there is no gold
standard way to do so, neither there is for estimating the affected regulatory path-
ways or tissues/cell types. Each study may rely on varied sources of information,
influenced by factors such as study type, objectives, and resource availability at
the time of the study. In the following sections, I will examine the current status
of key steps in GWAS interpretation that I have later implemented in the studies
included in the thesis.

Genome-Wide Association Study (GWAS) postGWAS testing
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Figure 3. Overview of GWAS and post-GWAS analyses. Created from BioRender.com
and adapted from “The Principle of a Genome-wide Association Study (GWAS)”, by
BioRender.com (2024). Retrieved from https://app.biorender.com/biorender-templates
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1.4.2.1. From variants to genes

Identifying the likely affected genes in a locus remains a crucial task. While
coding variants tend to be more straightforward to interpret using annotation tools
like ANNOVAR (K. Wang et al., 2010) to annotate their potential effects on spe-
cific genes, most of associated SNPs are non-coding, often implicating regulatory
mechanisms that influence disease associations. In this case, it has been proposed
that with quite high likelihood, the gene closest to the association signal is prob-
ably the affected gene (Aragam et al., 2022; Backman et al., 2021; Barbeira et al.,
2021; Nasser et al., 2021; Stacey et al., 2019). While this would be the easiest
and most straightforward approach, another work suggests this is not always the
case (Morris et al., 2023), and molecular evidence would still be needed to pro-
pose mechanisms of action for the genetic association. To this end, several poten-
tial avenues can be pursued. An approach for identifying regulatory target genes
of genetic variants is molecular quantitative trait loci (molQTLs) analysis, which
associates genetic variants with specific molecular phenotypes; for example,
expression quantitative trait loci (eQTL) analysis identifies loci associated with
RNA expression, which are the most common compared to other QTL-mapping
traits, partly because of the robustness in RNA-sequencing technologies. By
integrating this information with GWAS results, trait-associated variants can be
mapped to the genes they are likely to regulate in specific tissues and infer the
molecular processes mediating these associations (Y. . Li et al., 2016; Lonsdale
et al., 2013). Since annotating a variant does not guarantee the variant is causal,
as it can likely show a significant association and be in high LD of the truly causal
variant, eQTLs should be integrated with GWAS data using co-localization
approaches, such as COLOC (Giambartolomei et al., 2014) or HyPrColoc (Foley
et al., 2021), which aim to pinpoint loci where the regulatory association and
disease association share the same causal variant(s) (Giambartolomei et al., 2014).
This exploration into regulatory mechanisms of GWAS loci benefits from the
curation of comprehensive molecular quantitative trait loci catalogues, like the
eQTL catalogue (Kerimov et al., 2021, 2023). This englobes multiple comprehen-
sive eQTL resources as for instance, the Genotype-tissue expression project
(GTEx), which is the widest resource to date (Lonsdale et al., 2013).

Once a shortlist of potential affected genes has been compiled, complementary
strategies, such as querying data from mouse mutant phenotypes using platforms
like the Mouse Genome Database (http://www.informatics.jax.org/) might contri-
bute to the identification of biologically most relevant genes. Integrating infor-
mation from literature searches or reported associations in the GWAS Catalog
aids in highlighting genes with potential biological significance, although relying
purely on previous literature and biological knowledge can potentially hamper
novel discoveries.

Other relevant layers of information in this step can arise from different authors’
in-house pipelines, for instance Kentistou et al. implemented the framework
‘GWAS to Genes’, which integrated genomic and functional data across six
sources to move from thousands of loci associated with age at menarche (AAM)
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to candidate genes (Kentistou et al., 2023). They considered genes by identifying
signals that co-localised with a) known enhancers and regulatory elements
(Nasser et al., 2021), b) non-synonymous variants, ¢) eQTL specifically in tissues
enriched for AAM associations, and d) circulating protein quantitative trait loci
from whole blood (see Methods of Kentistou et al.) In addition, they integrated
gene-level associations for aggregated non-synonymous common variants using
MAGMA (de Leeuw et al., 2015) and gene scores from PoPs (Weeks et al., 2023),
which uses bulk human and mouse data with information on scRNA, gene path-
ways and protein interactions to link genes to GWAS signals. Individual genes
were further upweighted if they were the nearest gene to the signal.

Successful examples of candidate genes from GWAS which have been con-
firmed with functional studies in humans involve loci such as FTO in association
with BMI and brown fat thermogenesis (Frayling et al., 2007; Z. Zhang et al.,
2023) and SORT in association with both plasma low-density lipoprotein choles-
terol and myocardial infarction (Musunuru et al., 2010). Studies in mice have also
supported and further characterised GWAS targets, for instance the female-
specific locus PAXI in association with adolescent idiopathic scoliosis (Ushiki
et al., 2024). Other works using genome-editing have also supported the regu-
latory effect of a non-coding variant on ARID3A expression, supporting the con-
tribution of non-coding variation to primary biliary cholangitis (You Li et al.,
2023).

1.4.2.2. Determining affected regulatory pathways and
tissues/cell types

The signals from GWAS for any trait can potentially converge on a narrower
number of biological processes, and the pathway-level effects of genetic variants
can be determined and linked to cellular and physiological functions. One ap-
proach to achieve this is to use MAGMA (de Leeuw et al., 2015) which takes into
account the genetic variants and the LD between them to highlight potential
affected genes (a step known as gene-based test) and then by using these list of
genes it tests for enriched genetic pathways/convergent functions. DEPICT (Pers
etal.,2015), is also a method for gene prioritization, gene set enrichment analysis,
and tissue enrichment analysis. DEPICT’s primary innovation is the use of “re-
constituted” gene sets, which consist of 14,462 gene sets downloaded from mul-
tiple databases that have been extended based on 77,840 publicly available ex-
pression microarrays (Fehrmann et al., 2015). The reconstituted gene sets contain
z-scores for each gene in the genome for each of the 14,462 gene sets, repre-
senting how strongly each gene is predicted to be a member of each gene set.
Additionally, DEPICT utilises a set of 37,427 human microarrays to identify
tissue/cell types in which genes from associated loci are highly expressed. These
tools evaluate sets of genes involved in specific biological pathways or associated
to specific tissues, cell types, developmental stages or protein networks that are
presumed to be proximal causes of the studied trait and relevant to the association
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with this trait. Commonly used gene sets are, for example, extracted from the
molecular signatures database (MSigDB, https://www.gsea-msigdb.org/gsea/
msigdb/) which is a resource of tens of thousands of annotated gene sets. The way
gene sets are defined is critical and rely on the accuracy of the biological anno-
tations made. If, for a given trait, GWAS loci are enriched (overrepresented) for
genes specifically expressed in a given gene-set, tissue or cell type, these will be
prioritised, accounting for multiple adjustment of tests using Bonferroni or false
discovery rate correction.

Additionally, GWAS variants can be annotated with chromatin annotations
such as open chromatin regions (Boyle et al., 2008; Buenrostro et al., 2013), histone
modifications (Bannister & Kouzarides, 2011) or DNA methylation (Frommer
et al., 1992), which may aid identifying genome elements of high levels of regu-
latory activity. Considering the tissue type, cell type or cell state is essential for
all functional interpretation work, as genes may have pleiotropic effects across
different cellular contexts. For example, whole tissue-level molecular data can
include masked cell type-specific signals, further complicating interpretation or
masking true signals from rare cell types. Upcoming single-cell and cell type-
specific functional genomic data sets (Regev et al., 2017; van der Wijst et al.,
2020) are therefore likely to advance GWAS interpretation further. This will be
enhanced as well with increased statistical power gained by including more indi-
viduals or variants in those analyses, as well as increasing availability of expres-
sion and chromatin data for more cell types and states. In an in vitro setting,
experimental perturbation of genes followed by cellular phenotyping is becoming
increasingly scalable and informative for interpretation of GWAS loci and genes
(Adamson et al., 2016; Dixit et al., 2016).

1.4.3. Applications of GWAS

Beyond detecting statistically associated variants and interpreting their role in a
biological context, the results of GWAS can also be used for a range of appli-
cations, such as exploring the genetic architecture of traits, estimating its heri-
tability, calculating genetic correlations, inferring potential causal relationships
between traits, predicting disease risk, informing drug development programmes,
etc. However, GWAS may face some limitations, such as ancestry transferability,
phenotype resolution and population stratification, which will be further com-
mented in the next chapters.

Understanding the genetic architecture of a trait involves estimating the num-
ber, effect sizes, and frequencies of associated variants. One of the estimates that
allows us to infer genetic architecture beyond a trait is the calculation of heri-
tability, which is the portion of trait variance explained by genetic variation. In
GWAS, statistical methods and computational tools like GCTA, LDSC or
SumHer, can quantify SNP-based heritability (Bulik-Sullivan et al., 2015; Finu-
cane et al., 2015; Speed & Balding, 2019; Yang et al., 2011) from summary-level
statistics, which measures the additive effects of common variants towards a trait
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variance. However, SNP-based heritability might overlook the influence of rare
variants and other contributing genetic factors (Manolio et al., 2009).

Another application from GWAS is to test for genetic correlations, aiming to
understand the genome-wide correlation of the additive genetic effects between
two traits. This is an important step, as SNPs associated with one trait might in-
fluence unrelated phenotypes. Several methods have been developed to estimate
genetic correlation on a broad scale (considering only the average of the shared
signal across well-referenced SNPs), such as cross-trait LDSC which uses sum-
mary statistics as input (Bulik-Sullivan et al., 2015), GNOVA (Lu et al., 2017),
which introduced to estimate annotation-stratified genetic correlation, and high-
definition likelihood (HDL) (Ning et al., 2020), which accounts for LD across the
genome. By integrating these methods and bioinformatics website service, some
tools such as LD Hub (Zheng et al., 2017) or Complex Trait Genetics Virtual Lab
(CTG-VL) (https://vl.genoma.io/) have enabled to undertake genetic correlation
leveraging data for many traits. Genetic correlation analyses have unravelled
interesting observations, for instance a high genetic correlation (71%) between
infertility of “unknown” cause and endometriosis, suggesting undiagnosed endo-
metriosis may be responsible for many of these cases (Venkatesh et al., 2024).
Genetic correlation has also been used to dissect genetic relationships between
diagnoses across health domains, for instance for psychiatric disorders (Smoller
etal., 2013).

Local genetic correlation has been more recently enabled by softwares such
as p-hess (H. Shi et al., 2016), SUPERGNOVA (Yiliang Zhang et al., 2021) and
LAVA (Werme et al., 2022), which in this case estimate genetic correlation
locally to pre-defined genomic regions, links which are often masked or dis-
missed when running genetic correlation globally (H. Shi et al., 2016; Werme
et al., 2022). This advance has led to interesting observations such as reporting two
etiologically distinct genetic signatures with bidirectional local genetic corre-
lations which could explain the positive yet paradoxical genetic correlation
between autism spectrum disorder and cognitive performance (Yiliang Zhang
et al., 2021). However, genetic correlations need cautious interpretation, as they
do not imply causation and can result from various mechanisms, including pleio-
tropy. To this end Mendelian Randomisation (MR) enables to assess causal rela-
tions between different phenotypes using GWAS summary statistics (G. D. Smith
& Ebrahim, 2003) by using genetic variants as instrumental variables as proxy
measures for a randomised environmental exposure. For instance, a MR analysis
identified a causal effect of genetically lowered vitamin D levels on increased
susceptibility to multiple sclerosis, utilising genetic variants near genes with well-
characterised effects on vitamin D synthesis, metabolism and transport (Mokry
et al., 2015).

Beyond leveraging GWAS to explore molecular biology, GWAS serves as
well to formulate mechanism-based therapies which can have a direct clinical
impact. While two-thirds of approved drugs by the Food and Drug Administration
were supported with evidence from genetics (Ochoa et al., 2022; Trajanoska et al.,
2023), recent drug development such as CRISPR-editing for sickle cell anemia
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or drugs repurposing examples such as ustekinumab and risankizumab to treat
Crohn’s disease have benefited from genetic insights and mechanistic dissection
from GWAS findings (de Lange et al., 2017; Duerr et al., 2006; Menzel et al.,
2007; Uda et al., 2008).

GWAS has also laid the foundation for ‘personalised medicine’ in different
ways, for example by generating input for calculating PRS. As PRS has been of
great interest in the human genetics field and this thesis includes research con-
cerning PRS, the following section reviews its definition, calculation and intro-
duces its main applications and implications arising from their development.

1.5. Polygenic risk scores

1.5.1. An introduction to PRS

A PRS is a single value estimate of an individual’s common genetic predis-
position to a phenotype. PRS nomenclature is heterogeneous, and they tend to be
referred to as genetic/genomic risk scores as well. Here, we will keep with the
nomenclature of “polygenic risk score (PRS)” to refer to this concept.

This single value estimate is calculated as a sum of an individual’s genotypes
on a genome-wide scale, weighted by corresponding risk allele effect size esti-
mates (the effect sizes can be adjusted or non-adjusted) extracted from a parti-
cular trait’s GWAS summary statistics. The trait for which the PRS will be tested
may be the same as the one in the initial (base) GWAS or different; for example,
testing the hypothesis that a PRS for PCOS associates with T2D case—control
status. Similarly to GWAS, PRS can be constructed both for binary and con-
tinuous traits, and PRSs for hundreds of traits or diseases can be calculated from
one genome-wide array or sequence.

PRS analyses can be characterised by the two input data sets that they require:
firstly, the base dataset, which is the basis for the summary statistics (e.g. betas,
p-values) for each SNP from a relevant GWAS which originated from individual-
level data of genotypes and phenotype(s) of a base sample. Secondly, the target
dataset: individual-level genotypes and phenotype(s) of a target sample (Choi et al.,
2020) (Figure 4). These two samples must be independent, meaning that there
must be no sample overlap between the sample from which you ran the GWAS
and extract the effect sizes, and the sample in which you will calculate the indi-
vidual PRS.

Careful quality control must be conducted as well on the base and target data-
sets beyond ensuring the standard GWAS quality control and the sample indepen-
dence. For instance, it is important to ensure minimal heritability for the trait of
interest (SNP-h? > 0.05) (Choi et al., 2020) and ensure the correct identification
of effect alleles in GWAS data to avoid spurious results in the PRS. In the target
data, sample sizes of at least 100 individuals should be guaranteed to avoid under-
powered tests (Choi et al., 2020). Other quality control steps might include
genome build alignment, removal of ambiguous SNPs and duplicated SNPs.
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Important challenges in the construction of PRS are the number and selection
of SNPs for inclusion in the score and what, if any, adjustment to apply to the
GWAS effect size estimates. When parameters for generating an optimal PRS for
a trait are unknown, then the target individual level data can be used for model
training, allowing optimisation of model parameters. Different methods to const-
ruct and evaluate PRS have been developed over the last decade, the most com-
monly used currently being LDpred2 (Privé et al., 2021), PRS-CS (T. Ge et al.,
2019), PRSice-2 (Choi & O’Reilly, 2019) or megaPRS (Q. Zhang et al., 2021).
However, there is no universally accepted methodology and characteristics such
as genotyping density and sample size (Lambert et al., 2019), or the genetic archi-
tecture of traits influence which approach better captures the genetic component
of a trait (Pardinas et al., 2023; Y. Wang et al., 2023).

The SNP-h? of the trait would be equal to the variance of the trait explained
by the PRS in an ideal situation, where the effects of the SNPs were estimated
from the GWAS without error (L. M. Evans et al., 2018). However, due to error
in the effect size estimates and inevitable differences in for example LD pattern,
environment and background between the base and target samples, the predictive
power of PRS are typically substantially lower than SNP-h?,

Currently over a thousand publications have focused on creating PRS for dif-
ferent human traits and diseases. The Polygenic Score (PGS) Catalog (https://
www.pgscatalog.org/) (Lambert et al., 2021), created in 2019, is a publicly
available, manually curated, open database of PRS with their relevant metadata,
aiming to provide systematic evaluation and enhance reproducibility. However,
the calculation of these estimates is not standardised nor straightforward, their
potential applications vary and there are also known risks and limitations of
PRSs, which I will introduce in the next subchapters.

PRS analyses overview
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. . o [os[1fi5]2 100
S 80 Low Risk Score
8 341113 5 60 High Risk Score
& = z
i 2 1212 3 40
ER ) 20
Beta shrinkage 212 |3 |4 0
l Time
Logistic Performance metrics
Target dataset regression (C-stat, AUC etc.)
:&% ;&% ;&% p-val thresholding Training dataset Validation dataset
R 090 090
099 000 000 . N v ege "mYege
g Gpew Gpgw Jrss iE SR O O
« Datasets must be e There is no gold- * Selecting the optimal o Independent validation set
independent standard method PRS

Figure 4. PRS analyses overview. Adapted from Choi et al. 2020 and created with
BioRender.com LD: Linkage Disequilibrium, KM: Kaplan Meier, C-stat: C-statistic,
AUC: Area Under the Curve.
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1.5.2. Considerations for the calculation and testing of PRSs

There are several options in terms of how PRSs are calculated. Initially, PRS tended
to be constructed from genome-wide significant SNPs (typically, P<5 x 10°®),
which for many diseases led to weakly predictive PRS as the number of genome-
wide SNPs was small (D. M. Evans et al., 2009; Purcell et al., 2009). In general,
more powerful PRSs tend to be constructed incorporating a larger set of SNPs.

There are different methods which consider different key factors such as the
potential adjustment of GWAS estimated effect sizes, for example with applying
‘shrinkage’, and the task of accounting for LD. Given that SNP effects are
estimated with uncertainty, and since not all SNPs influence the trait under study,
the use of unadjusted effect size estimates of all SNPs could generate poorly per-
forming PRSs with high standard error. To address this, different strategies have
been adopted: firstly, the use of P value selection thresholds as inclusion criteria
for SNPs into the score. Secondly, to perform shrinkage of the effect estimates of
all SNPs (Figure 4).

In the classic PRS calculation method (Dudbridge, 2013; Euesden et al., 2015;
Purcell et al., 2009) only those SNPs with a GWAS association P value below a
certain threshold (e.g., P <1 X 107%) are included in the calculation of the PRS,
while all other SNPs are excluded. This approach does not modify the effects
coming from the GWAS of the included SNPs. Since the optimal P value thre-
shold is unknown a priori, PRSs are typically calculated over a range of thre-
sholds, association with the target trait is tested for each threshold in an indepen-
dent sample, followed by selection of the optimally predicting PRS. However,
there are also PRS methods that perform shrinkage of all SNPs (T. Ge et al., 2019;
Mak et al., 2017; Newcombe et al., 2019; Vilhjalmsson et al., 2015) (Figure 4).
Under different approaches or parameter settings, varying forms of shrinkage can
be applied. Since the optimal shrinkage parameters are unknown a priori multiple
PRS are calculated, typically by ranging possible parameter values, which in the
case of LDpred, for example, includes a parameter for the theoretical fraction of
causal variants (Vilhjalmsson et al., 2015).

Another aspect to consider when building a PRS is the LD structure between
the variants (Figure 4). Usually association tests in GWASs are performed one
SNP at a time, which, combined with the strong correlation structure across the
genome, makes estimating the joint genetic effects challenging. In an ideal sce-
nario, we would take the effect estimates from a model which includes all SNPs
jointly in a GWAS. However, this is not feasible due to differences between base
and target datasets, smaller sample sizes than the number of SNPs, as well as
multicollinearity problems.

There are two main options for approximating the PRS that would be obtained
from joint effect estimates: 1) SNPs are clumped (i.e. prioritising SNPs at the
locus with the smallest GWAS P value) so that the retained SNPs are largely
independent of each other, and, thus, their effects can be summed, assuming addi-
tivity 2) more complex methods that explicitly account for LD, such as LDpred
(Vilhjalmsson et al., 2015) for all SNPs are included, accounting for the LD
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between them. Both clumping and LD modelling require estimation of the LD
between SNPs, which may come from the LD reference panel for the base data
population or reference sample for the same ancestry (Auton et al., 2015). In the
first PRS calculation approach (Dudbridge, 2013; Euesden et al., 2015; Purcell
et al., 2009), this is usually combined with P value thresholding and called the
C+T (clumping + thresholding) method (which is faster and in general more
interpretable to apply), while the second option is generally favoured in methods
that implement shrinkage techniques (T. Ge et al., 2019; Mak et al., 2017; New-
combe et al., 2019; Vilhjalmsson et al., 2015).

After constructing the PRS, it is essential to test its association with the trait
or disease of interest. For binary traits, the effect sizes are expressed as odds ratios
(OR) or hazard ratios, depending on the study design (case/control vs. prospec-
tive) and the availability of age at event (Lambert et al., 2019). The model’s
performance can be measured using variance explained (Nagelkerke’s or pseudo-
R2) or classification accuracy using area under the receiver-operating characte-
ristic curve (AUC), the area under the precision-recall curve or Harrell’s C-index
(Steyerberg et al., 2010) (Figure 4). In practice, the target dataset with individual-
level genotype and phenotype data can be divided into a 1) training or discovery
set (which is used to optimise the PRS and select the best PRS model) and 2)
separate testing or validation set where the predictive performance of the PRS
can be estimated.

1.5.3. Applications of PRS

One of the main potential applications of PRS is to predict future disease risk and
identify those individuals who are at the highest risk for a condition. Con-
sequently, this information can be used to enhance prevention (e.g. target specific
actions or treatments) or modify screening strategies. Prediction of disease risk is
an important aim in preventative medicine, which seeks to advance personalised
medicine strategies, aiming to guide clinical management and interventions.

For many clinical use cases, PRS are being evaluated around the world to de-
termine what clinical utility they may have when included in integrated risk tools
for cardiovascular disease assessment (Fuat et al., 2024), or breast and ovarian
cancer (Carver et al., 2021; Esserman, 2017; Knoppers et al., 2021; Roux et al.,
2022). Beyond cancer and cardiovascular risk, some trials are evaluating PRS for
use in autoantibody screening of type 1 diabetes (Sims et al., 2022).

PRS have been shown to be cost-effective to optimise cancer screening (Dixon
et al., 2022; Wong et al., 2021) and also for cardiovascular disease (Kiflen et al.,
2022). However, more evidence is needed, and in general studies do not account
for the fact that a single array/sequence could modestly improve risk stratification
for multiple diseases simultaneously.

Clinical risk prediction models typically include risk factors such as age, sex,
family history of disease, prevalent diseases and lifestyle factors (e.g. smoking
status). In contrast, genomic risk information which can be partly captured in a
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PRS is set at conception and can therefore be utilised much earlier in life. More-
over, PRS captures risk which tends to be complementary to these traditional risk
factors (Inouye et al., 2018; Mars et al., 2022).

Another predictor that has been used traditionally for genetic disease risk pre-
diction is monogenic mutations. While these mutations are often highly penetrant,
their relative rarity in the population means that they only explain a small fraction
of overall disease cases. Furthermore, PRS derived from GWAS summary statis-
tics are usually missing rare variants, since those are generally not captured by
genome-wide genotyping arrays and imputation. Since monogenic and polygenic
risks are largely independent (Adeyemo et al., 2021; Mars et al., 2020), and with
the increasing availability of whole genome sequencing (WGS) in biobank initia-
tives (Hawkes et al., 2023; S. Li et al., 2023), scores integrating a wide allelic
spectrum (thereby combining monogenic/polygenic contribution) will likely pro-
vide the most information for individual genomic risk prediction (Dornbos et al.,
2022) and the development of methods to achieve such scores is an active area of
research (Chan et al., 2022; Lali et al., 2021; Z. Wang et al., 2022).

Similarly, the effects of family history and PRS have been reported to be largely
independent, a pattern observed across diseases (Mars et al., 2022), so PRS is a
complementary measure of information, and neither monogenic risk nor family
history are interchangeable measures of information.

There is now a strong evidence base across many diseases that PRS captures
disease risk information that is independent of other risk factors and improves
integrated risk calculators (Xiang et al., 2024). Thus, integrating both genetic and
non-genetic risk factors can provide the best estimates for complex disease risk
prediction, an area that has gained interest lately. To this end, several studies show
that PRS improves risk prediction when combined into integrative risk scores for
conditions such as CAD (Sun et al., 2021; Weale et al., 2021), stroke (Fahed et al.,
2022; Neumann et al., 2022), T2D (Hodgson et al., 2022; Neumann et al., 2022),
and breast cancer (Hurson et al., 2022).

While the use of PRS in disease risk prediction has attracted a lot of attention,
PRSs also hold potential utility in other areas such as improving diagnostic accu-
racy, for instance in e.g. discriminating type 1 diabetes from T2D (Shoaib et al.,
2023), guiding treatment decisions (including pharmacological interventions, for
instance defining those individuals who would mostly benefit from statin pre-
scription (Riveros-Mckay et al., 2021; Sun et al., 2021), to increase the efficiency
in clinical trials (for instance reducing trial sample size by focusing on high poly-
genic risk to increase the outcome rate (Fahed et al., 2022) and exploring the
relationship between different traits (Richardson et al., 2019). In this latter
application, exploring the relationship between a PRS for a certain trait and other
traits would help identify potential risk factors for a trait of interest and the degree
of comorbidity they present. In this regard, some studies have been focused on
exploring associations with one specific disease, for instance, a work showing
that high PRS for schizophrenia are associated with decreased cardiac volumes,
stronger heart contractions, and decreased heart relaxation rates in the UKB
(Pillinger et al., 2023). Other efforts have systematically evaluated different PRS
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relationships across the human phenome, for instance a study that analysed more
than 300 PRS across over 500 heritable traits from the UKB, creating an atlas of
associations (http://mrcieu.mrsoftware.org/PRS atlas/), uncovering novel mecha-
nisms which contribute towards disease susceptibility (Richardson et al., 2019).

1.5.4. Limitations and challenges for the PRS field

Despite some of the demonstrated benefits of PRS and their potential in clinical
utility, various technical, practical and ethical concerns need resolution before
widespread clinical adoption (Figure 5). Several public and private settings have
launched their own initiatives — whether for research or business purposes
and consequently, both the ICDA (Adeyemo et al., 2021) and the American
College of Medical Genetics and Genomics (ACMG) (Abu-El-Haija et al.,
2023) have developed guidelines towards PRS use. Unfortunately, some
private initiatives have even taken a controversial step forward, starting pre-
implantation genetic testing using PRS of IVF embryos (such as the Orchid
company (https://www.orchidhealth.com/) and more recently Gattaca Genomics
(https://gattacagenomics.com/), clear examples of problematic applications which
are not appropriate for clinical use and should not be offered at this time (“Direct-
to-Consumer Prenatal Testing for Multigenic or Polygenic Disorders: A Position
Statement of the American College of Medical Genetics and Genomics
(ACMG),” 2021; Turley et al., 2021). This reality, along with the increasing
interest in PRS, underscores the need for continued research and debate to
enhance the awareness of their limitations and enhance the responsible use of
PRS (Adeyemo et al., 2021).

First of all, the development of PRS has originated and existed in the research
area, where development methods and standards are continually evolving. The
risk predictions from two different PRS for a particular disease can vary signi-
ficantly due to factors like the number and non-overlapping sets of SNPs, diverse
effect sizes, and the characteristics of the base GWAS summary statistics. Vari-
ability is also influenced by computational methods, training samples, and adjust-
ments for covariates like age and sex (Lill et al., 2019). This lack of consistency
poses a significant concern for the PRS field and highlights the need for holding
reporting standards between studies (Wand et al., 2021) in order to be re-
producible and useful.

Other challenges persist, including the need to diversify genotyped cohorts
(particularly among non-European ancestries) which at the moment hinder the
accuracy of PRSs for diverse populations and exacerbate healthcare disparities
(Martin et al., 2019). There is also a need to investigate sex-based differences in
PRS performance (Jermy et al., 2023), which for instance has been proposed in
cardiovascular disease events (Hajek et al., 2018) or psychiatric conditions
(Docherty et al., 2020), and across different phenotype / diagnose sources since
a potential limitation of the applicability of the PRS can also include differences
in phenotype resolution (Burstein et al., 2023).
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Additionally, the clinical benefit of PRSs for disease risk prediction depends
on the availability of preventive interventions and/or medicines, the damage of
the action to implement, and the cost-effectiveness of the measure to be taken.
One must be cautious and aware of the risks arising from delivering ‘incorrect’
information. For instance, false positive results can wrongly categorise an indi-
vidual as ‘high risk’, which could lead to mistaken clinical actions (the effect of
which will depend on disease severity, the contribution of non-genetic risk fac-
tors, and the cost and consequences of any intervention) and/or unnecessary
emotional harm. Communication challenges implicate conveying uncertainties
associated with PRSs to the medical community and the general population, also
risking misunderstanding, and the need to secure adequate resources to facilitate
effective communication (Lewis et al., 2021, 2022). So far, there have been
examples of both positive and no significant lifestyle changes upon receiving
genetic risk estimates information, (Silarova et al., 2019; Widén et al., 2022),
exemplifying the difficulty of affecting human behavioural change. Importantly,
these studies did not find anxiety and depression in response to PRS information
to be common.

Moreover, regulatory uncertainties globally complicate the assurance of safety,
equity, and effectiveness in PRS deployment, highlighting the need for harmoni-
zation and consideration of global collaboration’s impact on access and imple-
mentation. In line with GWAS, ancestral diversity is also a problem for PRS
(Duncan et al., 2019; Xiang et al., 2024).

A recent statement for the ACMG (Abu-El-Haija et al., 2023), seeking to offer
guidance to the health care provider, aligns with a prevailing thoughts in the PRS
community, which advocates against clinical implementation of PRS testing
unless the provider and patient have a clear understanding of the limitations of
the testing and applicability to the specific patient, including how the results will
be used to guide evidence-based clinical care (Abu-El-Haija et al., 2023). Both
the ICDA (Adeyemo et al., 2021) and ACMG statements emphasise equitable use
of PRS, advocating for methodological development and data collection to ensure
optimal performance across all individuals regardless of genetic ancestry. They
also stress the importance of avoiding unethical or harmful applications of PRS.
However, there’s a lack of consensus on best practices and resources when indi-
viduals present PRS results obtained from third-party providers to healthcare
practitioners, which is becoming increasingly common. Overall, while PRSs offer
promising insights in research, their responsible implementation calls for
addressing the uncertainties, biases, communication strategies, and their impact
in society.
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PRS applications and limitations
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Figure 5. Main polygenic risk scores (PRS) applications (shown as green lines) and
limitations (shown as red lines). Created with BioRender.com

1.6. State-of-the-science in female reproductive genomics

In recent years, there has been a transformation in the study of genetics and geno-
mics in the field of women’s reproductive health. This shift has been favoured by
various circumstances. For instance, a response to the recognition of chronic
underrepresentation of women'’s (reproductive) health in (genomics) research (“A
Life-Course Approach to Women’s Health.,” 2024; Mercuri & Cox, 2022).
Additionally, there has been an advancement in genetic technologies and an
increase in the number of genomically-profiled biobanks worldwide and also an
overall realisation that candidate gene studies have been quite unreliable, with a
major lack of reproducibility as seen in other complex disease areas such as
psychiatric genetics (Border et al., 2019; Farrell et al., 2015).

The GWAS Catalog shows an exponential growth in the number of GWAS
over time and as of 11-02-2024, it contains data from 6,741 GWAS publications.
Various factors make an accurate quantification of the number of GWAS comp-
leted for female reproductive traits challenging, such as the lack of sex-disaggre-
gated information and the fact that female reproductive traits are dispersed across
various disease categories in the catalog, such as “Other disease”, “Lab measure-
ments”, “Other trait” and “Cancer” categories. At the same time, some of the
presented GWAS publications, while including a broad number of tested traits,
have been rather focused on software development or methodological/
technological details instead of focusing on the biology and the characterisation
of new genetic loci of a certain reproductive condition. Based on an approximate
query, searching by term “female reproductive system disease” (EFO_009549),
we observe that GWAS for female reproductive traits remain notably less studied
compared to other health domains: the number of studies represent barely more
than 5% of the total (441/6,741), compared to other health domains such as psychi-
atric disorders (24%, 1,620/6,741) or cardiovascular disease (22%, 1,476/6,741).

However, despite being the new kid on the block of GWAS, the female
reproductive genomics field is punching above its weight. The ReproGen con-
sortium emerged as a pioneer in characterising genetic variants and genes influ-
encing age at menarche in 2010 (Elks et al., 2010) and age at menopause in 2012
(Stolk et al., 2012) through GWAS meta-analysis. Since then, various GWAS
have shown remarkable progress in identifying the genetic landscape of common
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gynecological diagnoses, such as PCOS (F. Day et al., 2018), endometriosis
(Rahmioglu et al., 2023), polyps of the genital tract (Pathare et al., 2024), endo-
metrial (O’Mara et al., 2018), ovarian (Phelan et al., 2017) and cervical cancer
(Koel et al., 2023), and others. A similar trend has been observed for various
obstetrical diagnoses, such as pre-eclampsia (Honigberg et al., 2023; Tyrmi et al.,
2023), gestational diabetes (Pervjakova et al., 2022), hyperemesis gravidarum
(Fejzo et al., 2018), ectopic pregnancy (Pujol Gualdo et al., 2023), timing of
parturition (Solé-Navais et al., 2023) and others. Additionally, significant
advances have been made to the study of genetic risk factors underlying sex hor-
mones affecting both men and women, with sample sizes reaching hundreds of
thousands of individuals for hormones such as serum levels of sex-hormone
binding globulin (SHBG), follicle stimulating hormone, luteinizing hormone,
total testosterone and estradiol (Ruth et al., 2020; Venkatesh et al., 2024), the
latter study also including exome analyses from UKB (Venkatesh et al., 2024).

Towards the PRS development in the female reproductive genomics field, the
PGS Catalog (https://www.pgscatalog.org/) contains 4223 PRS for 624 traits as
0f 26-02-2024. From those, when querying “Female reproductive system disease”,
we found 63 PRS (less than 2% of the total, and half of which are based on cancer
or neoplasm traits), indicating that their development for gynaecological and
obstetrical diagnoses has been scarce.

International collaboration has played a key role in advancing research efforts
in these areas, with important initiatives created in recent years. Notably, the
ReproGen consortium has established an international network of investigators,
which has continued to identify genetic risk factors associated with puberty timing
(F. R. Day et al., 2017) and age at menopause (Ruth et al., 2021). Furthermore,
recently the consortium has also included whole exome sequencing (WES)
analysis (Kentistou et al., 2023; Shekari et al., 2023). In addition to detecting and
characterising novel genetic loci, this latter approach has also uncovered
intriguing insights which demonstrate the value of genome-wide approaches. For
instance, their analysis of WES data focused on nearly 100 genes which were
historically reported monogenic causes of premature ovary insufficiency (defined
as menopause before 35 years old, which affects 1% of women). This study ruled
out even modest penetrance for those supposedly pathogenic variants, in other
words, almost all pathogenic variants were also found in reproductively healthy
women when examined on a biobank scale in the UKB (Shekari et al., 2023).
This finding underscores the importance of transitioning from narrower candidate
gene studies to broader genome-wide scans with rigorous statistical and study
design frameworks to better understand how genetics shapes health and disease
susceptibility. This shift in both research and clinical environment is crucial as it
reflects the complex nature of both complex and rarer disease development, likely
involving a spectrum of genetic factors (so-called polygenic or oligogenic nature)
rather than simple black-and-white explanations.

In addition, a Nordic Collaboration for Women’s and Reproductive Health
(NCWRH) has been formed recently to promote genomics and other ‘omics’
studies in reproductive health. This collaboration brings together researchers from
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Finland, Denmark, Norway, Sweden, UK and Estonia, and has succeeded in
mapping the genetic susceptibility to common female reproductive conditions,
such as postpartum haemorrhage (Westergaard et al., 2023) and have recently
presented and characterised GWAS meta-analyses for female and male infertility
(Venkatesh et al., 2024). In recent years, many disease-specific consortiums and
collaborations have been created, for instance, focusing on the genomics study of
PCOS (F. Day et al., 2018), endometriosis (Rahmioglu et al., 2023), and ges-
tational diabetes (Pervjakova et al., 2022).

Despite the progress made in elucidating the genetic underpinnings of some
female reproductive health traits, many diagnoses relevant to women’s reproduc-
tive health remain inadequately and incompletely characterised at the genetic
level — a main motivation to plan the current thesis. Additionally, amongst all
present biobanks, this thesis focuses mostly on EstBB and FinnGen, which are
valuable assets for the study of those traits since firstly, they present an age
structure that captures the female reproductive traits across the lifespan compared
to other similar projects such as the UKB, which better captures the post-
reproductive age, and secondly, they hold a specific genetic makeup, compared
to other projects based in other populations, such as the UKB. Leveraging the
wealth of data from large biobanks holds promise for decoding genetic asso-
ciations of female reproductive health traits, shedding light on affected biology
and potentially informing personalised approaches to enhance women’s repro-
ductive health and its healthcare.
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2. AIMS

The primary objective of this thesis was to investigate the genetic underpinnings
of three distinct female reproductive traits (POP, PCOS and AMH levels). These
traits are common, multifaceted, are to some extent heritable and represent dif-
ferent stages of female reproductive health across the lifespan. In addition, we
aimed to assess the potential applications of PRS within the framework of popu-
lation-based biobanks linked with electronic health records.

The specific objectives of this thesis were the following:

To identify and characterise genetic variants and genes that are associated with
common female reproductive traits such as POP and AMH levels through
genome-wide association studies and meta-analyses including diverse Euro-
pean populations. Additionally, we aimed to identify enriched biological path-
ways and tissues in relation to the discovered genetic signals through in silico
analyses, as well as to explore potential genetic and phenotypic associations
with various traits.

To identify and characterise genetic variants and genes that are associated with
common female reproductive traits such as PCOS and AMH levels through
genome-wide association studies and meta-analyses focusing on population-
specific biobank resources with features of the Nordic healthcare system such
as the EstBB and FinnGen, and prospective population birth cohorts such as
NFBC1966.

To assess the utility of polygenic scores for a) enhancing risk prediction in
combination with clinical risk factors for POP and b) as means to investigate
trait comorbidities for PCOS.
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3. RESULTS AND DISCUSSION

3.1. GWAS meta-analysis of data from population-based
biobanks and cohorts aids the discovery of genetic risk
factors and informs biological background of female
reproductive traits (Ref. I, Ref. Ill)

Thanks to the existing resources and that the power of discovery is getting a boost
by aggregating data from different biobanks, many genome-wide loci have been
detected in meta-analyses of genetic association studies across several health
traits. However, as described in Chapter 1.1 in more detail, female reproductive
traits have largely remained understudied and underpowered. Therefore, there is
the need to join different resources to achieve larger sample sizes to enhance the
identification of genetic variants associated with those traits, as well as to nomi-
nate genes, test potential pathways and tissues enriched for the GWAS signals
and to explore the (genetic) relationship with other human traits. In this part of
the thesis, I will present the main results for the largest GWAS meta-analysis for
POP and its respective postGWAS follow-up (ref. I) and the largest GWAS meta-
analysis for AMH levels in pre-menopausal women and its respective postGWAS
follow-up analysis (ref. I1I).

In POP, for example — the only meta-analysis so far included 15,010 cases and
340,734 controls from an Icelandic cohort (3,409 cases from an Icelandic hospital-
based register with respective International Classification of Diseases (ICD)
ICD10 or ICD9 codes and 131,444 controls which were recruited through dif-
ferent genetic research projects at deCODE genetics) and the UKB (including
11,601 cases with ICD10 code N81 in hospital inpatient records and 209,228
controls) (Olafsdottir et al., 2020). They identified eight variants at seven loci that
highlighted the role of connective tissue metabolism and estrogen signalling in
POP, which explained just a fraction (12.4% (95% CI 9.9-14.8%) of the total
heritability estimated for the condition (43%) based on a twin study (Altman et al.,
2008). The potential of highlighting other loci and biological mechanisms extends
further with including other biobanks allowing larger genetic studies for this
condition. Larger meta-analysis including different cohorts give an additional
possibility to explore risk stratification strategies by developing and testing PRS
as [ will discuss in Chapter 3.3.

In the case of AMH, three previous GWASSs have identified a few loci asso-
ciated with AMH levels in pre-menopausal women (Ruth et al., 2019; Schuh-
Huerta et al., 2012; Verdiesen et al., 2022) with sample sizes ranging from 232
to 7,049 and up to four loci identified in association with AMH levels. Recently
meta-analyses have also included data from younger women, which is advantage-
ous to enhance the power of detecting additional signals since it brings more
variation to the distribution of AMH-values (younger pre-menopausal women
tend to have more variability in AMH-values compared to older pre-menopausal
women, who tend to have lower and more similar AMH levels between them, as
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exemplified in Figure 1 in Chapter 1.2) (Verdiesen et al., 2022). Therefore, an
updated larger meta-analysis including a younger aged cohort is of interest,
aiming to unravel potential new loci associated with AMH level variation, and to
enhance the biological interpretation underlying these signals.

3.1.1. Description of methods

The following section explains the methods implemented in the first part of ref. I
and in ref. III.

In ref. I, the GWAS meta-analysis for POP included 28,086 women with POP
and 546,291 controls of European ancestry. The meta-analysis included three
studies: firstly, results from an Icelandic and UKB GWAS meta-analysis were
obtained upon request (15,010 cases, 340,734 controls) (Olafsdottir et al., 2020),
secondly, we downloaded GWAS summary statistics from the FinnGen study
from Release 3 (https://www.finngen.fi/en/access_results) (5,518 cases, 43,366
controls) (Kurki et al., 2023) and thirdly we performed a GWAS in the Estonian
Biobank (7,896 cases, 118,865 controls) (see Figure 6). In the three studies, cases
were defined as women having POP using specific ICD codes: ICD-10: N81,
ICD-9: 618 and ICD-8: 623 upon availability. Controls were defined as women
who did not have the respective ICD codes. In short, all EstBB participants were
genotyped using [llumina GSAv1.0, GSAv2.0, and GSAv2.0_EST arrays at the
Core Genotyping Lab of the Institute of Genomics, University of Tartu. Standard
quality control and imputation steps were previously done by the Bioinformatics
Core Lab of the Institute of Genomics, University of Tartu, and were applied as
previously described (Pujol-Gualdo et al., 2022). In the EstBB, association
analysis was carried out using SAIGE software to implement a mixed logistic
regression model with year of birth and 10 PCs as covariates in step I (Zhou et al.,
2018). SNPs with poor imputation quality (INFO score <0.4) and minor allele
count <5 were excluded.

We used GWAMA (Mégi & Morris, 2010) to run the meta-analysis, using
inverse variance weighted fixed-effects method with single genomic control
correction. Next, we used the FUMA platform to further annotate the GWAS
meta-analysis using data from several databases (Watanabe, Taskesen, van
Bochoven, et al., 2017). FUMA identified lead SNPs with p <5 x 10"® and merged
into genomic loci within 500 kb. Gene prioritization criteria involved the inclu-
sion of different data layers such as: a) proximity from the gene to the association
peak (prioritising nearest genes), b) results from colocalization analysis imple-
mented by COLOC R package (Giambartolomei et al., 2014) c¢) considering the
presence of coding variants amongst the lead signals or variants in high LD (r2)
with the lead variants using ANNOVAR (K. Wang et al., 2010) and d) if our
candidate genes in mutant mice were displaying relevant phenotypes by querying
the Mouse Genome Database (http://www.informatics.jax.org). MAGMA and
DEPICT implemented in FUMA and CTG-VL (https://genoma.io/), respectively,
were used to run gene-set analysis and tissue expression analysis across multiple
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datasets. Summary statistics were used for genetic correlation testing using
hundreds of traits available in LD-Hub portal (Zheng et al., 2017).

In ref 11, we performed a GWAS meta-analysis for AMH measurements using
GWAMA (Migi & Morris, 2010) we combined 2,619 AMH measurements (at
age 31 years old) from the prospective founder population cohort NFBC1966 with
a previous GWAS meta-analysis that included 7,049 pre-menopausal women
(spanning age range 15—48) (Verdiesen et al., 2022). NFBC1966 is a population-
based prospective study in northern Finland, following individuals from birth in
1966 through ages 1, 14, 31, and 46. In NFBC1966, AMH measurements at age
31 were quantified using an automated assay (Elecsys® AMH Plus (Roche)).
Meta-analysis was carried out as described in the previous paragraph. We anno-
tated the genetic variants, combined different data layers to prioritise potential
candidate genes, described significant pathways and tissues enriched by the GWAS
signals, similarly as described before and mainly implementing FUMA. Colo-
calization analysis was run to identify plausible eQTL overlap using HyPrColoc
and datasets from the eQTL catalogue (Foley et al., 2021; Kerimov et al., 2023).
Publicly available summary statistics from the CTG-VL (https://vl.genoma.io/)
and the GWAScatalog (Buniello et al., 2019) were used, respectively, to assess
broad genetic correlations and single variant-level associations with multiple traits.

3.1.2. Discovery of novel genetic risk factors for pelvic
organ prolapse (POP) (Ref. I)

In Ref. I, we conducted the largest GWAS meta-analysis for POP, which identi-
fied 26 genetic loci, including 19 novel ones (representing almost a 4-fold in-
crease in the number of identified loci compared to the previous study) (Olafs-
dottir et al., 2020) (see Figure 6). Considering a prevalence of 40% for overall
POP, the SNP-heritability was estimated to be 14.3%. Amongst these associa-
tions, we detected seven loci which were already reported in the previous work
(near WNT4, GDF7, EFEMP1, FAT4, IMPDHI, TBX5, and SALL]I).

Beyond those genes, we further proposed several previously unidentified candi-
date genes which reinforce the role of connective tissue molecular changes as a
key process in the pathogenesis of POP (LOXLI, ADAMTSS5, CHRDL2, ACADVL,
PLA2G6) (Kerkhof et al., 2009; V. F. Lim et al., 2014). For instance, we were
able to detect for the first time in GWAS a candidate gene previously proposed
based on its association with POP in mice, LOXLI. Liu et al. described that mice
lacking the protein LOXL1 (Lox/1 ~ ") do not deposit normal elastic fibers in the
uterine tract postpartum and develop POP (X. Liu et al., 2004), an association
which has been furthered supported in diverse mouse and human studies (Jameson
et al., 2020; Kow et al., 2016; Neupane et al., 2014). Another example which
reinforces the alteration of connective tissue is the nomination of ADAMTSS in
association with POP. ADAMTSS is part of the A Disintegrin And Metall-
oprotease with Thrombospondin Motifs (ADAMTS) family (V. F. Lim et al.,
2014), which has diverse roles in tissue morphogenesis and pathophysiological
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remodelling. ADAMTS members have also been associated with inguinal hernia
through GWAS (Fadista et al., 2022), in line with our observation of positive
genetic correlations between POP and inguinal hernia, as well as other connective
tissue abnormalities such as gastroesophageal reflux, diverticular disease, osteo-
arthritis and hiatus hernia. Gene set enrichment results supported these obser-
vations by uncovering significant associations with various terms related to con-
nective tissue development, such as chondrocyte differentiation (Figure 6).

Our study also underscores the urogenital development as a key process in the
pathogenesis of POP highlighting previously unidentified genes such as DVL2,
WTI1 and HOXDI3. For instance, DVL2 is a component of the Wnt signaling
pathway (a shared pathway with the previously reported gene WNT4), important
for epithelial tissue development and renewal, embryonic development of the sex
organs, regulation of follicle maturation and controlling steroidogenesis in the
postnatal ovary (Hernandez Gifford, 2015; Pitzer et al., 2021; Sharma et al., 2018;
G. Zhang et al., 2017). In that way, we hypothesise the Wnt pathway to have a
dual role in POP development, both by regulating organogenesis and hormonal
support of tissue function, which may be protective for POP (Moalli et al., 2004).
However, future studies with more granular phenotypes, such as taking into
account the pre/postmenopausal status, the use of hormone replacement therapy
and/or considering future genetic studies assessing sex-specific oestradiol expo-
sure, are needed to study the effects between oestradiol lifetime exposure and
POP development. Additionally, we found that gene expression of our signals
identified from GWAS signals are significantly enriched in pathways such as “in
utero embryonic development” and tissues such as “Cervix/ectocervix”, “Uterus”,
“Embryoid bodies” and “Smooth muscle”. The enrichment of gene expression in
tissues such as “Cervix/ectocervix,” “Uterus,” and “Smooth muscle” supports our
hypothesis since these observations align with the anatomical locations primarily
affected by POP. Specifically, the cervix and uterus are crucial structures in pro-
viding support to the pelvic organs, while smooth muscle dysfunction contributes
to weakened pelvic floor support, a hallmark of POP. Furthermore, the enrich-
ment in pathways related to “in utero embryonic development” suggests a develop-
mental component to POP susceptibility (Figure 6), indicating that genetic factors
influencing early embryonic tissue formation may also predispose women to POP
later in life. Highlighting tissues and pathways sheds light on the molecular
mechanisms driving POP, informs selection of tissues/cell types for functional
follow-up studies and also provides potential targets for therapeutic interventions
which in a future may mitigate the risk of POP development.

Furthermore, WT1, another novel finding from this study, is a transcription
factor involved in urogenital system development, which was identified to be
active in fibroblasts of severe anterior vaginal prolapse in a single-cell transcrip-
tome study (Yaqian Li et al., 2021). Moreover, WTI is also involved in cardiac
development and disease (Duim et al., 2015, 2016; Velecela et al., 2013). In this
line, a notable portion of the GWAS associations and potential candidate genes
we identified also point towards a link between metabolic and cardiovascular health
and POP (KLF13, DUSP16, MAFF, VCL, and LDAH) (Darwich et al., 2017;
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Ferguson et al., 2019; Fukuda et al., 2019; Goo et al., 2014; Kimura et al., 1999;
Lavallée et al., 2006; W. Li et al., 2020; Massrieh et al., 2006; Saliba et al., 2019;
Von Scheidt et al., 2021). Beyond the epidemiological observation that BMI is a
risk factor for POP (Vergeldt et al., 2015), to our knowledge this study is the first
study to suggest a genetic link between POP and BMI, and the first to show a
potential link between POP and other metabolic and cardiovascular traits, while
it cannot be ruled out that these associations are being driven mainly through BMI
effect.

Genetic correlation analysis supported a mild positive correlation between
POP and cardiovascular and metabolic phenotypes such as angina, diabetes, tri-
glycerides and CAD, as well as increasing BMI. Beyond these associations,
genetic correlation studies mirrored well the findings of epidemiological studies,
showing associations with number of births, previous hysterectomy, younger age
at first birth, constipation, occupations including heavy lifting, and connective
tissue disorders (Cartwright et al., 2015; Mant et al., 1997; Vergeldt et al., 2015).
Additionally, a positive correlation was detected with occupations involving
walking and/or standing and heavy physical work, which might have potential
value in the counselling of women with higher risk to develop POP.
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Olafsdottir et al. 2020 FinnGen R3 Estonian Biobank 200K
Largest GWAS meta-analysis to date
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Figure 6. Summary of GWAS meta-analysis and postGWAS results for POP. A)
Cohorts included in the GWAS meta-analysis for POP B) Manhattan plot of GWAS meta-
analysis for POP and C) summary of postGWAS results. Created with Biorender.com and
adapted from Pujol-Gualdo et al. 2022
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3.1.3. Discovery of novel genetic risk factors for AMH levels (Ref. IlI)

In Ref. III, we identified six loci associated with AMH levels at P < 5 x 107,
including the previously reported MCMS8, AMH and TEX41 loci (Verdiesen et al.,
2022), and three novel signals near CHEK2, BMP4 and EIF4EBPI (Figure 7C).

When moving from lead variants to potential associated genes, in three of the
six loci the lead variants were either coding variants or variants in complete LD
with coding variants, which generally facilitates the candidate gene nomination
as their effects to the protein tend to be more interpretable. Therefore, we pointed
to a frameshift variant in CHEK?2 (c.1100delC), in complete LD with the lead
variant in that locus), a missense variant in MCMS& (rs16991615), and a missense
variant in AMH (rs10417628) to be the potential drivers of these respective
signals. CHEK? is a DNA damage repair gene which encodes a checkpoint kinase
that plays a role in cell cycle regulation, including in oocytes with DNA damage.
I will zoom in on the biological role of that gene in the next chapter. The current
GWAS meta-analysis also supported a previously identified DNA damage repair
gene, MCMS (Park et al., 2013), in association with AMH levels (Ruth et al.,
2019; Verdiesen et al., 2022). A missense variant was likely driving this signal,
which has previously also been described in association with age at menopause,
infertility and cancer (F. R. Day, Ruth, et al., 2015; Griffin & Trakselis, 2019;
Lutzmann et al., 2019; Michailidou et al., 2017). Interpreting the association with
the missense variant in AMH is less clear because of a potential technical issue
on the presence of this variant and epitope recognition in the assays (Hoyos et al.,
2020). A case report by Hoyos et al. suggested that the amino acid substitution
corresponding to rs10417628 in AMH gene (same lead variant reported in the
meta-analysis for AMH levels) reduces AMH detection by the picoAMH assay
from Ansh Labs without influencing AMH bioactivity (Hoyos et al., 2020).
Further research is needed to validate the association between rs10417628 and
AMH levels using individual-level data from different assays and different groups
of women with different genotypes for rs10417628 (and potentially other AMH
variants).

Upon querying the AMH GWAS lead variants in the GWAS Catalog, we
found shared significant signals with traits that have known epidemiological asso-
ciations with AMH levels, such as breast cancer, postmenopausal status (age at
menopause, estradiol levels, heel bone mineral density), and cardiovascular disease
(deKatetal.,2017; W. Geetal., 2018; Homburg & Crawford, 2014; Moolhuijsen
& Visser, 2020). Additionally, we observed novel associations with other traits
in European ancestry studies, including uterine fibroids (coming likely from signal
in MCMS8) and blood cell counts (coming from signals near CHEK?2, which has
been also associated recently with clonal haematopoiesis (Kar et al., 2022).

Three other non-coding variants were identified as lead variants and we used
colocalization analysis to infer plausible genes influencing AMH levels in these
loci. Colocalization analysis supported regulatory effects of GWAS variants on
the expression of three genes: TEX41 (Testis Expressed 41 gene which showed
altered gene expression in the testis), BMP4 (a known regulator of AMH)
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and EIF4EBPI (a gene which shows association with some oncogenic pro-
cesses). Therefore, colocalization analysis provided a refined characterization of
possible regulatory effects of the genetic variants on different genes.

Gene set enrichment analysis highlighted renal system vasculature morpho-
genesis, glomerulus vasculature morphogenesis and glomerulus morphogenesis,
likely reflecting the close connection between urinary and reproductive system
development, originating from a common embryological precursor, the inter-
mediate mesoderm, where BMP4 signalling pathway is a key player during kidney
development, including ureteric bud outgrowth (Grinspon & Rey, 2014; Nishi-
nakamura & Sakaguchi, 2014; Oxburgh et al., 2014). Tissue expression analysis
yielded the strongest enrichment in the pituitary gland, even though it was not
statistically significant after multiple testing correction. This is in line with re-
search from recent years showing that AMH has versatile actions in different
levels of the HPG axis (Silva & Giacobini, 2021), further supporting the develop-
mental alterations of neuroendocrine circuits regulating fertility.

From genetic correlation analysis, traits reflecting menopausal timing displayed
almost complete genetic correlation, highlighting a high genetic similarity, which
reinforces the use of AMH as a marker for ovarian reserve and overall reflects
reproductive ageing and menopause timing. Additionally, we obtained a range of
nominally significant associations such as with breast cancer. In the variant look-
up, we observed that two of the lead variants in CHEK?2 and MCMS signals, were
also identified in a previous GWAS for breast cancer (Michailidou et al., 2017),
in concordance with epidemiological studies that supported an association
between AMH levels and breast cancer (W. Ge et al., 2018).

3.1.4. General limitations and future directions

While GWAS is an excellent tool for exploring the genetics of complex traits,
there are common limitations to consider, which also affect the studies presented.
Notably, the findings are based on populations of European ancestry, potentially
restricting the applicability of results to other ancestry groups with varying genetic
make-up and therefore varying genetic effects. Prior family/registry studies suggest
higher overall heritability for POP (43%) (Altman et al., 2008) compared to our
current SNP-based estimate (14.3% (95% CI 5,9% — 22,7%), indicating that a
significant portion of genetic variation remains unexplored. Unaccounted genetic
variations, such as rarer variants, copy number variations, or gene-gene inter-
actions, may explain partly this missing heritability. In the case of AMH, there is
a lack of family or registry studies estimating its heritability, and in this case our
GWAS estimated a SNP-heritability to be 13% (s.e. 5%), which indicates that
there are likely more SNPs that contribute to the variability in AMH levels.
When moving from variants to potential candidate genes, there is no stan-
dardised or gold-standard way to do so. However, recently, methods have been
developed to move from variants to genes in a more systematic way: for instance
more recently the PoPS method, that uses trait-relevant gene features, such as
cell-type-specific expression, to prioritise genes at GWAS loci (Weeks et al., 2023).
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However, I believe combining various data sources and considering the reported
literature and underlying gene biology (if known) remains the most effective
strategy, especially for female reproductive conditions where cell-type specific
expression datasets are scarce. Limitations in eQTL mapping also affect colo-
calisation analysis and involve also the lack or shortage of relevant tissues
amongst reproductive tissues. While a complete catalogue of female reproductive
tissues is absent, in GTEx, we found tissues similar to female reproductive tract
tissues based on cellular composition and gene expression (vagina, uterus,
oesophagus mucosa and gastro-oesophageal junction, sigmoid colon, skin, sali-
vary gland and tibial nerve). Additionally it has recently been shown that there is
a minimal overlap between GWAS variants and disease-relevant eQTLs, due to
incomplete discovery on both sides (Mostafavi et al., 2023). Thus, while our
studies identify candidate genes and pathways, further functional follow-up is
also necessary to understand the regulatory functions of the uncovered loci and
validate the genes nominated as potentially biologically relevant in respective
POP and AMH level studies. A multi-disciplinary approach, including generation
of cellular and organoid models for in vitro systems that resemble women’s re-
productive tract tissue, mouse models of genetic risk factors identified and
CRISPR-Cas9 gene editing in human cells are potential avenues to functionally
validate the given targets.

Specifically for ref. I, one limitation is that there might be potential hetero-
geneity in the phenotype definition, Firstly, we cannot rule out potential pheno-
typic misclassification (future POP cases among controls, especially in younger
cohorts such as the Estonian Biobank (age range: 18-104, mean=42 and
median=43) and secondly, there is potential phenotypic heterogeneity con-
sidering the sources of diagnoses, which vary across studies. Whilst in FinnGen,
Icelandic data and UKB the diagnoses are obtained from in-hospital registers, in
EstBB information on diagnoses was obtained by Estonian Health Insurance
Fund which offers a good coverage and representation of the Estonian health care
situation and includes diagnoses made by general practitioners (GPs) and spe-
cialist doctors. However, it is likely that in-patient hospital records are capturing
a more severe manifestation of the condition.

With future increasing sample sizes, beyond detecting more genetic risk fac-
tors underlying overall POP, a potential added value from the use of genetics
would come from stratification of the sample according to disease severity, which
would enable to estimate disease progression trajectories and/or different severity
stages, aiming to seek for differential genetic markers that lead to the need of
surgery. Similarly, if sample sizes are big enough, future analysis could be strati-
fied by age of onset of prolapse or even seek for any differences in genetic archi-
tecture when separating groups by prolapse type (for instance rectum prolapse,
bladder o uterine prolapse), which may also expand our knowledge of the
aetiology and affected biology underlying these subtypes.

Specifically for ref. III, one limitation is the lack of standardisation in the
measure of AMH. The clinical importance of AMH measurement has led to the
development of several AMH assays, however, direct comparison of AMH values
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obtained by these assays is still problematic (Moolhuijsen & Visser, 2020). An
interesting avenue for future research could be to assess AMH trajectories across
age leveraging repeated measurements, as Venkatesh ef al. have done success-
fully for adiposity-change in adulthood (Venkatesh et al., 2023) and would give
a more accurate estimate of ovarian reserve and reproductive ageing trajectories.

While microarray genotyping, commonly used in GWAS, may not adequately
capture rare genetic variants due to its design limitations, WGS provides a com-
prehensive view of the genome, enabling detection of coding and non-coding
genetic variation, and surveying complex regions which are difficult to genotype.
WGS is preferred over WES and microarray, and is expected to become the
method of choice over the next years with the increasing availability of low-cost
WGS technology and the achievement of landmark resources such as UKB which
have started to investigate deepen the understanding of how genetics influences
disease biology for the study of human biology and health (S. Li et al., 2023).
Also creating consortia for collaborative efforts across studies (similar to what
has been done for PCOS (F. Day et al., 2018) or gestational diabetes (Pervjakova
et al., 2022), for these specific traits could amplify sample sizes, enhancing the
ability to detect new genetic risk factors.

3.2. Specific population-based biobanks and cohorts:
potential for the detection of population-enriched alleles
(Ref. I, Ref. IlI)

As exemplified in the last chapter, the meta-analysis of different biobank and
cohort studies has become an important source of genetic discoveries underlying
complex traits. However, the implementation of GWAS within specific popu-
lation-based biobanks holds an added potential; to uncover unique genetic in-
sights by leveraging a different genetic make-up in certain populations, along
with the availability of structured and digitalised national healthcare data. Owing
to increased genetic drift, isolated populations with recent bottlenecks can have
deleterious, disease-predisposing alleles at considerably higher frequencies than
permitted by selection in larger and older outbred populations (Kurki et al., 2023).
As a result, isolated populations, such as the one in Finland and to lesser extent
Estonia, provide an opportunity to identify high-impact disease variants that are
rare or nonexistent in other populations. Of note, these genetic discoveries would
escape detection in standard GWAS meta-analysis directed to other populations,
unless very extensive sample sizes would be reached or more expensive techno-
logies such as WGS would be implemented.

Building upon these insights, in the following chapter, I aim to provide an
example on how focusing on specific population-based biobanks and cohorts
facilitates the identification of low-frequency deleterious alleles in CHEK?2 in
association with higher risk for PCOS and higher AMH levels in women.
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While our meta-analysis for AMH levels in pre-menopausal women repre-
sents the largest to date (n=9,668), our PCOS study builds upon the pioneering
work of the first GWAS meta-analysis for PCOS within an international con-
sortium framework (n=10,074 women with PCOS and 103,164 controls) (F. Day
et al., 2018), which I will refer to from that point on as the ‘PCOS consortium
GWAS’. Amongst these meta-analysis results, the authors detected three novel
loci near PLGRKT, ZBTB16, and MAPRE1 and 11 previously reported loci which
were detected in independent works (Chen et al., 2011; F. R. Day, Hinds, et al.,
2015; Hayes et al., 2015; Y. Shi et al., 2012).

3.2.1. Description of methods

In Ref. II, we used data from the FinnGen study and the EstBB. We ran two
GWASes: firstly, a GWAS in FinnGen, and secondly a GWAS in EstBB. Then,
we ran a meta-analysis of both studies, aiming to identify and characterise genetic
variants associated with PCOS.

FinnGen included genomic information from 141,355 women (6% of the
female Finnish population) from the Release 6 (R6). In FinnGen, PCOS cases
were identified using specific ICD codes: E28.2, ICD-9 code 256.4, or ICD-8
code 256.90, and controls were defined upon the absence of these codes, resulting
in 797 cases and 140,558 controls. In brief, FinnGen employed Illumina and Afty-
metrix arrays for genotyping, followed by imputation and association analyses
using SAIGE (Zhou et al., 2018). In the EstBB, we utilised the 150K data freeze
for this analysis. In the EstBB, cases were identified using the ICD-10 code E28.2,
with controls comprising female participants without this ICD-10 code, resulting
in a total of 2812 women with PCOS and 89,230 controls. EstBB participants were
genotyped and association analyses were conducted as explained in the previous
Chapter 3.1.1. (Zhou et al., 2018).

An inverse-weighted meta-analysis was performed using the METAL soft-
ware (Willer et al., 2010), involving 3609 cases and 229,788 controls. FUMA plat-
form was utilised for candidate gene mapping and functional annotation, con-
sidering loci within £1000 kb of the top variants. Gene prioritisation criteria
included the identification of coding variants in high LD with the lead variants
and the existence of already reported genes with a function relevant to PCOS
pathophysiology. Colocalization with variants affecting gene expression was
explored using the following pipeline and datasets from the eQTL Catalogue
(https://github.com/eQTL-Catalogue/colocalisation) (Kerimov et al., 2021).

Conditional analyses were also conducted aiming to identify secondary asso-
ciation signals at the loci identified on chromosome 22, using SAIGE (Zhou et
al., 2018) and a stepwise approach.

Next, an additional association analysis including BMI as a covariate was
conducted in a) FinnGen including 60—-65% of the original discovery sample and
b) the EstBB; including approximately 75% of the validation sample. We then
performed a second BMI-adjusted meta-analysis, including 2619 cases and
160,321 controls.
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The study design, cohorts used and methods implemented in the GWAS meta-
analysis for AMH levels in pre-menopausal women (Ref. III) have been given in
the previous chapter (see point 2.3.1).

3.2.2. The discovery of low frequency alleles in association
with PCOS and AMH levels (Ref. I, 1I)

In ref. II, the GWAS in the FinnGen study uncovered two previously reported loci
(close to ERBB4 and DENNDIA) and one previously unreported large effect
association was found on chromosome 22 (lead variant rs145598156, intronic
region nearby the CHEK?2 gene) (Figure 7). Functional characterization of this
locus revealed a frameshift variant, ¢.1100delC (rs555607708, p = 1.68 x 10°°,
OR = 13.46 (95% CI 5.68-31.89) in CHEK?2, with a high LD (r* = 0.95) with the
lead variant (Figure 7B). Interestingly, the protein-truncating variant ¢.1100delC
has a 3.7-fold enrichment in the Finnish population compared to non-Finnish,
non-Estonian Europeans (minor allele frequencies being 0.008 for the Finnish
population compared to 0.003 for the Estonian population and 0.002 for other
European populations (Karczewski et al., 2020). The analysis conditioned on
c.1100delC resulted in no genome-wide significant associations in this locus,
with ap =3.29 x 10™* for the lead variant rs145598156, supporting that the signal
was likely driven by c.1100delC.

In the validation GWAS in EstBB, this analysis also uncovered a significant
association in the same region at chromosome 22. The lead variant rs182075939
showed to be tightly linked with a missense variant rs17879961 (r* = 0.83,
p =423 x10"%), known as 1157T, in CHEK2 (Figure 7). Interestingly, the EstBB
lead variant rs182075939 presents a higher MAF (0.048) in Estonian population
compared to 0.029 for the Finnish population and 0.0025 for other European
populations (Karczewski et al., 2020). The analysis conditioned on I157T
resulted in no genome-wide significant associations in this locus, with a p = 0.04
for the lead variant rs182075939, supporting [157T as a likely driver of the
association (Figure 7).

In the meta-analysis, beyond replicating both associations on chr22, a
third novel signal (rs9312937, p=1.7x 10, OR =1.16 (95% CI 1.10-1.23),
MAF = 0.44) was also detected in an intronic region of the MYOI0 gene. The
variant rs9312937 was previously identified in association with age at menarche
(Kentistou et al., 2023), and this genetic region has been associated with T2D
(Salonen et al., 2007) and metabolic syndrome traits (Yi Zhang et al., 2013).
Moreover, two signals on chromosome 11 that were previously reported in the
PCOS consortium GWAS (near FSHB and ZBTB16) were also replicated.
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Figure 7. A) Manhattan plots of the GWAS for PCOS in FinnGen (green), EstBB
(orange) and meta-analysis of both studies for PCOS (blue) B) Manhattan plot of the
GWAS meta-analysis for AMH levels C) Regional plot of the CHEK2 locus in
chromosome 22. Created with Biorender.com and adapted from Tyrmi et al. 2021

When adding BMI as a covariate in each independent GWAS and meta-analysing
the BMI and age-adjusted results, only the EstBB lead signal (rs182075939)
passed the genome-wide significant threshold. While the FinnGen dataset had
more missing data for BMI measurements (keeping only 60-65% of sample
compared to EstBB where 75% of the total sample size could be kept), we cannot
rule out the possibility that there might be an interaction between obesity and
¢.1100delC. However, an interaction between BMI and PCOS-associated
variants has previously been suggested (Wojciechowski et al., 2012), and the
¢.1100delC variant in CHEK?2 has recently been shown to predispose particularly
obese carriers to the development of breast cancer (Greville-Heygate et al., 2020).
Despite those suggestions that there might be an interaction between obesity
(BMI) and the ¢.1100delC variant on breast cancer risk, we cannot support this
with our current analysis and further research would be needed to explore the
potential interaction between the ¢.1100delC variant, obesity, and their combined
impact on breast cancer risk.

In our GWAS meta-analysis for AMH levels in pre-menopausal women
(n=9,968), we detected for the first time an intronic variant in the same locus
(22q11). The lead variant showed to be in complete LD (r*=1) with ¢.1100delC
(p = 6.60 x 107 beta=0.79, se=0.12 in NFBC1966), showing to be associated
with higher levels of AMH (Figure 7, Table 1).
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Table 1. Variant results for CHEK? variants in the main independent population
GWAS studies for Ref. II and III. EA: Effect allele, LD: Linkage Disequilibrium, OR:
Odds Ratio, MAF: Minor Allele Frequency, VEP: Variant Effect Predictor, Finn: Finnish,
Est: Estonian, EUR: European

Variant/ EA | Pheno- | LD with | Main p-value Effect size MAF
type lead GWAS OR (FinnGen/
variant |study (95% CI) or EstBB/
?) BETA (SE) | Other EUR)
c.1100delC / A FinnGen 1.68x107° 13.46 0.008/0.003/
0.95 (5.68-31.89) 0.002
1157T /G EstBB 4.23x10712 1.53 0.029/0.048/
PCOS 0.83 (1.45-1.66) 0.0025
NFBC1966 | 6.60x 10°% | Beta=0.79 | 0.008/0.003/
c.1100delC / A 1 (s.e. 0.12) 0.002
AMH
levels

3.2.3. The case of CHEK2: Biological functions, limitations and
future directions (Ref. II, III)

In Ref. IT and III, CHEK? stands out as a novel and interesting finding associated
with both PCOS and AMH levels in pre-menopausal women from our GWAS
meta-analyses. What defines CHEK?2 and what might be its biological functions
in the context of PCOS and AMH?

CHEK?2 (checkpoint kinase 2) encodes a tumour suppressor kinase which acts
as a mediator of DNA damage signalling in response to double-stranded DNA
breaks, being an important factor in the quality control of cells by causing cell
cycle arrest and apoptosis damage (Ahn et al., 2004). If CHEK2 function is dis-
turbed, DNA repair is imbalanced, which can lead to genomic instability and
tumorigenesis (Mustofa et al., 2020). CHEK? is well-known for its association
with breast cancer (Dorling et al., 2021; Wilcox et al., 2023).

Interestingly, CHEK?2 also plays a crucial role in foetal oocyte attrition, a
phenomenon through which 80% of the initial ovarian oocyte reserve is lost
during foetal development in mammals (Tharp et al., 2020). This gene was also
highlighted in the landmark paper from Ruth et al., 2021, which reported hun-
dreds of genetic variants associated with ovarian ageing (assessed as age at natural
menopause). This GWAS meta-analysis highlighted loss-of-function variants in
key DNA damage repair-associated genes such as CHEK? to be associated with
older age at natural menopause. The authors went further to test how a knockout
for CHEK? in female mice models would influence the ovarian reserve and its
rate of depletion throughout the life course. They showed that Chk2-/- leads to a
maximised ovarian reserve at postnatal day 2 and reduced follicle atresia, a higher
number of ovulated metaphase II oocytes, and higher AMH levels at 13.5 months
compared to wild type female mice (Ruth et al., 2021). Our finding is in line with
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this research and supports the hypothesis that loss of function in CHEK2 might
result in decreased follicular atresia and higher AMH levels also in young pre-
menopausal women, and also in women with PCOS. While CHEK?2 has been
suggested to potentially be useful for developing therapeutics for ovarian
stimulation in the IVF setting, we exemplify potential pleiotropic effects which
should be further assessed, also including many other health traits, and acknow-
ledge that despite its potential as a drug target, a long race would be ahead to
confirm this finding, considering that the median gap between a report of the
original genetic observation and approval of the derived, first-in-class therapeutic
agent is of 25 years (range 438 years) (Trajanoska et al., 2023) and drug develop-
ment heavily depends on the available technologies for activation/replacement/
inhibition of any given protein or target.

In humans, a clear trend was observed that CHEK?2 loss-of-function alleles are
associated with later menopausal age (Ruth et al., 2021). This would be in line
with women with PCOS, as they also present with an increased ovarian reserve,
higher AMH levels, even at later reproductive years, and delayed menopause (de
Ziegler et al., 2018; Forslund et al., 2019; Minooee et al., 2018; Piltonen et al.,
2005). A specific association between menopause-delaying alleles and PCOS has
also been previously demonstrated by GWAS (F. R. Day, Hinds, et al., 2015) and
more recent phenome-wide association studies (PheWAS) and exome data analysis
further replicated our observation reporting a connection between CHEK?2 loss of
function and higher odds of PCOS (Ruth et al., 2021; Ward et al., 2022). Additio-
nally, recent research done with exome data has also identified an association
between CHEK? truncating variants (excluding c.1110delC) and later age at
menarche (Kentistou et al., 2023).

One could wonder if the association between CHEK?2 and breast cancer trans-
lates as a higher breast cancer risk in women with PCOS, however the epidemio-
logical studies do not show an increased risk for breast cancer, only supporting
an increased risk for endometrial cancer in women with PCOS and ovarian cancer
(Barry etal., 2014; Ding et al., 2018; Dumesic & Lobo, 2013; Frandsen et al., 2023;
Gottschau et al., 2015). The potential hypothesis that CHEK?2 is highlighting a
cell-type or otherwise context-specific finding in women with PCOS and higher
AMH levels needs to be further investigated.

Three studies utilising a Mendelian randomization approach (including 11, 13
or 14 independent significant SNPs reported in the PCOS consortium GWAS
(F. Day et al., 2018) and data from the Breast Cancer Association Consortium,
with a total of 122,977 cases and 105,974 controls (Michailidou et al., 2017) or
133,384 cases and 113,789 controls (H. Zhang et al., 2020) have suggested a
modest but significant causal effect between PCOS and breast cancer (Wen et al.,
2021; Wu et al., 2020; T. Zhu et al., 2021). More comprehensive MR studies
might shed more light into those associations.

Whereas the association of CHEK?2 c¢.1100delC with a moderate-risk breast
cancer predisposition is well recognised (Meijers-Heijboer et al., 2002), and has
been reported as well in studies in the Finnish population (Hallamies et al., 2017;
Kuusisto et al., 2011; Mars et al., 2020) the pathogenic role of I157T in breast
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cancer remains controversial (Kilpivaara et al., 2004; Muranen et al., 2017; Schutte
et al., 2003). Overall, larger sample sizes including WES/WGS linked with EHRs
in both Finland and Estonia are needed to further evaluate the pathogenic role of
those variants.

In the case of AMH, variations in age-specific circulating AMH levels have
been linked to breast cancer (W. Ge et al., 2018). We also found a nominally signi-
ficant association between our AMH GWAS summary statistics and PCOS,
pointing towards a shared genetic background between AMH levels and breast
cancer. We hypothesise both MCM8 and CHEK?2 loci may play a role in this
relationship. However, the fact that the risks do not seem to translate into clinical
findings when looking at women with PCOS is notable and may indicate, for
example, more efficient DNA damage repair systems in women with PCOS, a
feature also associated with later onset of menopause (F. Day et al., 2018; Ruth
et al., 2021).

To sum up, our study highlights the value of utilising comprehensive and
population-specific genetic and health datasets (FinnGen and EstBB), which aided
the identification of population-enriched variants such as those in CHEK?. If we
had not looked at the Finnish and Estonian populations specifically, we would
have missed the contribution of these important variants. This highlights the need
to keep and study population specific initiatives, and also is a good demonstration
of the extra value the study of largely under-explored populations such as non-
European populations holds, which likely might bring many more interesting
genetic discoveries.

3.3. PRS: a tool to both stratify risk and explore disease
biology (Ref. I, Ref. IV)

Created based on GWAS results, PRS have been researched as a tool to stratify
individuals into different risk groups in complex diseases (Khera et al., 2018).
However, PRS have been scarcely researched for female reproductive traits (with
the exception of breast cancer) and have never been used as a tool for predicting
POP development. In contrast to physical examinations, PRS could serve as a
tool to identify women with higher genetic risk of POP and direct preventive
strategies even decades before symptomatic POP appears.

To a lesser extent, PRS has also been used to explore trait comorbidities. For
the same purpose, in ref. IV, we used an optimised PRS for PCOS and examined
associations between this PRS and cardiometabolic and androgenic phenotypes
in men in the absence of ovarian function using data from the UKB and EstBB.
GWAS studies supported that PCOS is associated with perturbation of presumed
ovarian-related factors and non-ovarian factors (F. Day et al., 2018). However, it
remains to be determined which of these are the inciting events and which are the
secondary consequences. Historically, PCOS has been defined as a disorder of
reproductive-aged women, with ovarian dysfunction as a key feature (Escobar-
Morreale, 2018). However, many have since suggested that PCOS may not
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always be primarily a disorder of the female reproductive system (F. Day et al.,
2018; Di Guardo et al., 2020; Kurzrock & Cohen, 2007; Sam et al., 2008; Vipin
etal., 2016; Yildiz et al., 2003; Yilmaz et al., 2018). Those observations of asso-
ciations between PCOS and men’s health outcomes suggest that genetic variants
associated with PCOS may not act through alterations in ovarian function to in-
fluence the development of the cardiometabolic and androgenic features of PCOS.
To this end, we tested the degree of association between a PRS for PCOS with
several cardiometabolic traits in men.

3.3.1. Description of methods

The following section explains the methods implemented for the second part of
ref. I and for ref. IV.

In ref. 1., a PRS for POP using meta-analysis summary statistics from Icelandic
and UKB study (Olafsdottir et al., 2020), and FinnGen datasets was constructed.
The EstBB dataset was used as an independent target for selecting the most
optimised PRS and for validation. PRS were computed using PRSice2 (Choi &
O’Reilly, 2019) and LDPred softwares (Vilhjalmsson et al., 2015).

Next, the EstBB dataset was divided into discovery (5379 prevalent cases,
21,516 randomly selected controls) and validation sets (2517 incident cases,
96,109 randomly selected controls). Logistic regression models, adjusted for first
10 PCs and age, were employed to select the best-performing PRS in the dis-
covery set and we kept with the PRS which showed the highest degree of asso-
ciation to case-control status. The validation set was further filtered for minimal
missing clinical data (2104 cases and 24,753 randomly selected controls), to assess
the predictive ability of PRS alone or in combination with five clinical risk factors
(number of children, BMI, smoking, asthma and constipation).

Standardised PRS versions were categorised into percentiles, and hazard ratios
corresponding to one standard deviation were estimated. Harrell’s C-statistic
characterised discriminative ability using age as a time scale. Survival modelling
and Cox proportional hazard models were used to assess differences in genetic
risk across age strata, where age was used as a time scale for properly accounting
for left-truncation and right-censoring in the data. The study also evaluated the
predictive ability of PRS alone compared to the five clinical risk factors alone or
in combination, and as well assessed the predictive ability of a combined genetic
and clinical model. Information on clinical risk factors such as the number of
children, BMI, and smoking was extracted from questionnaire data in the EstBB
and the ICD10 codes J45 and K59.0 were used for asthma and constipation defi-
nitions, respectively.

In ref. IV, the study involved two population-based cohorts: the UKB with
383,212 unrelated men and the EstBB with 91,384 unrelated men, all of European
ancestry. PCOS PRS were calculated using data from the consortium PCOS
GWAS meta-analysis (including 10,074 PCOS cases and 103,164 controls of
European ancestry) (F. Day et al., 2018). As mentioned in the list of publications
included in the thesis, the main study design and PRS generation, testing and
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validation using UKB data were conducted by Jia Zhu (JZ) and colleagues, and I
carried all analysis linked to replication steps in EstBB. Three methods were
employed by JZ to construct the PRS: PRSice-2 (Choi & O’Reilly, 2019), PRS-
CS (T. Ge et al., 2019), and modified PRS-CS with probabilistic genotype dos-
ages. To optimise PCOS PRSs, women diagnosed with PCOS in the UKB were
identified (diagnoses were determined by self-report during a verbal interview
with a trained nurse, primary-care clinical events, and/or ICD-9 and 10 respective
codes) by JZ and colleagues. The three PRS calculation methods were applied to
UKB data and the best-performing method was chosen based on phenotypic
variance explained. Then, I validated the optimised PCOS PRS in EstBB women
with PCOS captured via ICD-10 codes and independent from the consortium
PCOS GWAS presented by F. Day et al. 2018.

The PRS method optimised in women was extended to calculate PRS for men
in both the UKB and EstBB, and standardised. Cardiometabolic and androgenic
phenotypes were assessed in men based on various measures as described in the
paper (J. Zhu et al., 2022). Statistical analyses involved linear regression for con-
tinuous phenotypes, logistic regression for dichotomous outcomes, and com-
parisons between different genetic risk score categories. Adjustments were made
for age, genotyping array, genetic PCs and, for UKB, also included the assess-
ment centre. Analyses were conducted with and without BMI as a covariate.

3.3.2. Development and testing of polygenic risk score and
combined risk scores for pelvic organ prolapse (Ref. I)

In ref. I, we presented the first PRS for POP, adding a new effort on the use of
genomic information to stratify women who suffer from gynaecological condi-
tions. The best-performing PRS, comprised of 3,242,959 SNPs, was constructed
by LDPred, showing an OR of 1.42 (95% CI 1.37-1.47) and p =2.59 x 10 in
discriminating between cases and controls in the discovery set.

The PRS was further assessed in a validation set, showing the highest Harrell’s
C-statistic (C-stat) of 0.616 for the continuous distribution. Percentile analysis
revealed that women in the top 5% of the PRS distribution had a hazard ratio of
1.61 (95% CI: 1.35-1.92) compared to women in other genetic risk percentiles
and a hazard ratio of 1.53 (95% CI: 1.26-1.86) compared to women from the
average percentiles group (40-60%). However, it must be noted that this is a
Kaplan—Meier estimate and as such may overestimate incidence rates due to not
accounting for competing risks such as death before developing the condition.

The study’s predictive ability analyses accounted for the effect of age by taking
age as the time scale, comparing only women of the same ages and avoiding pre-
diction inflation due to age differences between cases and controls. In a validation
subset, defined as part of the data which had minimal missing data in clinical
covariates, the PRS alone exhibited a C-stat of 0.583, while clinical risk factors
such as the number of children, ever smoked, constipation, BMI, and asthma
showed varying predictive abilities on their own (range 0.51-0.56). Combining
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PRS with clinical variables significantly improved predictive ability (C-stat=0.630)
compared to the clinical model containing only five clinical risk factors
(C-stat=0.588) (Figure 8).

The addition of the PRS to the clinical model demonstrated superior predictive
ability in incident POP (C-stat=0.630) compared to analysing five clinical risk
factors without PRS (C-stat=0.588) (Figure 8). This significant improvement
(+4.2 percentage points) is not a common finding. For instance, another study by
Inouye et al. presented that six traditional risk factors achieved a C-statistic of
0.670 for CAD. When combined with PRS, this increased by 2.6 percentage
points to 0.696.
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Figure 8. A) Study design for polygenic risk score (PRS) development and testing B)
Predictive ability of PRS and clinical variables in incident status. Green dots represent
PRS, orange dots represent five established risk factors (Asthma, Body Mass Index
(BMI), Constipation, number of births and smoking) and purple dots represent genetic
and/or clinical combined models C-statistic (C-stat) indexes. Data are presented as
means +/— standard error of mean. C-stat adjusted by batch effects and 10 first principal
components in the validation subset of Estonian Biobank (2104 cases and 24,753
controls). Created with BioRender.com and adapted from Pujol-Gualdo et al. 2022.
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There have been efforts to present a screening tool for pelvic floor disorders after
delivery (http://riskcalc.org/UR_CHOICE/). Unlike this tool which considers
traditional risk factors, genetic risk is stable and can be evaluated throughout the
lifespan. While the predictive ability shown in this study of PRS alone is limited,
PRS based on larger sample sizes and larger validation processes may offer
potential clinical uses in disease risk stratification and encourage earlier pre-
ventative strategies for women with higher genetic risk to develop POP. How-
ever, the clinical translation of PRS profiling for early diagnosis and targeted
screening needs further examination in future cohorts with longer follow-up time
and an increased number of incident POP cases. Another limitation is that com-
mon SNPs only explain a small part of total heritability, suggesting that much of
heritability is yet to be discovered. Similarly, it must be noted the potential vari-
ability in stratifying risk based on different GWASs when constructing a PRS for
the same trait, for instance in the evaluation Lall et al., 2019 performed in breast
cancer and the challenge of non-uniqueness in PRSs, especially for studies aiming
to stratify individuals for prevention solely based on PRS (Léll et al., 2019). On
a global scale, the influence of ancestry is important and a main obstacle nowa-
days, raising questions about the transferability of PRSs between different popu-
lations and on a more local scale. Additionally, potential heterogeneity coming
from different diagnoses sources might also hinder PRS reproducibility.

3.3.3. APRS for PCOS associates with cardiometabolic
phenotypes in men (Ref. IV)

In ref IV, we used a PRS for PCOS and examined associations between this PRS
and cardiometabolic and androgenic phenotypes in men.

For every 1 SD increase in the PCOS PRS, men in the UKB had increased odds
of obesity, T2D, CAD (see association results in Figure 9) and marked androgenic
alopecia (OR: 1.03, 95% CI 1.02-1.05, p =3 x 107°). BMI, haemoglobin Alc,
triglycerides, and free androgen index increased as the PRS increased, whereas
high-density lipoprotein cholesterol and SHBG decreased (all p < 0.0001).

Both bioactive androgen levels and end-organ responsiveness to androgens
(how well an organ replies to the effect of androgens) contribute to the patho-
genesis of PCOS. This suggests that both systemic and local bioactive androgen
levels and the end-organ sensitivity to androgens play a role in the hyperandro-
genism of PCOS in both women and men.

In the EstBB, I sought to replicate the associations between polygenic risk for
PCOS and cardiometabolic outcomes in an independent dataset of 37,348 un-
related men. EstBB replicated the associations between a higher PRS and in-
creased odds of obesity and T2D that we identified in the UKB. I observed a 10%
increase in odds of obesity and a 6% increase in odds of T2D per 1 SD of PRS,
which are comparable to the effect sizes in the UKB (Figure 9). For CAD, we
did not observe any difference in the odds of disease with increases in the PRS
(Figure 9). We concluded that our replication analysis of CAD in the EstBB was
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underpowered to replicate this association. Additionally, the potential inclusion
of milder cases in EstBB compared to UKB could also contribute to explain this
observation.

Phenotype Cohort Cases Controls OR [95% CI] P
Obesity UKBB 44,499 131,861 o 1.09[1.08, 1.10]  1x104®
EstBB 7,889 20,631 | —eo— 1.10[1.07, 1.14]  2x10"t
T2D UKBB 11,730 97,146 | —e— 1.08[1.05, 1.10]  3x10-12
EstBB 3,595 10,050 | — e 1.06[1.02,1.11] 0.0054
CAD  UKBB 15,857 160,503 1 l—O—i 1.03[1.01,1.04] 0.0029
EstBB 6,161 31,191 | '—’—* 1.00[0.97,1.04] 0.80
0.95 1.00 1.05 1.10 1.15
Odds Ratio

Figure 9. Association of PCOS PRS with phenotypes in the UKB and EstBB. Odds ratios
of phenotypes are shown per 1 SD increase in the PCOS polygenic risk score using a
logistic regression model. Error bars indicate 95% CI. All analyses were adjusted for age,
age squared, genotyping array, and the first 10 principal components. In the UKB,
analyses were additionally adjusted for the assessment center; in the EstBB, analyses
were adjusted for batch effects. T2D: Type 2 Diabetes, CAD: Coronary artery disease,
UKBB: UK Biobank, EstBB: Estonian Biobank. Extracted from Zhu et al. 2021.

The main conclusion from ref. IV is that a PRS for a condition such as PCOS
which is diagnosed in women, is associated with cardiometabolic and androgenic
conditions in men. This suggests that genetic risk factors for PCOS can act
independently of ovarian function and demonstrates PRS as a valuable tool for
untangling disease biology, of special interest when coming down to sex-specific
conditions. The study’s limitations include the limited predictive power of the
PRS for PCOS due to the relatively low number of identifiable cases of PCOS in
the UKB. The effects of polygenic risk for PCOS on men could be direct or indi-
rect through female relatives. However, the cardiometabolic effects of polygenic
risk for PCOS in men are comparable to those in women, suggesting that the
association between PCOS and these outcomes is largely not mediated by ovarian
function.
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CONCLUSIONS

In conclusion, this work supports GWAS as a valuable tool for a wide range of
genetic discoveries in different female reproductive health traits, either stemming
from multiple cohorts meta-analyses or focusing on a specific population data-
sets. Additionally, I presented the first exploration for POP using PRS as a tool
to inform risk stratification strategies for POP. This has highlighted the potential
to improve predictive ability when adding genetic risk on top of clinical risk fac-
tors, despite still being far from clinical applications. Other applications of PRS
have also been tested and reviewed, such as informing PCOS biology and its
relationship with cardiometabolic traits.

We presented a combination of different data layers to map potential candidate
genes from the largest GWAS meta-analysis conducted for POP and AMH
levels, along with pathway and tissue enrichment analyses. These analyses
provided novel insights into the biology of prolapse development and AMH
hormone level variation in pre-menopausal women, advancing our under-
standing of the genetic underpinnings for these traits and opening new avenues
for further functional studies.

The Estonian Biobank and FinnGen, large-scale biobank resources with spe-
cific features of the Nordic healthcare system, provide unique opportunities
for the detection of low-frequency alleles enriched in those populations, such
as our finding of CHEK? loss of function in association with PCOS.

Leveraging a similar population-specific setting, prospective birth cohort data-
sets like NFBC1966 contain more granular information such as AMH mea-
surements which allowed us to replicate the CHEK? loss of function finding
in the association with higher AMH values in pre-menopausal women.

We performed the first exploration for POP using PRS as a tool to inform risk
stratification strategies, which highlighted the potential to improve predictive
ability when adding genetic risk on top of some of its clinical risk factors,
despite still being far from clinical applications.

A PRS for a condition such as PCOS which is diagnosed in women, is asso-
ciated with cardiometabolic and androgenic conditions in men. This suggests
that genetic risk factors for PCOS can act independently of ovarian function.
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SUMMARY IN ESTONIAN

Naiste reproduktiivtervisega seotud tunnuste geneetiliste
seoste tdlgendamine

Geneetiline varieeruvus, eriti iiksiku nukleotiidi poliimorfismid (SNPid), moju-
tavad erinevate komplekshaiguste eelsoodumust. Ulegenoomsed seoseuuringud
(GWAS) on leidnud tuhandeid seoseid erinevate geneetiliste variantide ja haiguste
vahel. Samas on teadmised naiste reproduktiivtervise tunnuste geneetilise eel-
soodumuse osas piiratud, kuna vaid viike osa kdigist GWAS uuringutest kesken-
dub sellele valdkonnale. Populatsioonipdhised biopangad, nagu Eesti geeni-
varamu, ning rahvastikupdhised siinnikohordid, nagu Northern Finland Birth
Cohort 1966, pakuvad véartuslikku raamistikku selle valdkonna uuringuteks. Ténu
metoodika arengule saab GWAS tulemuste pohjal haigusega seotud geneetilistest
variantidest liitkuda edasi potentsiaalselt mojutatud geenide, valkude, bioloogi-
liste radade ja kudedeni. Seega on GWAS uuringud aluseks uutele hiipoteesidele,
mida saab kinnitada funktsionaalsete eksperimentide abil. Tunnuste geneetilise
komponendi mdistmine on oluline, kuna see vdib anda iilevaate haiguse etio-
loogiast, ja pakkuda uusi voimalusi haigusriskide ennustamiseks ja uuteks ravim-
sihtmérkideks. GWAS tulemuste pdhjal saab koostada ka poliigeenseid riski-
skoore (PRS), mis annavad kokkuvdtliku hinnangu indiviidi geneetilisele eel-
soodumusele teatud tunnuse osas. PRSi abil saab hinnata haigusriske ja lisaks
saab seda kasutada vahendina haiguse bioloogia tdiendavaks uurimiseks, néiteks
seoses kaasuvate haigustega. PRS-id on kesksel kohal nn personaalmeditsiini
poole piitidlemisel. Kidesoleva doktoritdd eesmérk on deSifreerida naiste repro-
duktiivtervise teatud tunnuste geneetilisi aluseid ililegenoomsete seoseuuringute
abil ning kasutadaa PRS- nii riskide stratifitseerimisel kui ka tunnuste bioloogia
uurimisel. Minu teadust66 tihendab genoomika ja naiste reproduktiivtervise ning
loob uusi teadmisi, kasutades selleks suuri genoomikaandmestikke, mida tdien-
davad elektroonsed terviseandmed ja bioloogilised modtmised.
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SUMMARY IN FINNISH

Naisten lisaantymisterveydellisten piirteiden taustalla olevien
geneettisten assosiaatioiden selvittaminen

On osoitettu ettd geneettinen variaatio, erityisesti yksinukleotidipolymorfismi
sairauksissa. Ajatusta tukevat genominlajuiset assosiaatiotutkimukset (GWAS),
joiden pohjalta on tunnistettu tuhansia terveyspiirteisiin liittyvid geneettisid
variantteja. Tdstd huolimatta naisten lisdéntymisterveyteen liittyvadd geneettistd
vaihtelua on tutkittu véhén, ja vain pieni osa kaikista GWAS-tutkimuksista on
keskittynyt tihén osa-alueeseen. Véestdpohjaisten biopankkien, kuten Viron bio-
pankin, ja videstopohjaisten syntymédkohorttien, kuten Pohjois-Suomen synty-
mikohortti 1966:n, olemassaolo tarjoaa erinomaiset puitteet alan tutkimuksille.
GWAS-tutkimukset pohjustavat siirtymistd geneettisen variaation tasolta mah-
dollisesti muuntuneisiin geeneihin, proteiineihin, biologisiin reitteihin ja kudok-
siin, ja toimivat ndin perustana hypoteeseille, jotka voidaan sitten varmentaa
kaytannon kokeilla. Tiettyyn piirteeseen liittyvdn geneettisen vaihtelun ymmér-
tdminen on tdrkedd, koska se voi antaa uusia nikokulmia sairauden etiologiaan,
ennustamiseen ja mahdollisiin hoitoihin liittyen. Yksi GWAS-tutkimusten
merkittavistd tuotoksista ovat polygeeniset riskisummat (PRS), jotka tarjoavat
kokonaiskuvan yksilon geneettisestd alttiudesta tietylle piirteelle tai sairaudelle.
PRS on potentiaalinen tyokalu ennustettacssa sairausalttiutta ja tutkittacssa sai-
rauden biologista taustaa, esimerkiksi suhteessa piirteisiin liittyviin liitdnnais-
sairauksiin. PRS:t ovat heritténeet laajaa kiinnostusta niin kutsutun yksil6idyn
ladketieteen piirissd. Tama vaitoskirja pyrkii selvittimién valikoitujen naisten
lisddntymisterveyteen liittyvien piirteiden geneettiset perusteet GWAS:n avulla,
ja tutkimaan PRS:n kayttoa tyokaluna seki riskien luokittelussa, ettd piirteiden
biologisen taustan selvittimisessd. Tdma tutkimus, joka sijoittuu genomiikan ja
naisten lisdéntymisterveyden risteykseen, tiyttdd sekd kansallisissa ettd kansa-
invélisissd tutkimuksissa tunnistetun tietovajeen yhdistdmalld suuria genomisia
aineistoja, sahkoisié terveysrekistereitd ja biologisia maarityksia.
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